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Preface 

Salmonella has been a microbiological scourge on mankind for untold centuries. USDA
researcher Daniel Salmon’s discovery of this bacterial pathogen in swine in 1885
marked the beginning of intense efforts to control salmonellae that have continued for 
the past 127 years. Although progress has been made on many fronts, salmonellosis 
has yet to be eliminated in either developed nations (gastrointestinal salmonellosis) or 
in developing nations (gastrointestinal and typhoidal salmonellosis). 

Chapters in this book address a wide array of topics related to understanding and 
controlling the pathogen. This book includes Salmonella as studied in the environment, 
air and in food products; genetic feedback mechanisms and molecular regulation;
Salmonella virulence and pathogenicity, control by use of bacteriophage, antimicrobial
peptides and other antimicrobials; control during animal production; epidemiology;
bacterial adaptation; novel and rapid molecular and serological detection methods;
antimicrobial resistance patterns; molecular diagnostics for typhoidal illness;
proteomics; and survival mechanisms. 

This work represents the collective contributions of authors from all around the world.
Authors and co-authors hail from a multiplicity of institutions including Oxford
University in the U.K., Colleges of Veterinary and Human Medicine, the Egyptian
National Research Center, the U.K. Health Protection Agency, the Japanese National
Institute of Health Science, and numerous University Departments including
departments of Animal Health, Animal Production, Biology, Biology & Medical 
Parasitology, Bioscience, Botany, Biotechnology & Bioengineering, Chemistry, 
Genetics & Biotechnology, Genetics & Microbiology, Marine Science, Medicine, 
Microbial Chemistry, Microbiology, Microbiology & Immunology, Molecular
Bioscience, Pharmaceutical Science, and Physics.

As editors of this book, we have done our best to ensure that the chapters represent
original material by the authors and we have excluded any work that has either been
previously published elsewhere or manuscripts that have taken too much liberty in 
citing from other published materials. We hope you find this book as intriguing, 
insightful and thought-provoking as we have. 

Bassam A. Annous and Joshua B. Gurtler
U.S. Department of Agriculture – ARS

Eastern Regional Research Center
Wyndmoor, USA 
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XIV Preface

Note: Drs. Annous and Gurtler wish to make clear that while they hold the scientific 
integrity of the authors in this book in the highest of esteem, any allusion to 
spontaneous generation of life, self-assembly, initial origins and macroevolutionary 
hypotheses do not necessarily reflect their own philosophical beliefs. 

1 

Elucidating the Epidemiology of Human 
Salmonellosis: The Value of Systematic 
Laboratory Characterisation of Isolates 

P. McKeown1, P. Garvey1 and M. Cormican2

1Health Protection Surveillance Centre, Dublin 
2National Salmonella Reference Laboratory, Bacteriology Department 

Galway University Hospital
Ireland 

1. Introduction 
Infection with non-typhoidal Salmonella enterica (NTS) represents a significant burden of
gastroenteric illness upon the world’s population. Most enteric Salmonella infection is
zoonotic, transmitted from healthy vertebrate animals to humans, largely by means of 
contaminated food. The reported incidence of enteric salmonellosis increased rapidly after 
the Second World War in association with progressive industrialisation of the food supply,
at a time when the incidence of typhoid was declining, consequent upon the extensive
development of water treatment and waste disposal systems, coupled with the 
pasteurization of milk.1 As a result, infection with NTS displaced typhoid in the developed
world as the major threat to human health from Salmonella during the 20th century.

Salmonellae have evolved into a diverse genus of Enterobacteriaceae; some members being
adapted to specific hosts with others having a broad host range. In addition to their wide
spectrum of zoonotic hosts, salmonellae vary greatly in age (S. Typhi having emerged more
recently than S. Typhimurium), in lineage and in clonality. Accordingly, a variety of 
genome-based methods must be used in order to provide appropriate methods for 
characterisation of different variants 

One hundred million cases of salmonellosis are estimated to occur globally each year.
Estimates of incidence range from 32 cases/100,000 population in high income areas of the
Asia Pacific region to 3,600/100,000 population in Southeast Asia.2 Annually, this results in
155,000 deaths worldwide. Mortality rates from salmonellosis are highest in East and
Southeast Asia and lowest in the developed countries of Europe, North America and 
Oceania.  

About 80% of all salmonellosis cases are estimated to be foodborne (rising to 94% in the
United States).3 Reported incidence varies widely, not least in developed countries, 
reflecting both real differences in incidence (driven by variations in farming/food
production practices, the existence of Salmonella Control Programs and food consumption 
patterns), and the effects of variability in surveillance parameters, and health care and
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diagnostic systems. In Western Europe and in high-income regions of North America, total 
incidence (which includes confirmed NTS cases combined with projections based upon 
population models) is estimated to be 220/100,000 and 495/100,000 respectively.2 

These figures do not, however, paint the full picture. Although there is marked regional 
variation, there has been a steady decrease in the total confirmed notification rates for 
salmonellosis in the European Union over the last six years from 196,000 cases in 2004 to 
108,000 cases in 2009 (or 21.6 cases /100 000 population), representing an average 12% fall 
per year.4 The incidence has remained static in Ireland (at 10 cases/100,000 between 2006 
and 2008) but has fallen in the UK (from 23 to 19/100,000 cases) over the same period. 
Certain countries, however, have seen marked increases in reported incidence between 2006 
and 2008 (from from 31 to 67 cases/100,000 in Denmark and from 16 to 39 cases/100,000 in 
Malta) while others report steep declines in incidence (such as the Czech Republic falling 
from 236 to 103 cases/100,000 and from 64 to 52 cases/100,000 in Germany).5  

In the United States, approximately 40,000 laboratory-confirmed cases of Salmonella infection 
are reported annually to the National Salmonella Surveillance System in the United States, 
giving an annualised incidence rate, in 2006 of 13.3 cases per 100,000 population (CDC, 
2011).6  

Under-ascertainment of enteric salmonellosis is a significant concern. In the UK, the ratio of 
Salmonella isolates reported nationally to cases occurring in the community has been 
estimated as being 4.7, i.e. 3.7 undetected community cases for each laboratory confirmed 
case included in national statistics.7  

Salmonellosis underascertainment has been estimated in a range of European countries 
using an intriguing method by Swedish researchers.8 Investigators calculated the incidence 
of salmonellosis acquired overseas among returning Swedish travellers on a country-specific 
basis and compared this derived incidence against nationally reported incidence in the 
country in which the case had acquired their infection. As a result, they estimated that there 
was significant variation in the ratio of underdetection by the national reporting systems of 
the countries involved, ranging from less than one in the case of Finnish and Icelandic 
systems (i.e. these systems were more sensitive at detecting salmonellosis than the Swedish 
travel-based system) to 98 and 270 in the case of Greek and Bulgarian systems, suggesting 
that these systems were considerably less sensitive at detecting salmonellosis than the 
Swedish travel-based system. Interestingly, the underdetection index for Ireland was 4.3 - 
precisely the same as that found for the UK.8 The authors note that the behaviours and risks 
of Swedish travellers may not be fully representative for those of the native population; 
nevertheless, it provides an interesting comparative snapshot of potential Salmonella 
underascertainment in Europe. 

The Centers for Disease Control and Prevention (CDC) has recently estimated that the true 
annual incidence of salmonellosis in the US to be 1,027,561 non travel-associated domestic 
cases,3 highlighting the perennial issue of infectious intestinal disease underascertainment. 
Using CDC’s estimates, it can be calculated that for every laboratory confirmed case of 
domestically acquired salmonellosis, there are approximately 25 clinical cases that are not 
laboratory confirmed.  
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Salmonellae are effective outbreak organisms and extensive outbreaks of salmonella occur 
frequently, ranging in size from a couple of cases, to tens of thousands of cases. A significant 
number of these outbreaks are international in distribution and have involved a wide range 
of food products including chocolate,9,10,11 imported eggs,12 infant formula,13 fresh basil,14 
raw milk cheese,15 pork,16 rucola lettuce,17 sprouts,18 pre-cooked meat products,19 lasagne,20 
pet products,21 sesame seeds,22 raw almonds,23 peanuts,24 peanut butter,25 and ready-to-eat 
vegetables.26 In addition, in 2008, the European Food Safety Authority reported 490 
confirmed foodborne outbreaks of salmonellosis resulting in 7,724 cases, 1,363 
hospitalisations and 118 deaths.27  

In considering the relative and absolute burden of human salmonellosis based on data from 
the developed world, it is perhaps striking that NTS infection remains a potent public health 
and clinical challenge, although the majority of developed nations have both well-developed 
surveillance systems to detect human salmonellosis (and the outbreaks that result), and 
farm-based and food hygiene surveillance systems specifically designed to control food-
borne NTS infection. There is however, some comfort in the static or falling incidence of 
salmonellosis in many developed countries.  

A range of emerging factors facilitate the rapid distribution of all foodborne microbes, 
including Salmonella: globalization of the food supply, an aging and highly mobile 
population able to distribute an increasingly diversified intestinal flora more widely, a 
growing proportion of the population at special risk due to immunosuppressive diseases 
such as cancer, or consuming pharmaceutical agents that inhibit either the immune system 
(such as cytotoxic agents) or protective gastric acid secretion (such as proton pump 
inhibitors), changing dietary preferences for raw or lightly cooked food, intensification in 
farming practice, environmental encroachment with greater exposure to novel pathogens, 
climate change and international travel and trade between countries.28  

This importance of increased movement of populations and food is partly reflected in the 
growing proportion of NTS infection attributed either to international travel or to the 
consumption of imported food. Up to half of Irish Salmonella infections are reported as being 
acquired outside Ireland.29 More than 60% of cases of human salmonellosis in Denmark in 
2007 were associated with consumption of imported meat or with international travel.30 The 
Smittskyddsinstitutet, the Swedish government agency with responsibility to monitor the 
epidemiology of communicable diseases, estimates that more that 74% of reported NTS 
infections identified in Sweden are acquired on trips outside that country.31  

The incidence of salmonellosis increased markedly during the 1970s and 1980s. Between 
1976 and 1986, reported infections due to S. Enteritidis (a commensal primarily of poultry, 
particularly chickens) increased more than six-fold in the north-eastern United States,32 
while the incidence of infections due to S. Typhimurium remained static.33 This led 
investigators to wonder if they were witnessing the onset of a novel pandemic.34 A number 
of theories as to the underlying explanation of this increase were considered, including 
clonal expansion of a single, more virulent variant of S. Enteritidis. It was concluded, 
however, that this upsurge was most likely triggered by S. Enteritidis occupying the 
ecological niche left vacant by the established avian Salmonella pathogens, S. Pullorum and 
S. Gallinarum, when those subtypes had been largely eliminated from poultry flocks,34 with 
transmission of human disease being amplified by the progressive intensification of poultry 
farming. 
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2. Identification and linking of cases 
In Ireland, as is common in most other developed countries, the appearance of a clinical 
case of salmonellosis will prompt a number of public health and microbiological 
responses. The management of the individual patient may not require either detailed 
characterisation or antimicrobial susceptibility testing since Salmonella gastroenteritis is 
generally self-limiting. From a public health perspective however, detailed 
characterisation of the isolate may help to determine the extent of linkages, and potential 
sources. Preliminary interviewing of the case seeks to determine if there is 
epidemiological evidence of linkage (to other cases or a possible source) and to determine 
if the case is in a high risk category (in this case, high risk means that they are at increased 
risk of spread of the Salmonella strain; for example, if the case were a food handler and 
confirmed as having salmonellosis s/he would pose a risk of onward transmission). If 
there is laboratory evidence of linkage, each potentially linked case is administered an 
extensive national Salmonella Trawling Questionnaire, designed to question the case in 
close detail to determine if there are exposures common to other, similar cases.35  

It is the knitting together of in-depth clinical public health interviews and definitive 
characterisation of isolates from clinical (and frequently food and animal) specimens, that 
facilitate the identification of common sources of infection, therefore close collaboration 
between public health microbiologists and epidemiologists is essential to effective 
prevention and control.  

2.1 Microbiological identification 

Almost all human cases of NTS infection are associated with a single species; Salmonella 
enterica. However, the highly developed system of sub-classification within the species is 
valuable in linking isolates from different human and non-human sources. 

Confirmation of the diagnosis of human salmonellosis and further characterisation of the 
isolate entails, initially, the bacteriological isolation of the organism from a clinical 
specimen. Clinical samples are typically stool specimens but blood, urine, spinal fluid, joint 
fluid, pus and tissues may be examined. The isolation of Salmonella from faeces requires the 
use of media that allows for the preferential growth of Salmonella from among the complex 
mixture of bacteria that comprise the normal gastrointestinal flora. This is achieved by direct 
culture on selective agar media such as Xylose-Lysine-Desoxycholate agar (XLD) or 
chromogenic agars. To enhance detection of low numbers of Salmonella, stool samples are 
also, generally inoculated into a selective enrichment broth (often Selenite F broth), which is 
plated to selective media after overnight incubation. This two-step process means that, 
although a preliminary indication that a culture is negative on primary plating is typically 
available at 24 hours, a definitive “Not Detected” report is typically not available for 48 
hours. Specimens from normally sterile body sites are typically cultured on non-selective 
agar media (for example blood agar) or broth because there is no requirement to suppress 
competing normal flora. Urine samples are a special case because many clinical laboratories 
do not characterise all significant urine isolates beyond the level of Enterobacteriaceae 
(coliforms). As a result, Salmonella urinary tract infections may go unrecognised. 

It is important that the limitations of the methods used for detection are understood by 
practitioners. The reliability of the result is critically dependent upon the quality 
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management systems in place in the clinical laboratory and, ideally, such laboratories 
should be accredited to the ISO-15189 standard. Even with rigorous control of quality, 
microbiologists should report samples as “Salmonella not detected” (or words of similar 
meaning), avoiding such terms as “Salmonella negative” or “Salmonella absent”. For 
epidemiologists and food safety agencies it is important to understand that even if a 
laboratory uses the term “negative” or “absent” in informal communication, failure to detect 
Salmonella on culture does not entirely exclude the possibility of infection. 

Provisional positive results may be available within 24 hours (from the primary plate) or 
within 48 hours if cultured only from subculture of enrichment broth. Definitive 
confirmation of the isolate and antimicrobial susceptibility testing may require an 
additional working day although a provisional positive report from a laboratory with 
skilled scientists and effective quality systems generally has a very high degree of 
reliability. Confirmation of a suspect colony as being due to Salmonella may be achieved 
by biochemical and serological characterisation or by molecular methods (the latter may 
allow for more rapid confirmation). 

The extent to which clinical laboratories characterise isolates in their own laboratory 
before submission to a reference laboratory, and the frequency with which isolates are 
submitted to reference laboratories, may depend on experience, skills sets, resources and 
funding/reimbursement systems, and ease of access to reference laboratory services. 
Although antimicrobial agents are not required in most patients with Salmonella 
gastroenteritis, this can represent useful preliminary characterisation and is essential to 
guide therapy in those with invasive disease. Antimicrobial susceptibility testing should 
be performed by standardized methods [European Committee on Antimicrobial 
Susceptibility Testing EUCAST), or Clinical Laboratory Standards Institute (CLSI) I or 
International Standards Organization (ISO 20776-1) or by commercial systems validated 
against these standards. Measurements (diameter of zone of inhibition or minimum 
inhibitory concentration; MIC) should be interpreted with reference to EUCAST or CLSI 
interpretive criteria. The use of non-standardised methods for performance or 
interpretation does not form a sound basis for clinical or public health decision-making. 
The use of national standards may provide effective clinical guidance but may limit 
comparability of data with other countries.  

Antimicrobial resistance patterns can provide useful supplementary information about the 
degree of relatedness of members within a particular serotype. Phage typing of serotypes 
such as S. Typhimurium, S. Enteritidis and S. Agona has been used extensively for 
epidemiological purposes. Phage typing is a rapid and discriminatory phenotypic method. 
Interpretation is somewhat subjective; standardization is difficult and phages are not 
generally available from commercial sources.36 However, external quality assessment 
programmes in Europe have confirmed, with a common stock of phage (provided through 
HPA Colindale) coupled with, common methods and training, that national reference 
laboratories can produce comparable phage-typing results for S. Enteritidis and S. 
Typhimurium. In the past, plasmid profiling was used extensively in identifying outbreak 
strains and may still be useful in certain settings. 

Further typing and subtyping by genome-based methods including pulsed field gel 
electrophoresis (PFGE),37 multiple locus variable number tandem repeat (VNTR) analysis 
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management systems in place in the clinical laboratory and, ideally, such laboratories 
should be accredited to the ISO-15189 standard. Even with rigorous control of quality, 
microbiologists should report samples as “Salmonella not detected” (or words of similar 
meaning), avoiding such terms as “Salmonella negative” or “Salmonella absent”. For 
epidemiologists and food safety agencies it is important to understand that even if a 
laboratory uses the term “negative” or “absent” in informal communication, failure to detect 
Salmonella on culture does not entirely exclude the possibility of infection. 

Provisional positive results may be available within 24 hours (from the primary plate) or 
within 48 hours if cultured only from subculture of enrichment broth. Definitive 
confirmation of the isolate and antimicrobial susceptibility testing may require an 
additional working day although a provisional positive report from a laboratory with 
skilled scientists and effective quality systems generally has a very high degree of 
reliability. Confirmation of a suspect colony as being due to Salmonella may be achieved 
by biochemical and serological characterisation or by molecular methods (the latter may 
allow for more rapid confirmation). 
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Although antimicrobial agents are not required in most patients with Salmonella 
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The use of national standards may provide effective clinical guidance but may limit 
comparability of data with other countries.  

Antimicrobial resistance patterns can provide useful supplementary information about the 
degree of relatedness of members within a particular serotype. Phage typing of serotypes 
such as S. Typhimurium, S. Enteritidis and S. Agona has been used extensively for 
epidemiological purposes. Phage typing is a rapid and discriminatory phenotypic method. 
Interpretation is somewhat subjective; standardization is difficult and phages are not 
generally available from commercial sources.36 However, external quality assessment 
programmes in Europe have confirmed, with a common stock of phage (provided through 
HPA Colindale) coupled with, common methods and training, that national reference 
laboratories can produce comparable phage-typing results for S. Enteritidis and S. 
Typhimurium. In the past, plasmid profiling was used extensively in identifying outbreak 
strains and may still be useful in certain settings. 
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electrophoresis (PFGE),37 multiple locus variable number tandem repeat (VNTR) analysis 
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(MLVA), multilocus sequence typing (MLST) can add value, however the discriminatory 
power of each molecular method may vary based on the serotype under consideration. In 
the not-too-distant future, single nucleotide polymorphisms (SNPs) and indeed whole 
genome sequencing may be employed to aid in investigating certain outbreaks.38  

2.2 Case linkage 

Linking of cases of salmonellosis (a necessary first step in the identification of outbreaks) 
has, by convention, been undertaken using the traditional epidemiological process of 
describing cases in terms of time, place and person whilst looking for potential linkages 
between cases that might give a clue as to a possible common source for infection.39,40 At an 
early stage, this epidemiological information should be combined with information on 
characterisation of the isolates, as a first step in determining which cases should be included 
(and excluded) as being considered part of a particular cluster or outbreak. Serotype and 
antimicrobial-resistance patterns are generally available at an early stage and may provide 
pointers that isolates might belong to a homogenous group supporting the possibility of a 
common source.  

In countries with smaller populations and/or low reported incidence of infection, the 
appearance of a cluster of isolates of an unusual serotype may be readily detected and 
prompt an investigative response. Countries with larger populations and higher incidence 
may have greater difficulty in identifying a cluster among the background levels and may 
have a higher threshold for response. Advanced systems of triggering exist in some 
countries, and are based on mathematical models to produce an automated alert once an 
expected threshold is exceeded.  

Serotyping and antimicrobial-resistance patterns are of limited value however, in relation to 
serotypes that are very common and widely distributed. In Ireland, in 2008, the five 
commonest Salmonella serotypes (S. Typhimurium, S. Enteritidis, S. Agona, S. Virchow and 
S. Java) accounted for 70% of all isolates (see Figure 1).41 Isolation of such a common 
serotype from two sources (i.e. from two cases or from a case and a food item) may well be a 
chance finding and does not represent persuasive evidence of an epidemiological link. 
Furthermore, isolates of S. Enteritidis are often susceptible to all or most antimicrobial 
agents tested routinely so that most reference laboratories receive a large number of fully 
susceptible S. Enteritidis isolates.. However, thisdegree of identification will not be adequate 
to support public health decision making regarding the degree of relatedness of strains and 
hence the extent of linking that might exist between isolates. It is in this situation that the 
molecular typing methods briefly outlined above add most value. 

There are a number of key principles that must be considered in interpreting laboratory 
data. First, the extent of characterisation performed should be appropriate to address the 
epidemiological and public health issues of concern. Serotyping may be sufficient in some 
cases (especially for rare serotypes) but may be quite inadequate in others. Second, data 
generated by laboratory typing must always be interpreted in the context of: (1) the current 
epidemiological situation, (2) decades of accumulated published experience about routes of 
transmission and (3) an understanding of limitations of the methods used. It is rarely, if 
ever, appropriate to make a determination that isolates are linked or unlinked based solely 
on laboratory typing data. It is important to remember that regardless of the sophistication 
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of the typing methods used, the best that can be achieved is the demonstration of evidence 
of a link between isolates. It is not possible, based on typing methods alone, to determine the 
pathway of transmission (and hence to establish causality), that is to say typing does not 
allow one to determine if the person was infected from the food or if the infected person 
contaminated the food.  

Epidemiologists should be aware of the potential for pseudo-infection and pseudo-
outbreaks related to laboratory cross-contamination of samples. This can be a particular 
issue when a laboratory external quality assessment/proficiency programme has recently 
included a Salmonella isolate in a round of testing. It may be helpful to clarify if the isolate 
was detected on primary agar plate culture, or only following enrichment. In our experience, 
growth of multiple colonies of Salmonella on the primary agar plate is unlikely to be due to 
laboratory cross contamination. However, when there is no growth on the primary agar plate 
but Salmonella is isolated from the Selenite F broth, it is important to consider the possibility of 
cross contamination, in particular if the laboratory has cultured a similar isolate from a clinical 
sample or external quality assessment sample in the previous few days. 

3. Irish data on Salmonella isolates 
Data from Irish national sources give a clear illustration of the degree of variability among 
and within Salmonella serotypes. In Ireland, all Salmonella isolates received at the National 
Salmonella, Shigella and Listeria Reference Laboratory (NSSLRL) at Galway (this includes all 
human clinical, and a number of veterinary and environmental isolates) are serotyped, 
susceptibility to a suite of antimicrobial agents is assessed and all isolates of S. 
Typhimurium and S. Enteritis are differentiated by phage typing. Since 2009, MLVA has 
also been applied routinely to S. Typhimurium isolates providing an additional level of 
discrimination. Additional molecular methods such PFGE are applied selectively during 
cluster/outbreak investigations.  

In all, about 175 different Salmonella serotypes were reported to the NSSLRL between 2000 
and 2010 among Irish clinical isolates. However, the current epidemiology of Salmonella in 
Ireland is dominated by two serotypes, S. Enteritidis and S. Typhimurium (including 
monophasic Typhimurium). These two serotypes accounted for 20% and 38% respectively, 
of human clinical isolates identified in Ireland in 2010, while other serotypes made up the 
remaining 42% of isolates (Figure 1). This represents a change in the relative importance of 
these serotypes since earlier in the decade when S. Enteritidis was consistently the most 
common serotype among Irish clinical isolates.  

Within S. Typhimurium, approximately 90 definitive types have been detected since 2000, 
the 10 most common of which are depicted in Table 1. Overall, DT104 and DT104b have 
been the most common phage types detected. Antimicrobial susceptibility patterns and 
molecular typing (MLVA and PFGE) indicate significant diversity within these phage types. 

Within S. Enteritidis, although PT4 and PT1 have been the most common phage types since 
2000, the number and proportion of both have declined markedly in recent years; in 2010, 
PT14b was the most common type (Table 2). MLVA provides increased discrimination 
within common S. Enteritidis phage types; however, unlike S. Typhimurium, there is not at 
present a clear consensus on a standardized approach to MLVA for this serotype.  
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of the typing methods used, the best that can be achieved is the demonstration of evidence 
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PT14b was the most common type (Table 2). MLVA provides increased discrimination 
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[Data source: NSSLRL, Unpublished data] 
Fig. 1. Annual number clinical Salmonella isolates by serotype, Ireland 2000-2010 – [Top ten 
individually represented with all others combined]  

Phage type 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Total (%) 

DT104 194 39 25 22 48 37 24 21 28 24 26 488 (33%) 

DT104b 23 48 49 67 23 13 29 14 27 14 14 321 (21%) 

DT193 11 11 16 4 2 5 11 13 18 27 18 136 (9%) 

U302 8 6 9 8 2 1 7 4 9 3 1 58 (4%) 

Untypable 1 2 0 1 0 7 0 9 7 10 15 52 (3%) 

DT120 1 6 0 0 3 0 1 19 6 6 6 48 (3%) 

DT8 1 1 1 5 28 36 (2%) 

DT12 4 1 6 8 1 3 2 4 29 (2%) 

U311 0 3 3 3 1 0 0 0 0 6 6 22 (1%) 

Other 25 32 23 22 44 19 27 31 40 23 18 304 (20%) 

Total 268 148 131 135 125 85 99 114 139 118 132 1494 
(100%) 

[Data source: NSSLRL, Unpublished data] 

Table 1. Annual Number S Typhimurium by Definitive Type, Ireland 2000-2010 [Top nine 
individually represented with all others combined] 
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Phage 
type 2000 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 Total 

PT4 162 86 36 58 43 19 33 70 22 7 9 545 (31%) 

PT1 26 74 51 53 48 44 29 13 23 9 14 384 (22%) 

PT21 5 10 5 21 18 12 26 13 22 11 6 149 (8%) 

PT14b 8 6 8 7 11 22 19 17 11 20 17 146 (8%) 

PT8 4 7 12 10 10 20 17 35 14 13 4 146 (8%) 

PT6 3 3 16 13 10 3 4 12 8 4 2 78 (4%) 

PT6a 8 12 9 11 11 3 1 2 1 4 1 63 (4%) 

PT13a  6 3 5 1 1 1 1 2 2 1 23 (1%) 

Untypable 2 1 2 1  2 2 3 1 1 5 20 (1%) 

Other 16 35 20 26 21 19 25 12 18 16 11 219 (12%) 

Total 234 240 162 205 173 145 157 178 122 87 70 1773 
(100%) 

[Data source: NSSLRL, Unpublished data] 

Table 2. Annual Number S Enteritidis by Phage Type, Ireland 2000-2010 [Top nine 
individually represented with all others combined] 

4. Outbreaks  
Salmonellae are relatively hardy microorganisms, surviving prolonged periods in frozen 
storage,42 and in manure and manure-soil mixtures;43 food at room temperature or slightly 
above, provides very favourable conditions for their multiplication. A relatively small 
inoculum (<1000 cells) is generally sufficient to produce clinical illness or colonisation.44 
Many serotypes of NTS have a particularly broad host range and may persist in the 
gastrointestinal tract of animal hosts for extended periods. These characteristics, coupled 
with the steady globalisation of the human food supply and global travel, contribute to the 
potential of Salmonella to cause both well-demarcated local and global outbreaks as well as 
periodic emergence of clonal groups which disseminate in a more diffuse manner (for 
example, as monophasic Salmonella Typhimurium has done in recent years).  

Salmonellae spread readily by means of food, from zoonotic hosts and directly from person 
to person. The progressive intensification and mechanisation of production, and 
globalisation of distribution of our food supply, has meant that outbreaks of Salmonella can 
be very extensive, and their sources, deeply embedded. In the United States during 2008-9, a 
multistate outbreak of Salmonella Typhimurium - linked to peanut butter – resulted in more 
than 700 cases of illness.45 Its final cost was expected to exceed $1Bn.46 In 2008, an outbreak 
of Salmonella Agona associated with a food production facility in Ireland led to the 
recognition of 163 associated cases of illness across Europe including two deaths; the 
implicated facility exported 800 tonnes of cooked food product across the world each week 
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(for a fuller description of this outbreak, see below).19 An important facet of Salmonella 
outbreaks (in common with many other outbreak pathogens) is that the number of cases 
detected by investigation almost invariably represents a significant underestimate of the 
true burden of illness resulting from a particular source. It is also important to note that 
although enteric salmonellosis is a self-limiting illness in most people, in most substantial 
outbreaks, a number of associated deaths (particularly among the vulnerable and elderly) is 
not uncommon. 

Outbreaks of salmonellosis are frequent events in developed countries, but show a definite 
decrease in the EU from 2,201 outbreaks in 2007 to 1,722 in 2009.47  

5. Examples where molecular microbiology was influential in hypothesis 
generation or source implication during outbreak investigations in Ireland 
The consistent and standardised application of Salmonella typing methods has enabled a 
detailed understanding of the baseline or expected incidence of specific Salmonella subtypes 
in Ireland (as is the case in almost all developed countries). This has been of critical 
importance in the detection of potential clusters based on deviation from the expected 
incidence. Close collaboration between epidemiologists and microbiologists is essential in 
forming a judgement as to which clusters are appropriate for epidemiological investigation. 
Many of the laboratory techniques are applied in reference laboratories across the developed 
world using standardised protocols. Communication of laboratory results (including results 
of genotyping studies) in standardised formats through channels such as those of the 
European Centre for Disease Prevention and Control (ECDC) and bilaterally between 
National Reference Laboratories and National Epidemiological Institutes can be vital in both 
detection and management of international outbreaks.  

A large outbreak of Salmonella Agona originating in Ireland, involving a number of 
European countries and linked to an Irish Food manufacturer in 2008 neatly illustrates the 
concept of hypothesis generation.19 In this outbreak, six cases of Salmonella Agona, each 
having the same unique PFGE profile (SAGOXB.0066) were identified within a two week 
period ( prior to this outbreak, six cases would be a typical annual total for Salmonella 
Agona isolates in Ireland). Within two weeks of the first cases having been identified, a 
review of Salmonella Trawling Questionnaires, coupled with emerging microbiological 
evidence of the outbreak strain (displaying the PFGE profile of the clinical isolates) being 
identified on the premises of an Irish food manufacturer, and in food outlets supplied by 
this same company, led investigators to hypothesise that a number of food items 
produced by the Irish Food manufacturer were the vehicles of infection via these food 
outlets. From data provided through the Salmonella Trawling Questionnaires, three 
quarters of cases reported consuming food from take-away chains and eating sandwiches 
containing chicken or pork/ham.  

Together, epidemiological and microbiological evidence augmented one another in this 
outbreak. The epidemiological evidence pointed to the commonality of exposure to 
particular types of retail food outlets (take away chains), to particular food types 
(sandwiches) and to particular ingredients (chicken ham or pork). The microbiological 
information consisted of evidence of a common serotype (Salmonella Agona), having a 
particular genotypic profile (PFGE Profile SAGOXB.0066) which was found in a large 
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number of cases across Europe, in the production plant of the Irish Food manufacturer 
and in food outlets across Europe supplied by this manufacturer (at food outlet level, the 
outbreak clonal group was eventually identified in unopened packs of food produced by 
the parent company). Taken together, this evidence was used to form a hypothesis that 
contamination due to this strain (possibly at the level of the parent company) was 
distributed by means of particular food items through a supply chain to end user food 
outlets. It was in this way that the infection was transmitted, and the outbreak 
propagated.  

In investigating the root cause of the outbreak, the investigators noted that food was cooked 
in the plant in a process that involved chicken, bacon, pork and other food types being 
placed in “continuous cook” ovens on the “low-risk” side. Cooking would take place and 
the food was then conveyed to the “high-risk” side. The investigators noted that, “a number 
of Salmonella isolates identified in the low risk area on product and in the environment between April 
and July 2008 were forwarded for definitive typing and found to be the unique pulsed field profile 
SAGOXB.0066/PT39. It appears that there was a high load of S. Agona in the low risk area and to 
such an extent that it overcame the existing control mechanisms designed to protect the high risk area 
from material in the low risk area. Such an amount of a single serovar indicated a hygiene failure 
sufficiently to propagate such an outbreak.” 

When remediation measures were put in place in the affected production plant, the 
outbreak was controlled.  

Without PFGE methods it would have been much more difficult to separate out the 
outbreak Salmonella Agona isolates from non travel-associated endemic isolates across 
multiple countries. Use of PFGE was instrumental in focussing the investigation towards the 
likelihood that the outbreak was caused by an internationally distributed commodity, in this 
case, a food product. PFGE was also used to distinguish between at least one other 
contemporaneous background Irish S. Agona case and the outbreak strain, thus enabling 
this case to be eliminated from the descriptive and analytical epidemiological investigations. 
Ensuring that unrelated cases are not included as outbreak cases in analytical studies is 
particularly important as their exclusion reduces the risk of misclassification (a form of bias), 
which could alter estimation of the effect size.  

The authors of the Outbreak Report say as much when they note that “The detection of the 
source identified would not have been possible without the use of molecular typing 
techniques and the sharing of data and co-operation between numerous agencies.” 48  

Similarly, a cluster of seven cases diagnosed with S. Heidelberg (an uncommon serotype in 
Ireland) was identified in 2011.49 In investigating this outbreak, the identification of isolates 
in reference laboratories in Europe and North America with PFGE profiles indistinguishable 
from those of the Irish S. Heidelberg isolates permitted the recognition of cases which were 
investigated for possible epidemiological links to the Irish cases. Travel to Tanzania was 
identified as a common risk factor among cases. Accumulated evidence over a number of 
years of an association between this serotype and East Africa (among other regions) 
provided useful circumstantial evidence supporting the hypothesis that the infection was 
associated with the travel destination. PFGE was important in focussing this investigation 
towards specific exposures, as the Irish cases had travelled as a group and had shared many 
exposures throughout their trip making it difficult to establish which was the likely source 
of infection. In the absence of formal standardisation of molecular typing methods, it would 
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number of cases across Europe, in the production plant of the Irish Food manufacturer 
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outbreak clonal group was eventually identified in unopened packs of food produced by 
the parent company). Taken together, this evidence was used to form a hypothesis that 
contamination due to this strain (possibly at the level of the parent company) was 
distributed by means of particular food items through a supply chain to end user food 
outlets. It was in this way that the infection was transmitted, and the outbreak 
propagated.  

In investigating the root cause of the outbreak, the investigators noted that food was cooked 
in the plant in a process that involved chicken, bacon, pork and other food types being 
placed in “continuous cook” ovens on the “low-risk” side. Cooking would take place and 
the food was then conveyed to the “high-risk” side. The investigators noted that, “a number 
of Salmonella isolates identified in the low risk area on product and in the environment between April 
and July 2008 were forwarded for definitive typing and found to be the unique pulsed field profile 
SAGOXB.0066/PT39. It appears that there was a high load of S. Agona in the low risk area and to 
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from material in the low risk area. Such an amount of a single serovar indicated a hygiene failure 
sufficiently to propagate such an outbreak.” 

When remediation measures were put in place in the affected production plant, the 
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Without PFGE methods it would have been much more difficult to separate out the 
outbreak Salmonella Agona isolates from non travel-associated endemic isolates across 
multiple countries. Use of PFGE was instrumental in focussing the investigation towards the 
likelihood that the outbreak was caused by an internationally distributed commodity, in this 
case, a food product. PFGE was also used to distinguish between at least one other 
contemporaneous background Irish S. Agona case and the outbreak strain, thus enabling 
this case to be eliminated from the descriptive and analytical epidemiological investigations. 
Ensuring that unrelated cases are not included as outbreak cases in analytical studies is 
particularly important as their exclusion reduces the risk of misclassification (a form of bias), 
which could alter estimation of the effect size.  

The authors of the Outbreak Report say as much when they note that “The detection of the 
source identified would not have been possible without the use of molecular typing 
techniques and the sharing of data and co-operation between numerous agencies.” 48  

Similarly, a cluster of seven cases diagnosed with S. Heidelberg (an uncommon serotype in 
Ireland) was identified in 2011.49 In investigating this outbreak, the identification of isolates 
in reference laboratories in Europe and North America with PFGE profiles indistinguishable 
from those of the Irish S. Heidelberg isolates permitted the recognition of cases which were 
investigated for possible epidemiological links to the Irish cases. Travel to Tanzania was 
identified as a common risk factor among cases. Accumulated evidence over a number of 
years of an association between this serotype and East Africa (among other regions) 
provided useful circumstantial evidence supporting the hypothesis that the infection was 
associated with the travel destination. PFGE was important in focussing this investigation 
towards specific exposures, as the Irish cases had travelled as a group and had shared many 
exposures throughout their trip making it difficult to establish which was the likely source 
of infection. In the absence of formal standardisation of molecular typing methods, it would 
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not have been possible to establish the potential links between these international cases, 
which might otherwise have been considered to be unlinked. 

Unusually in 2010, DT8 was the most common S. Typhimurium definitive type detected in 
Ireland. This was due to the occurrence of an outbreak which was associated with exposure 
to duck eggs.50 Prior to 2009, there had only been three cases of this definitive type detected 
over an eight-year period. The detection initially of a cluster of three S. Typhimurium DT8 
isolates by the reference laboratory within a one-month period in the latter half of 2009, 
followed by a further cluster of four cases five months later led to the recognition of a 
temporally diffuse outbreak of 35 cases which occurred over an 18 month period. In this 
outbreak, hypothesis generation was based primarily on the classical descriptive 
epidemiological method of administering a trawling questionnaire; however, particularly 
strong evidence pointing towards the association between the human cases and duck egg 
exposure was provided through comparison of molecular profiles of S. Typhimurium 
isolates from implicated duck egg farms with isolates from human cases using both MLVA 
and PFGE. The work of national veterinary reference laboratory and effective liaison 
between human and veterinary reference laboratory services was also indispensable in 
defining the source of this outbreak.  

This evidence was key in enabling control measures to be introduced, including the signing 
into Irish law of new legislation (S.I. No. 565 of 2010), the ‘Diseases of Animals Act 1966 
(Control of Salmonella in Ducks) Order 2010’, which now sets down a legal basis for the 
control of salmonellosis in egg-laying duck flocks in Ireland. 

Unfortunately, the identification of clusters by microbiological methods does not 
guarantee a successful outcome to the subsequent epidemiological investigation. On a 
number of occasions, outbreak control teams have been established to investigate clusters 
identified in this manner, but for which no definitive epidemiological link could be 
established between cases and no source of infection was identified. For example, a 
temporally-defined but geographically diffuse cluster of S. Typhimurium DT193 was 
investigated in 2009. MLVA was used to define those DT193 isolates occurring that year 
which were included in the investigation. And in 2009, an outbreak control team was 
established to investigate a rise in the incidence of S Enteritidis PT14b. In neither instance 
could a definitive epidemiological link be established between the cases and no sources of 
infection were identified. 

Known associations between particular reservoirs and Salmonella serotypes has been 
exploited in source attribution studies.51 This kind of information is also useful in outbreak 
investigation as it can give an early pointer of likely vehicles for particular strains for 
hypothesis generation. 

6. Emerging factors  
In Ireland, it has become apparent in recent years that overseas travel plays an important 
role in Salmonella epidemiology. It is now estimated that up to half of all notified cases may 
be travel associated (Table 3). This is broadly similar to the proportions in Finland, Sweden 
and Norway, all of whom report that more than 70% of their salmonellosis cases are travel-
associated and is in contrast to the majority of countries in central and southern Europe who 
report this to be a largely indigenous disease.4  
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 Number of cases % of total number 
of cases 

% of cases with 
known travel 

history 

Indigenous 351 31% 51% 

Travel-associated 342 30% 49% 

Unknown/not 
specified 445 39% - 

Total 1138 100% 100% 

[Data source: CIDR] 

Table 3. Number and percentage Salmonella notifications by Travel history, Ireland 2008-2010 

Combining epidemiological information on case travel histories with microbiological 
information enabled confirmation that S. Enteritidis is uncommon among indigenous 
salmonellosis cases in Ireland, with a high proportion being associated with overseas 
exposure,29 while S. Typhimurium is clearly the dominant serotype among indigenous 
cases. This is supported by outbreak surveillance data (Table 4). These combined data have 
also been exploited in studies such as a recent EFSA source attribution study which 
suggested that after the risk factor ‘travel’, pigs may be the most important contributor to 
human Salmonella infections in Ireland.49 

Serotype 

Number travel-
associated 

Salmonella 
outbreaks 

Number 
indigenous 
Salmonella 
outbreaks 

Total 

S Enteritidis 13 13 26 

S Typhimurium 3 37 40 

Other Salmonella serotypes 5 24 29 

Salmonella serotype not reported 4 10 14 

Total 25 84 109 

[Data source: CIDR] 

Table 4. Number Salmonella outbreaks (family and general) by serotype and travel 
association, Ireland 2004-2010 

7. Conclusion  
Salmonellosis continues to be an important global cause of infectious intestinal disease and 
in developed countries maintains its dominant position as one of the top three commonest 
causes of bacterial gastroenteritis. Enteric salmonellae are potent outbreak organisms and 
linking of cases that are part of the same outbreak has been facilitated by the recent 
increased application of molecular methods of characterisation that allow increasingly 
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known travel 

history 

Indigenous 351 31% 51% 

Travel-associated 342 30% 49% 

Unknown/not 
specified 445 39% - 

Total 1138 100% 100% 

[Data source: CIDR] 

Table 3. Number and percentage Salmonella notifications by Travel history, Ireland 2008-2010 

Combining epidemiological information on case travel histories with microbiological 
information enabled confirmation that S. Enteritidis is uncommon among indigenous 
salmonellosis cases in Ireland, with a high proportion being associated with overseas 
exposure,29 while S. Typhimurium is clearly the dominant serotype among indigenous 
cases. This is supported by outbreak surveillance data (Table 4). These combined data have 
also been exploited in studies such as a recent EFSA source attribution study which 
suggested that after the risk factor ‘travel’, pigs may be the most important contributor to 
human Salmonella infections in Ireland.49 

Serotype 

Number travel-
associated 

Salmonella 
outbreaks 

Number 
indigenous 
Salmonella 
outbreaks 

Total 

S Enteritidis 13 13 26 

S Typhimurium 3 37 40 

Other Salmonella serotypes 5 24 29 

Salmonella serotype not reported 4 10 14 

Total 25 84 109 

[Data source: CIDR] 

Table 4. Number Salmonella outbreaks (family and general) by serotype and travel 
association, Ireland 2004-2010 

7. Conclusion  
Salmonellosis continues to be an important global cause of infectious intestinal disease and 
in developed countries maintains its dominant position as one of the top three commonest 
causes of bacterial gastroenteritis. Enteric salmonellae are potent outbreak organisms and 
linking of cases that are part of the same outbreak has been facilitated by the recent 
increased application of molecular methods of characterisation that allow increasingly 
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reliable differentiation and discrimination between and within serotypes. The progressive 
refinement of discriminatory methods permits the ready inclusion (and exclusion) of isolates 
within outbreaks in such a way that reduces wasteful investigation of unrelated isolates of 
the same serotype, while identifying more accurately the true extent of outbreaks. This has 
been assisted by the increasingly rapid turnaround time for identification of such isolates. 
Long lead-in time of such methods in the past made them more suited to research purposes 
but the rapidity with which microbiologists can provide results to epidemiologists makes 
this a real-time method that facilitates investigation and allows more rapid implementation 
of control measures. However, the most fundamental requirement in the application of 
laboratory characterisation of isolates to the protection of public health is not the 
sophistication of the laboratory methods, but open, effective and timely communication 
between those delivering the laboratory services and those in the public health and food 
safety domains charged with surveillance and intervention. 
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reliable differentiation and discrimination between and within serotypes. The progressive 
refinement of discriminatory methods permits the ready inclusion (and exclusion) of isolates 
within outbreaks in such a way that reduces wasteful investigation of unrelated isolates of 
the same serotype, while identifying more accurately the true extent of outbreaks. This has 
been assisted by the increasingly rapid turnaround time for identification of such isolates. 
Long lead-in time of such methods in the past made them more suited to research purposes 
but the rapidity with which microbiologists can provide results to epidemiologists makes 
this a real-time method that facilitates investigation and allows more rapid implementation 
of control measures. However, the most fundamental requirement in the application of 
laboratory characterisation of isolates to the protection of public health is not the 
sophistication of the laboratory methods, but open, effective and timely communication 
between those delivering the laboratory services and those in the public health and food 
safety domains charged with surveillance and intervention. 
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1. Introduction  
Diarrhea due to Salmonella infections has been recognised since the late 19th century. 
Typhoid diseases were, in the early part of the 20th century, the commonest known 
waterborne diseases in both the United Kingdom and the United States of America (Hunter, 
1997; Pui et al., 2011). In addition non-typhoid salmonellae have been recognised as a 
leading cause of bacterial enteritis in the UK and worldwide (Timbury et al., 2002; Pui et al., 
2011). Salmonella infections in animals are common and have been well documented in the 
UK since 1958, with around 10,000 recorded incidences of bovine salmonellosis per year 
(Linton & Hinton, 1988).  

Salmonella species are members of the family Enterobacteriaceae, being facultatively anaerobic, 
non-spore forming, Gram-negative rods (Group five of Bergey’s Manual of Determinative 
Bacteriology) (Holt et al., 1994). Generally they are 2-5 m long and 0.8-1.5 m wide, straight 
rods, being motile by peritrichous flagella. As they are facultatively anaerobic, they have both 
respiratory and fermentative metabolism. Optimal growth temperature is 37 C. D-Glucose 
and other carbohydrates are catabolised with the production of acid and usually gas. They are 
oxidase negative, catalase positive, indole and Voges-Proskauer negative, and methyl red and 
Simmons citrate positive. H2S is produced; urea is not hydrolysed (Holt et al., 1994; Lightfoot, 
2004; Percival et al., 2004). The genus Salmonella consists of two species: (1) Salmonella enterica, 
which is divided into six subspecies – S. enterica subsp. enterica (I), S. enterica subsp. salamae (II), 
S. enterica subsp. arizonae (IIIa), S. enterica subsp. diarizonae (IIIb), S. enterica subsp. houtenae (IV), 
S. enterica subsp. indica (VI); and (2) Salmonella bongori (formerly subsp. V). There are around 
2541 serovars/serotypes in the genus Salmonella (Table 1). This new nomenclature reflects 
recent advances in Salmonella taxonomy which are based on DNA-hybridization studies. For 
simplicity, serotypes can be abbreviated, for example S. enterica subsp. enterica serovar 
Enteritidis to S. enteritidis (Bopp et al., 1999; Timbury et al., 2002; Lightfoot, 2004; Percival et al., 
2004; Lin-Hui & Cheng-Hsun, 2007; Pui et al., 2011). 

Most of the serotypes pathogenic to humans and animals belong to Salmonella enterica subsp. 
enterica (i.e. subsp. I). Some serovars have a habitat limited to a particular host species, such 
as humans (serovars Typhi, Paratyphi A), sheep (serovars Abortusovis), or fowls (serovar 
Gallinarum). In general, subspecies I strains are usually isolated from humans and warm-
blooded animals, whereas subspecies II, IIIa, IIIb, IV, VI and S. bongori are usually isolated 
from cold-blooded animals and the environment (rarely from humans) (Pui et al., 2011). 
Biochemical reactions of S. enterica serovars and differential characteristics of Salmonella 
species and subspecies are given in Tables 2 and 3. 
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blooded animals, whereas subspecies II, IIIa, IIIb, IV, VI and S. bongori are usually isolated 
from cold-blooded animals and the environment (rarely from humans) (Pui et al., 2011). 
Biochemical reactions of S. enterica serovars and differential characteristics of Salmonella 
species and subspecies are given in Tables 2 and 3. 
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Species / subspecies Number of serovars
Salmonella enterica subsp.
enterica 1504
salamae 502
arizonae 95
diarizonae 333
houtenae 72
indica 13

Salmonella bongori 22
Total 2541

Adapted from Lightfoot (2004); Lin-Hui and Cheng-Hsun (2007) 

Table 1. Number of serovars in each species and subspecies of Salmonella 

There are four clinically distinguishable forms of Salmonella infection in humans. These are 
gastroenteritis, enteric fever, bacteremia and other complications of non-typhoidal 
salmonellosis as well as chronic carrier state (Hunter, 1997; Percival et al., 2004; Pui et al., 
2011). Gastroenteritis is caused by at least 150 Salmonella serotypes, Salmonella enteritidis 
being the most common serotype. Symptoms include watery, sometimes bloody diarrhea, 
fever and abdominal pain, and usually occur 18-48 hours after ingestion of the bacterium. 
The infection generally lasts 2-5 days. After recovery, faecal carriage may persist for up to 12 
weeks. Less than 10 % of patients are reported as carriers for a longer period (Hunter, 1997; 
Percival et al., 2004; Pui et al., 2001). 

 Typical 
Salmonella

S. 
choleraesuis

S. 
pullorum 

S. 
gallinarum S. typhi S. 

typhisuis 

S. 
paratyphi 

A 

H2S + -   + 
(weak) + - 

Citrate + +* + + - - - 
Gas from 
glucose + + +  - + + 

Dulcitol + - - + - + + 
Mucate + - - + - - - 
Maltose + + - + + + + 
Trehalose + - + + + + + 

* Simmon’s citrate-negative, Christensen citrate-positive. 
Adapted from Jones, et al. (2000) 

Table 2. Biochemical reactions of Salmonella enterica serovars 

Enteric fever is most often caused by Salmonella typhi (typhoid fever) and S. paratyphi A, B 
and C (paratyphoid fever). Enteric fever from S. typhi is more prolonged and has a higher 
mortality rate than paratyphoid fever. Symptoms for typhoid fever include sustained fever, 
diarrhea, abdominal pain and may involve fatal liver, spleen, respiratory and neurological 
damage. Paratyphoid fever has similar, but less severe symptoms. The incubation period for 
typhoid fever is 7-14 days and for paratyphoid fever 1-10 days. Between 1 and 3 % of 
patients become chronic carriers (Hunter, 1997; Percival et al., 2004; Pui et al., 2011).  
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Salmonella bacteremia is characterised by chills, high remittent fever, anorexia and 
bacteraemia. The bacterium may localize in any organ in the body and produce focal lesions 
resulting in meningitis, endocarditis and pneumonia (Percival et al., 2004). Studies aimed at 
the determination of the infectious dose for salmonellosis suggests that infectious doses are 
certainly below103 and can be <10 organisms (Blaser & Newman, 1982; Hunter, 1997; Pui et 
al., 2011). Non-typhoidal serotypes may persist in the intestinal tract from 6 weeks to 3 
months, with only 0.1 % of non-typhoidal Salmonella cases are shed in faeces for periods 
excceding 12 months. Up to 5 % of untreaed typhoid infections may result in chronic carrier 
state. Factors contributing to the chronic carrier state are not clearly understood, 
nonetheless, salmonellosis can be spread by chronic carriers who can infect other individual, 
particularly those who work in food industries (Pui et al., 2011). 

 
Fig. 1. The reported incidence of salmonellosis in nine European countries between 1985 and 
1998 (from Schlundt et al. 2004)  

Cases of typhoid (Salmonella typhi) and paratyphoid fevers (S. paratyphi A and B) have been 
reported since 1897. In England and Wales between 1911 and 1960 there were about 17 
waterborne outbreaks of typhoid and paratyphoid fevers causing about 155 deaths (Galbraith, 
1994). In the United States, more than 30 people out of every 100,000 died of typhoid in 1890 
(Rusin et al., 2000). Although infections attributed to typhoid and paratyphoid salmonellae 
have declined in the UK and USA since 1960 (Galbraith, 1994; Leclerc et al., 2004), cases of 
waterborne typhoid and paratyphoid are still reported regularly from other parts of the world, 
mainly underdeveloped and poor countries in Asia and Africa, affecting 12.5 million people 
every year (Hunter, 1997). Waterborne and foodborne salmonellosis (non-typhoidal species) 
are now the second leading cause of gastroenteritis around the world (Fig. 1), and according to 
the US Centre for Disease Control and Prevention, 1.4 million cases of salmonellosis occur 
annually in the USA (Hunter, 1997; Lightfoot, 2004; Percival et al., 2004). Global surveillance 
data has suggested that increased salmonellosis is associated with the consumption of raw or 
undercooked eggs, poultry meat or dairy products, and salads prepared with mayonnaise 
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(Khakhria et al., 1997; Guard-Petter, 2001; Costalunga & Tondo, 2002). Contaminated drinking 
water is also an important vehicle of Salmonella infection (Hunter, 1997; Percival et al., 2004). 
Handling of pets, such as snakes and lizards, may also lead to infection (Schröter et al., 2004). 
By and large, salmonellosis is associated with poor hygiene and sanitation during food 
production (Lightfoot, 2004). 

Character 
S. enterica  

Subsp. 
enterica

Subsp. 
salamae

Subsp. 
arizonae

Subsp. 
diarizonae

Subsp. 
houtenae

Subsp. 
indica 

S. 
bongori 

Dulcitol + + - - - d + 
OPNG (2h) - - + + - d + 
Malonate - + + + - - - 
Gelatinase - + + + + + - 
Sorbitol + + + + + - + 
Culture with KCN - - - - + - + 
L(+)-tatrate + - - - - - - 
Galacturonate - + - + + + + 
-Glutamyltransferase + + - + + + + 
-Glucuronidase _ D - + - d - 
Mucate + + + - (70 %) - + + 
Salicin - - - - + - - 
Lactose - - - (75 %) + (75 %) - d - 
Lysis by phage 01 + + - + - + d 

Natural habitat Warm blooded 
animals 

Cold-blooded animals and the 
environment 

 

OPNG, o-nitropenyl--D-galactopyranoside; KCN, potassium cyanide, d, different reactions given by 
different serovars. 
Adapted from: Bopp, et al. (1999); Jones, et al. (2000). 

Table 3. Differential characteristics of Salmonella species and subspecies 

2. Incidence and biodiversity of salmonellae in the environment 
The transmission of Salmonella species takes the oral-faecal route, by means of 
contaminated food, primarily poultry and milk products and contaminated water, it is 
also believed that warm-blooded animals are an asymptomatic carriers of the organism in 
their gut (Guard-Petter, 2001; Costalunga & Tondo, 2002; Percival et al., 2004; Abulreesh 
et al., 2007). There is strong evidence to suggest that the organism is ubiquitous and 
widely distributed in the environment, where particular serovar may be associated with 
specific ecological niches (Murray, 2000).  

2.1 Aquatic environments 

Salmonellae are exogenous to aquatic habitats. Their presence in water, therefore, indicates 
faecal contamination. Sewage effluents, agricultural run-off and direct deposit of faecal 
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materials from wild animals and birds are the major sources of the bacteria in aquatic 
environments (Alcaide et al., 1984; Baudart et al., 2000; Johnson et al., 2003; Abulreesh et al., 
2005). Salmonella species have been found in almost all types of aquatic environments that 
receive faecal contamination, that include drinking water (Bhatta et al., 2007), rivers (Pianetti 
et al., 1998; Polo et al., 1998; Polo et al., 1999; Dionisio et al., 2000; Lemarchand & Lebaron, 
2003; Arvanitidou et al., 2005; Haley et al., 2009), lakes (Claudon et al., 1971; Arvanitidou et 
al., 1995; Sharma & Rajput, 1996), ponds (Shellenbarger et al., 2008), marine waters 
(Matinez-Urtaza et al., 2004a; Martinez-Urtaza et al., 2004b; Martinez-Urtaza & Liebana, 
2005; Harakeh et al., 2006), run-off water (Claudon et al., 1971), treated and untreated 
wastewater (Ho & Tam, 2000; Melloul et al., 2002; Espigares et al., 2006, Mafu et al., 2009) 
worldwide. Abulreesh et al. (2004) were unable to detect salmonellae in water samples from 
a village pond that receives direct faecal contamination from waterfowl, nevertheless, they 
managed to isolate the bacterium from bottom sediments of the same pond. This might be 
attributed, in part, to concentration through sedimentation and also to greater survivability 
of Salmonella spp. in bottom sediments than in water (Burton et al., 1987; Fish & Pettibone, 
1995; Winfield & Groisman, 2003). Higher salmonellae recovery rates from bottom sediment 
than from water in diverse aquatic environments were also observed by Hendricks (1971) 
and Van Donzel & Geldreich (1971). 

It is expected that the diversity of salmonellae population in aquatic environments may 
depend on sources of contamination. However, salmonellae serotypes that prevail in 
aquatic environments do not often coinside with the common zoonotic or human 
serotypes identified in the areas surrounding these aquatic environments (Polo et al., 
1999; Dionisio et al., 2000; Matinez-Urtaza et al., 2004; Setti et al., 2009). For instance, Setti 
et al. (2009) isolated about 57 strains along 122 Km coastline in Morocco, where only three 
serotypes were identified. Interestingly, these serotypes were Kentucky, Blockey and 
Senftenberg, were not included among those frequently reported serotypes from human 
infections or animal origin in Morocco. Likewise, the results obtained by Haley et al. 
(2009) showed that serotypes Enteritidis, Typhimurium and Heidelberg were not among 
the serotypes isolated from freshwater environments in U.S.A, even though common 
sources of these serotypes were present in the watersheds that were examined. The 
explanation of this discrepancy may be attributed, in part, to different survival rates of 
different salmonellae serotypes. Other environmental factors such as rainfall and 
temperature may also play a major role in the diversity and dynamics of salmonellae 
serotypes in aquatic environments (Martinez-Urtaza et al., 2004a; Simental & Martinez-
Urtaza, 2008; Haley et al., 2009; Setti et al., 2009). 

The use of faecal indicators (faecal coliforms, Escherichia coli, faecal streptococci and Clostridium 
perfringens) aims to evaluate water sources intended for water supply or recreation, by 
predicting the presence of waterborne pathogens. Significant correlations have been found 
between total coliforms, faecal coliforms and faecal streptococci and Salmonella in marine 
bathing sites in Portugal (Polo et al., 1998). Similarly, Arvanitidou et al. (2005) noted a close 
relationship between the presence of Salmonella serovars and total coliforms in Greek rivers. 
Lake Jabalpure in India was found to receive sufficient pollution of organic matter, where high 
significant correlation was found between the abundance of Salmonella and the abundance of 
total coliforms, faecal coliforms and faecal streptococci (Sharma & Rajput, 1996). Morinigo et 
al. (1993) found significant correlation between densities of faecal indicators and the presence 
of Salmonella spp. in Spanish fresh and marine natural waters that received faecal discharge. 
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(Khakhria et al., 1997; Guard-Petter, 2001; Costalunga & Tondo, 2002). Contaminated drinking 
water is also an important vehicle of Salmonella infection (Hunter, 1997; Percival et al., 2004). 
Handling of pets, such as snakes and lizards, may also lead to infection (Schröter et al., 2004). 
By and large, salmonellosis is associated with poor hygiene and sanitation during food 
production (Lightfoot, 2004). 
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Together, these and other studies suggest that faecal indicators are potentially a useful 
warning of the potential presence of salmonellae in aquatic environments (Geldreich, 1996). 
However, relationships are not always found between faecal indicators and salmonellae in 
aquatic environments; an observation that may be related to various reasons such as different 
survival rates between salmonellae and faecal indicators, also the possibility that salmonellae 
being in a viable but nonculturable state. Lemarchand and Lebaron (2003) found no 
correlations between salmonellae and any given faecal indicator in French rivers. Detection of 
Salmonella spp. was achieved in water samples from coastal areas in Portugal in the presence of 
low counts of faecal indicators (Dionisio et al., 2000). No close relationships between the 
presence of salmonellae and counts of faecal indicators were also noted in fresh and marine 
waters that receive industrial and domestic effluents in Spain (Morinigo et al., 1993). 
Furthermore, Salmonella spp. were successfully detected in Spanish fresh and marine water 
that received faecal pollution in the absence of faecal indicators, as well as in aquatic 
environments with low degree of pollution (Pianetti et al., 1998; Morinigo et al., 1990; Baudart 
et al., 2000; Dionisio et al., 2000). Thus, the ability of faecal indicators to predict the presence of 
salmonellae in polluted environmental waters remains questionable, and the absence of faecal 
indicators is not always a reliable indication of the absence of Salmonella spp. 

2.2 Domestic and agricultural waste 

Sewage effluents serve as frequent source of environmental contamination with Salmonella 
serovars. Obviously, infected individuals are the source of salmonellae in sewage effluents 
(Sahlström et al., 2004, 2006). In Spain, the most frequently identified serovars in clinical 
samples from human origin were Enteritidis, Hadar and Typhimurium, these serovars were 
also noted to be the most frequently encountered in sewage effluents, particularly Hadar 
(38.1%), followed by Enteritidis (23.8%) (Espigares et al., 2006). Discharge from agricultural 
waste may, in part, play a role in the presence of different serovars in sewage effluents 
(Berge et al., 2006), however some salmonellae serovars may present in sewage effluents but 
could not be traced to a human or animal source (Danielsson, 1977). 

It is well-established that waste treatment aims to stabilize sewage sludge, accordingly 
pathogens may be activated rather than removed (Godfree, 2003). This has been clearly 
noticed with different Salmonella serovars. In Poland a study showed that serovar Virchow 
was detected in raw and treated sewage. The same serovar was also detected in primary and 
excess sludge (Olańczuk-Neyman et al., 2003). Similar observation was noted in Sweden, 
were Salmonella spp. were detected in 55% of treated sludge samples, with serovar Hadar 
being the most frequently isolated from treated and raw sludge (Sahlström et al., 2004). 
Salmonellae can grow in sewage sludge and effluents after treatment, particularly at low 
temperatures (Danielsson, 1977), consequently, the application of treated sludge on 
agricultural land and/or irrigation with treated wastewater, and the discharge of treated 
effluents in aquatic environments may constitute potential public health hazard 
(Hutchinson et al., 2008). Salmonella was detected in 68.75% of vegetable samples in 
agricultural land irrigated with wastewater in Morocco (Melloul et al., 2001), moreover, high 
infection rate with salmonellae was noted in children living in an area with sewage water 
irrigation practices (Melloul and Hassani, 1999; Melloul et al., 2002). 

Livestock manure may disposed on agricultural land and/or widely used as fertilizer, 
which often contains high concentrations of different types of human pathogens, including 
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Salmonella. The presence and the levels of any given pathogen in livestock manure depends 
on (i) source animal, (ii) animal’s health state and (iii) the storage and treatment methods of 
the manure (Venglovsky et al., 2006). Unfortunately, treatment of animal waste does not 
receive the required attention by public health authorities as in the case of human waste 
(Murray, 2000), thus the direct disposal of manure or slurry to agricultural lands or 
discharge to aquatic environments may constitute potential risk for the spread of 
salmonellae infections to human and animals. In this respect, special attention should be 
paid to the disinfection of contaminated waste of livestock to prevent the spread of infective 
agents (e.g. Salmonella) in the environment (Venglovsky et al., 2006).  

2.3 Free-living wild birds 

The intestinal carriage of various salmonellae serovars, including multidrug-resistant 
strains, by free-living wild birds and their role in the spread of the bacterium in the 
environment is well documented. These birds include, ducks and geese, pigeons, sea gulls 
and other species belonging to a wide range of different genera (Kapperud & Rosef, 1983; 
Palmgren et al., 1997; Hernandez et al., 2003; Tsai & Hsiang, 2005; Kobayashi et al., 2007; 
Čížek et al., 2007; Abulreesh, 2011) (Table 4). The majority of these birds seem to carry 
Salmonella spp. without obvious symptoms of infection, which suggests that salmonellae 
inhibiting the intestinal tract of free-living wild birds are commensal (Tizard, 2004; 
Abulreesh et al. 2005, 2007). Nonetheless, Salmonella spp. are also common cause of 
salmonellosis and other various serious infections in wild birds (Henry, 2000; Poppe, 2000; 
Tizard, 2004). Although various salmonellae serovars have been isolated from apparently 
healthy free-living birds, the incidence of the bacterium tends to be low (Table 4). Indeed 
Fallacara et al. (2001) found only one Salmonella isolate in 82 faecal droppings of mallard, 
while the bacterium was completely absent from 375 faceal samples of Canadian geese. Low 
incidence or complete absence of salmonellae carriage was also observed in other wild birds 
such as gulls, passerines, owls, pigeons, thrushes and eagles (Brittingham et al., 1988; 
Palmgren et al., 1997; Kirk et al., 2002; Hernandez et al., 2003; Reche et al., 2003; Dovč et al., 
2004; Abulreesh, 2011). 

Healthy free-living wild birds that live well away from pollution may not harbour 
Salmonella serovars (Čížek et al., 1994; Tizard, 2004). Indeed, when Hernandez et al. (2003) 
sampled Palearctic birds migrating southwards and which were likely to have had no recent 
experience of areas with domestic animals, they found only one Salmonella-positive bird, a 
mistle thrush (Turdus viscivorus), amongst 2,377 samples from 110 bird species. In the same 
way, a total of 233 faecal samples from eight penguins were all Salmonella-negative, 
suggesting that tourism has not yet introduced human-associated enteric pathogens to the 
Antarctic (Bonnedahl et al., 2005). Results obtained from different studies suggest that free-
living wild birds may acquire salmonellae after exposure to human-contaminated 
environments or after scavenging on refuse tips and sewage sludge (Fricker, 1984; Ferns & 
Mudge, 2000; Tizard, 2004; Abulreesh et al., 2005). 

Free-living and migratory wild birds are recognized as a potential reservoir for the 
transmission of human-associated Salmonella spp., including multidrug-resistant strains, 
through the contamination of water, farms and other environments. Therefore, it was 
concluded that free-living wild birds may play a significant role in the epidemiology of human 
salmonellosis (Tizard, 2004; Abulreesh et al., 2007; Literák et al., 2007; Tsiodras et al., 2008). 
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Bird species Location p:n (%) Salmonella serovar Reference 

Black-headed Gull 
(Larus ridibundus)  

Czech 
Republic

 
Sweden 

38:154 (25) 

 

28:1047 (3) 

Typhimurium, 
Enteritidis, Panama, 
Anatum 
Typhimurium 

Hubálek et al. 
(1995) 
Palmgren et al. 
(2006) 

 

Waterfowl (ducks and 
geese) 

USA 
Taiwan 

8:450 (2) 
91:2000 (5) 

Typhimurium 
ND 

Fallacara et al. 
(2004) 
Tsai & Hsiang 
(2005) 

 

Pigeon (Columba livia) 

Japan 
Norway 
Croatia 
Saudi 
Arabia 

17:436 (4)
3:72 (4) 

2:14 (14) 
8:400 (2) 

ND 
Typhimurium 
Typhimurium 
ND 

Tanaka et al. 
(2005) 
Refsum et al. 
(2002) 
Vlahović et al. 
(2004) 
Abulreesh (2011) 

 

Coot (Fulica atra) Czech 
Republic 1:3 (33) Typhimurium Hubálek et al. 

(1995) 
 

House Sparrow (Passer 
domesticus) 

USA 
Norway 

14:451 (3)
7:31 (23) 

Montevideo, Meleagridis
Typhimurium 

Kirk et al. (2002) 
Refsum et al. 
(2002) 

 

Starling (Sturnus 
vulgaris) 

USA
Czech 

Republic

1:80 (1) 
4 isolates

Typhimurium 
ND 

Kirk et al. (2002) 
Čížek et al. (1994) 

 

Magpie (Pica pica) Norway 1:40 (3) Typhimurium Refsum et al. 
(2002) 

 

Great Tit (Parus major) 
Norway
Czech 

Republic

6:87 (7) 
1 isolate 

Typhimurium 
ND 

Refsum et al. 
(2002) 
Čížek et al. (1994) 

 
Brown-headed Cowbird 
(Molothrus ater) USA 3:95 (3) Meleagiridis, Muenster Kirk et al. (2002) 

 

Rook (Corvus frugilegus) Croatia 2:13 (15) Typhimurium, 
Enteriditis 

Vlahović et al. 
(2004) 

 

Crow (Corvus corone) Norway 1:52 (2) Paratyphi B Refsum et al. 
(2002) 
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Bird species Location p:n (%) Salmonella serovar Reference 

Peregrine Falcon (Falco 
peregtinus) Sweden 2:69 (3) Amager Palmgren et al. 

(2004) 
     
Long-eared Owl (Asio 
otus) 
Kestrel (Falco naumanni)
Buzzard (Buteo buteo) 

Spain 
1:7 (14) 
3:59 (5) 
1:17 (6) 

Typhimurium DT104 
Enteritidis 
Typhimurium DT104 

Reche et al. (2003) 

p = number of positive samples, n = number of samples tested, (%) percentage of positive samples 
ND = not determined 

Table 4. Examples of the incidence of Salmonella spp. in fresh faeces or cloacal swabs of 
various free-living wild birds. 

2.4 Domestic and wild animals 

Salmonellae serovar have long been associated with diseases in animals, and there are reports 
suggested that salmonellae are wide spread in the intestinal tract of domestic and wild animals 
of different taxa (Simpsons, 2002; Angulo et al., 2004; Schlundt et al., 2004). Domestic pets such 
as dogs and cats that live in close proximity to humans have been responsible for a wide range 
of bacterial and parasitic zoonoses. For instance, Brucellosis (Brucella canis) and septic animal 
bite (Pasteurella multocida) were associated with dogs, whereas, cat-scratch disease (Bartonella 
henselae) and abortion and stillbirth (Toxoplasma gondii) were linked with cats (Timbury et al., 
2002). These animals have also been found to carry different Salmonella serovars in their guts; 
both healthy and diseased individuals (Carter & Quinn, 2000; Sato et al., 2000; Van Immerseel 
et al., 2004). In Japan, a 4-month-old infant manifested with diarrhea and Salmonella Virchow 
was detected in his stool. The same serovar (Virchow), was also detected in faecal samples 
from two out of three household dogs that were living in close proximity with the infected 
infant. This finding lead to the conclusion that Salmonella Virchow infection in the infant was 
transmitted by the household dogs (Sato et al., 2000). In order to determine whether cats can 
present a potential risk for the transmission of salmonellae to humans, rectal swabs were taken 
from 278 healthy house cats, 58 dead cats, and 35 group-house cats were examined in Belgium 
(Van Immerseel et al., 2004). The results showed that 51.4% of the group-housed cats, 8.6% of 
diseased cats, and 0.36% of the healthy house cats excreted Salmonella. Most of the serovars 
recovered were human-pathogenic and resistant to multiple antibiotics, such as Typhimurium, 
Enteritidis. Thus, it was concluded that cats that shed salmonellae can pose health hazards to 
highly susceptible individuals, such as children, the elderly and immunocompromised people 
(Van Immerseel et al., 2004). Dog and cats can easily acquire Salmonella spp., either directly or 
indirectly via the faecal-oral route. Dogs and cats are allowed to roam, and hunt and thus have 
access to diverse sources of Salmonella serovars. Salmonellae can be transmitted to cats and 
dogs via contaminated dry pet’s food, uncooked offal and bones, raw chicken and 
unchlorinated water. Scavenging on wildlife carcasses, households rubbish and/or hunting 
rodents or wild birds are also potential routes of transmission of salmonellae serovars to cats 
and dogs (Carter & Quinn, 2000). 

Cold-blooded animals harbour a wide range of Salmonella serovars in their intestinal tract. S. 
bongori and enterica subsp. II, IIIa, IIIb, IV and VI are commonly isolated from reptiles, 
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Enteritidis. Thus, it was concluded that cats that shed salmonellae can pose health hazards to 
highly susceptible individuals, such as children, the elderly and immunocompromised people 
(Van Immerseel et al., 2004). Dog and cats can easily acquire Salmonella spp., either directly or 
indirectly via the faecal-oral route. Dogs and cats are allowed to roam, and hunt and thus have 
access to diverse sources of Salmonella serovars. Salmonellae can be transmitted to cats and 
dogs via contaminated dry pet’s food, uncooked offal and bones, raw chicken and 
unchlorinated water. Scavenging on wildlife carcasses, households rubbish and/or hunting 
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and dogs (Carter & Quinn, 2000). 

Cold-blooded animals harbour a wide range of Salmonella serovars in their intestinal tract. S. 
bongori and enterica subsp. II, IIIa, IIIb, IV and VI are commonly isolated from reptiles, 
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however, isolation of S. enterica subsp. I from captive or free-living reptiles is common (Briones 
et al., 2004). S. enterica subsp. I is common in warm-blooded animals, the presence of this 
subsp. in the faeces of reptiles is probably due to the fact that reptiles usually fed on rodents, 
rats or mice and other small warm-blooded animals that seem to carry salmonellae (Pfleger et 
al., 2003). It seems that there is no specific serovar associated with specific reptilian species, yet 
subsp. III was observed to be predominant in snakes, while subsp. IV was found to be 
common in iguana lizards (de Sá & Solari, 2001; Pfleger et al., 2003). Serovar Typhimurium 
and Enteritidis were rarely detected from reptiles (Warwick et al., 2001; Seepersadsingh & 
Adesiyun, 2003), nevertheless, the carriage of other human-associated salmonellae serovars, 
particularly multidrug-resistant strains usually occur without obvious symptoms of diarrhea, 
thus salmonellae seem to be essentially normal component of reptilian intestinal flora 
(Warwick et al., 2001; Ebani et al., 2005). Cases of reptile-associated human salmonellosis were 
reported in the United States, Canada and Europe since the 1960’s (Weinstein et al., 1995; 
Woodward et al., 1997; Olsen et al., 2001; Warwick et al., 2001). Transmission of salmonellae 
from pet reptiles to humans may occur directly (i.e. faecal contamination of food and water) or 
indirectly (i.e. contamination of hands and other body parts, or households fomites). A 
number of formal recommendations from the UK Communicable Disease Surveillance Centre 
and the Department of Health in the USA were issued to advise pet store owners and pet 
keepers of good code of practice to prevent, or at least minimize, reptiles-related salmonellosis 
(Warwick et al., 2001). Some of these recommendations include; informing pet owners to wash 
their hands after handling pet reptiles or their cages, pet reptiles should not be allowed to 
roam freely throughout the house or living area and other measures (Warwick et al., 2001). 
Unlike reptiles, the incidence of salmonellae in amphibians seems to be very low (Pfleger et al., 
2003) and sometimes totally absent (Briones et al., 2004). Salmonella Abidjan and Wandsworth 
were detected, with low numbers, in the faeces of horned frog (Ceratophrys cranwelli). These 
serovars have not been implicated in human salmonellosis. Apparently, amphibians may not 
represent an important reservoir of Salmonella spp. in nature and may not have potential 
implications for public health (Briones et al. 2004). 

Rodents, rats and mice are common commensal pests and usually regarded as an indicator of 
unsatisfactory sanitation (Murray, 2000). They are responsible for considerable damage to 
various stored products and buildings, as well as they can be a source of serious bacterial 
zoonosis (Healing, 1991; Timbury et al., 2002). Rats and mice are regarded as a potential 
reservoir of different salmonellae serovars, accordingly, they are considered as a major public 
health hazard (Murray, 2000). Salmonella enterica serovar Typhimurium definitive phage type 
104 (DT 104) was recovered from the faeces of house rats (Rattus rattus and Rattus norvegicus) in 
Japan. This finding highlights the important role of mice and rats in the dissemination of 
serovar Typhimurium (DT104), which regarded as one of the emerging zoonotic agent in 
Europe and the United States because this strain has acquired multiple drug resistance 
(Yokoyama et al., 2007). In the UK, a total of 100 faecal samples, 50 recatal swabs and 25 swabs 
taken from the fur, paws and tail of wild urban brown rats (Rattus norvegicus) were examined 
for the presence of Salmonella spp (Hilton et al., 2002). The results showed that Salmonella enterica 
was recovered from 8% of the faecal droppings, and 10% of the rectal swabs. No salmonellae 
were recovered from the fur, paws and tail of the rats. These data suggest that physical spread 
of Salmonella from the body of the animal may not be possible and rat faeces are still the most 
likely source of Salmonella contamination (Hilton et al., 2002). The meat of the African great cane 
rat (Thryonomys swinderianus) is a valued and expensive food delicacy in Nigeria (Oboegbulem 
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& Okoronkwo, 1990). Almost ten salmonellae serovar were detected from liver and spleen 
samples of great cane rat that were caught and/or purchased from restaurant in Nsukka, 
Nigeria. These serovars were Agama, Poona and Ajiobo. Incidentally, these serovars have 
been isolated from the stool of diarrhea patients in Nigeria. Although no incidence of human 
salmonellosis attributed to eating cane rat has yet been reported, the consumption of 
undercooked rat meat and/or eating sugar cane that are contaminated with excretion of 
carrier rats may constitute potential health hazards (Oboegbulem & Okoronkwo, 1990). 

Human-associated salmonella serovars such as Typhimurium and Enteritidis were found to 
be predominant in clinically and subclinically infected hedgehogs. The intestinal tract of 
hedgehogs seem to be the natural habitat of serovar Enteritidis phage type 11, which may 
infect humans and dogs, but not livestock. Salmonella Agama usually causes infection in 
cattle; it was detected in the faeces of badgers, which may be the natural reservoir of that 
serovar (Murray, 2000; Simpson, 2002). 

2.5 Farm animals and farm environment 

The incidence of salmonellosis in the community is related to the consumption of 
contaminated food and water. There is significant historical evidence suggesting that 
poultry products serve as a major source of Salmonella infections in humans.  At the 
beginning of this century, Salmonella pullorum was one of the most recognized species as it 
was responsible for pullorum disease, which infects poultry intended for human 
consumption. Later, fowl typhoid (S. gallinarum) was noticed in almost all poultry-
producing areas worldwide. With regard to human-associated salmonellae infection that are 
traced back to the consumption of poultry products, typhoid fever (S. typhi) was highly 
prevalent in the first five to six decades of the 1900’s. This serovar was sharply declined in 
Europe and North America during the late 1940’s and was replaced with S. typhimurium, 
which was declined in the last 20 years, particularly with the emergence of S. enteritidis as 
the commenst serovar in poultry in many countries around the world (Poppe, 2000). 

The incidence of various salmonellae serovars in the intestinal tract of chickens is well 
documented; serovars Infantis, Thompson, Agona and Enteritidis were frequently detected 
from the faces of chickens in Japan (Ahmed et al., 2009). A total of 550 faecal samples were 
collected from healthy (500) and diseased (50) chicken from different farms in Shanghai, 
China. The occurrence of salmonellae was (3.8%) from healthy chickens and (12%) from 
diseased ones (Liu et al., 2010). Among the serovars that were identified from the faeces of 
healthy chickens; S. pullorum and S. typhimurium were prevalent, whereas S. paratyphi B and 
S. senftenberg were most commonly recovered from the faeces of diseased chickens (Liu et 
al., 2010). Salmonella spp. are not one of the normal common components of the intestinal 
flora of chickens (Guard-Petter, 2001). Accordingly, colonization of chicken by salmonellae 
is most likely due to contamination of broiler houses (Guard-Petter, 2001) (Table 5). 
Contamination of broilers was noted to take horizontal routs that include; contaminated 
water and feed, fluff, dust, insects, equipments and other fomites inside broilers 
environment. Transmission by direct contact with other chicks, rodents, wild and domestic 
birds and animals and personnel contaminated by salmonella serovar is also common (Al-
Nakhli et al., 1999; Poppe, 2000; Guard-Petter, 2001; Garber et al., 2003; Skov et al., 2004; 
Kinde et al., 2005; Padungtod & Kaneene, 2006). On the other hand, vertical transmission of 
salmonellae in chicken is also common, it occurs when follicles in the ovary are infected or 
the developing of eggs become infected in the oviduct (Poppe, 2000; Guard-Petter, 2001). 
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number of formal recommendations from the UK Communicable Disease Surveillance Centre 
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represent an important reservoir of Salmonella spp. in nature and may not have potential 
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Rodents, rats and mice are common commensal pests and usually regarded as an indicator of 
unsatisfactory sanitation (Murray, 2000). They are responsible for considerable damage to 
various stored products and buildings, as well as they can be a source of serious bacterial 
zoonosis (Healing, 1991; Timbury et al., 2002). Rats and mice are regarded as a potential 
reservoir of different salmonellae serovars, accordingly, they are considered as a major public 
health hazard (Murray, 2000). Salmonella enterica serovar Typhimurium definitive phage type 
104 (DT 104) was recovered from the faeces of house rats (Rattus rattus and Rattus norvegicus) in 
Japan. This finding highlights the important role of mice and rats in the dissemination of 
serovar Typhimurium (DT104), which regarded as one of the emerging zoonotic agent in 
Europe and the United States because this strain has acquired multiple drug resistance 
(Yokoyama et al., 2007). In the UK, a total of 100 faecal samples, 50 recatal swabs and 25 swabs 
taken from the fur, paws and tail of wild urban brown rats (Rattus norvegicus) were examined 
for the presence of Salmonella spp (Hilton et al., 2002). The results showed that Salmonella enterica 
was recovered from 8% of the faecal droppings, and 10% of the rectal swabs. No salmonellae 
were recovered from the fur, paws and tail of the rats. These data suggest that physical spread 
of Salmonella from the body of the animal may not be possible and rat faeces are still the most 
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& Okoronkwo, 1990). Almost ten salmonellae serovar were detected from liver and spleen 
samples of great cane rat that were caught and/or purchased from restaurant in Nsukka, 
Nigeria. These serovars were Agama, Poona and Ajiobo. Incidentally, these serovars have 
been isolated from the stool of diarrhea patients in Nigeria. Although no incidence of human 
salmonellosis attributed to eating cane rat has yet been reported, the consumption of 
undercooked rat meat and/or eating sugar cane that are contaminated with excretion of 
carrier rats may constitute potential health hazards (Oboegbulem & Okoronkwo, 1990). 

Human-associated salmonella serovars such as Typhimurium and Enteritidis were found to 
be predominant in clinically and subclinically infected hedgehogs. The intestinal tract of 
hedgehogs seem to be the natural habitat of serovar Enteritidis phage type 11, which may 
infect humans and dogs, but not livestock. Salmonella Agama usually causes infection in 
cattle; it was detected in the faeces of badgers, which may be the natural reservoir of that 
serovar (Murray, 2000; Simpson, 2002). 

2.5 Farm animals and farm environment 

The incidence of salmonellosis in the community is related to the consumption of 
contaminated food and water. There is significant historical evidence suggesting that 
poultry products serve as a major source of Salmonella infections in humans.  At the 
beginning of this century, Salmonella pullorum was one of the most recognized species as it 
was responsible for pullorum disease, which infects poultry intended for human 
consumption. Later, fowl typhoid (S. gallinarum) was noticed in almost all poultry-
producing areas worldwide. With regard to human-associated salmonellae infection that are 
traced back to the consumption of poultry products, typhoid fever (S. typhi) was highly 
prevalent in the first five to six decades of the 1900’s. This serovar was sharply declined in 
Europe and North America during the late 1940’s and was replaced with S. typhimurium, 
which was declined in the last 20 years, particularly with the emergence of S. enteritidis as 
the commenst serovar in poultry in many countries around the world (Poppe, 2000). 

The incidence of various salmonellae serovars in the intestinal tract of chickens is well 
documented; serovars Infantis, Thompson, Agona and Enteritidis were frequently detected 
from the faces of chickens in Japan (Ahmed et al., 2009). A total of 550 faecal samples were 
collected from healthy (500) and diseased (50) chicken from different farms in Shanghai, 
China. The occurrence of salmonellae was (3.8%) from healthy chickens and (12%) from 
diseased ones (Liu et al., 2010). Among the serovars that were identified from the faeces of 
healthy chickens; S. pullorum and S. typhimurium were prevalent, whereas S. paratyphi B and 
S. senftenberg were most commonly recovered from the faeces of diseased chickens (Liu et 
al., 2010). Salmonella spp. are not one of the normal common components of the intestinal 
flora of chickens (Guard-Petter, 2001). Accordingly, colonization of chicken by salmonellae 
is most likely due to contamination of broiler houses (Guard-Petter, 2001) (Table 5). 
Contamination of broilers was noted to take horizontal routs that include; contaminated 
water and feed, fluff, dust, insects, equipments and other fomites inside broilers 
environment. Transmission by direct contact with other chicks, rodents, wild and domestic 
birds and animals and personnel contaminated by salmonella serovar is also common (Al-
Nakhli et al., 1999; Poppe, 2000; Guard-Petter, 2001; Garber et al., 2003; Skov et al., 2004; 
Kinde et al., 2005; Padungtod & Kaneene, 2006). On the other hand, vertical transmission of 
salmonellae in chicken is also common, it occurs when follicles in the ovary are infected or 
the developing of eggs become infected in the oviduct (Poppe, 2000; Guard-Petter, 2001). 
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Production Box liners Litter Drag swab Faecal 
droppings Mice Feed 

Broilers Enteritidis 
Java 
Chester 
Virchow 

Java 
Sofia 
Livingstone 
Concord 
Mbandaka 
Virchow 
Albany 
Enteritidis 
PT4 

Java 
Eppendorf 
Sofia 
Livingstone 
Virchow 
Stockholm 

 

Java 
Livingstone 
Concord 
Mbandaka 
Virchow 

       

Layers   Enteritidis 
PT4 Livingstone   

       
Broilers 
breeders 

Enteritidis 
PT4 

Enteritidis 
PT4     

       

Layers 
breeders     

Enteritidis 
PT4 
Java 

 

Table 5. Isolation of Salmoenlla serovars from poultry farm environments in Saudi Arabia, 
1998-1997. (Adapted from Al-Nakhli et al., 1999). 

Chicken carcasses obtained from slaughterhouses, broilers, retail shops and supermarkets 
were found to be highly contaminated with various salmonellae serovars (Cogan & 
Humphrey, 2003; Humphrey & Jørgensen, 2006). Capita et al. (2003) examined the incidence 
of salmonellae on chicken carcasses, chicken parts (wings, legs, livers and hearts) and 
processed chicken products (sausage and hamburgers) in Spain. The study revealed that 
higher detection rates of salmonellae serovars were obtained from carcasses (55%) compared 
to hamburgers (20%), in addition, chicken carcasses sold in supermarkets were more 
contamined (75%) than those from poulterers shops (25%). The most frequent serovars 
encountered were Enteritidis, Poona and Paratyphi B. Likewise, in Portugal chicken 
carcasses available for consumers in local butcher shops were found to be heavily 
contaminated with 10 different multidrug-resistant Salmonella serovars. Again serovar 
Enteritidis was predominant together with serovar Hadar (Antunes et al., 2003). Serovar 
Enteritidis was also reported as the most commonly isolated salmonellae serovar from 
chicken carcasses and eggs in Brazil, Europe and the United States (Guard-Petter, 2001; de 
Oliveira et al., 2005; Capita et al., 2007). By contrast, serovar Thompson followed by serovar 
Enteritidis were the most frequently isolated salmonellae in chicken meat in Iran (Dalla et 
al., 2010). While in Japan, serovars Infantis, Typhimurium and Haifa were frequently 
present on chicken carcasses, yet serovar Enteritidis was frequently encountered in 
unpasteurized liquid eggs (Murakami et al., 2001). In general, serovar Enteritidis has 
received a considerable attention by public health authorities, as for the last two decades 
there has been a pandemic of Salmonella enteritidis infection worldwide, and this has been 
largely associated with the consumption of contaminated eggs and undercooked chicken 
meat (Cogan & Humphrey, 2003; Humphrey & Jørgensen, 2006). Apparently, the sources of 
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carcasses contamination is the intestinal tract of the birds, nevertheless, processing and 
packing at slaughterhouses and other equipments in broilers could be another major source 
of contamination. Improved competitive exclusion measures and vaccination of flocks were 
found to play an important role in the prevention of Salmonella serovars to colonize the 
intestinal tract of chickens and their products (e.g. eggs). Improved processing procedures at 
slaughterhouses may minimize the rate of contamination on carcasses; refrigeration and 
reducing the available water on carcasses by drying may also reduce the rate of 
contamination (Plummer et al., 1995; Poppe, 2000; Cogan & Humphrey, 2003; Humphrey & 
Jørgensen, 2006). 

As mentioned earlier, salmonellae is strongly linked with infection in livestock; species of 
veterinary significance include S. typhimurium and S. dublin that are responsible for acute 
salmonellosis in cattle and calves (Wray & Davies, 2000); serovars Typhimurium and 
Choleraesuis are predominant in porcine salmonellosis, other serovars such as Enteritidis 
and Dublin may also cause diseases in pigs (Fedorka-Cray et al., 2000); S. typhimurium and 
S. abortusovis are the commonest cause of various salmonellae infections in sheep (Wray & 
Linklater, 2000). It can be noted that some of the above-mentioned serovars are also 
commonly involved in human-associated salmonellae infections, in this respect, it is of 
great importance to ascertain whether or not livestock serve as a reservoir of salmonellae 
of clinical importance and therefore play a role in their transmission in the community. 
Several investigations were carried out worldwide, and reported the carriage of various 
human-associated, multiple drug-resistant Salmonella serovars in the intestinal tract of 
healthy livestock (Bywater et al., 2004; Guerin et al., 2005). Moreover, livestock meat at 
salughterhouses and retail shops was also found to be contaminated with various 
salmonellae serovars worldwide (Davies et al., 2004; Mølbak, 2004; Dallal et al., 2010). 
Livestock may acquire salmonellae through contaminated water and feed, aerosol and 
poor farm management practices were also identified as risk factors for the transmission 
of the bacterium to livestock (Wray & Davies, 2000; Suk-Kyung et al., 2011). Reports of 
salmonellae outbreaks in the community associated with the consumption of 
unpasteurized milk, undercooked red meat are well documented. An outbreak of 
multidrug-reisistant S. typhimurium in Denmark was traced back to a Danish pig farm; in 
the UK, outbreak of S. typhimurium DT104 was associated with contaminated milk from 
dairy farm (Mølbak, 2004), between 1993 and 1997, there were 13 reported outbreaks of 
salmonellosis associated with the consumption of undercooked beef, 16 outbreaks 
associated with the consumption of pork and 10 outbreaks related to ice cream made of 
unpasteurized milk in the United States (Schlundt et al., 2004). These reports suggest that 
livestock represent a potiental source of human salmonellosis (Khakhria et al., 1997; 
Fedorka-Cray et al., 2000; Wray & Davies, 2000; Wray & Linklater, 2000; Bywater et al., 
2004; Mølbak, 2004; Guerin et al., 2005). 

3. Environmental factors associated with Salmonella infections 
Salmonella serovars are ubiquitos and widely distributed in the environment. Climate and 
other environmental factors play a significant role in the incidence of salmonellae in various 
ecological niches. Environmental conditions may significantly affect the ability of 
salmonellae to persist in nature, in particular when these serovars are subject to hostile 
conditions and their ability to acquire multidrug-resistance.  
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carcasses contamination is the intestinal tract of the birds, nevertheless, processing and 
packing at slaughterhouses and other equipments in broilers could be another major source 
of contamination. Improved competitive exclusion measures and vaccination of flocks were 
found to play an important role in the prevention of Salmonella serovars to colonize the 
intestinal tract of chickens and their products (e.g. eggs). Improved processing procedures at 
slaughterhouses may minimize the rate of contamination on carcasses; refrigeration and 
reducing the available water on carcasses by drying may also reduce the rate of 
contamination (Plummer et al., 1995; Poppe, 2000; Cogan & Humphrey, 2003; Humphrey & 
Jørgensen, 2006). 

As mentioned earlier, salmonellae is strongly linked with infection in livestock; species of 
veterinary significance include S. typhimurium and S. dublin that are responsible for acute 
salmonellosis in cattle and calves (Wray & Davies, 2000); serovars Typhimurium and 
Choleraesuis are predominant in porcine salmonellosis, other serovars such as Enteritidis 
and Dublin may also cause diseases in pigs (Fedorka-Cray et al., 2000); S. typhimurium and 
S. abortusovis are the commonest cause of various salmonellae infections in sheep (Wray & 
Linklater, 2000). It can be noted that some of the above-mentioned serovars are also 
commonly involved in human-associated salmonellae infections, in this respect, it is of 
great importance to ascertain whether or not livestock serve as a reservoir of salmonellae 
of clinical importance and therefore play a role in their transmission in the community. 
Several investigations were carried out worldwide, and reported the carriage of various 
human-associated, multiple drug-resistant Salmonella serovars in the intestinal tract of 
healthy livestock (Bywater et al., 2004; Guerin et al., 2005). Moreover, livestock meat at 
salughterhouses and retail shops was also found to be contaminated with various 
salmonellae serovars worldwide (Davies et al., 2004; Mølbak, 2004; Dallal et al., 2010). 
Livestock may acquire salmonellae through contaminated water and feed, aerosol and 
poor farm management practices were also identified as risk factors for the transmission 
of the bacterium to livestock (Wray & Davies, 2000; Suk-Kyung et al., 2011). Reports of 
salmonellae outbreaks in the community associated with the consumption of 
unpasteurized milk, undercooked red meat are well documented. An outbreak of 
multidrug-reisistant S. typhimurium in Denmark was traced back to a Danish pig farm; in 
the UK, outbreak of S. typhimurium DT104 was associated with contaminated milk from 
dairy farm (Mølbak, 2004), between 1993 and 1997, there were 13 reported outbreaks of 
salmonellosis associated with the consumption of undercooked beef, 16 outbreaks 
associated with the consumption of pork and 10 outbreaks related to ice cream made of 
unpasteurized milk in the United States (Schlundt et al., 2004). These reports suggest that 
livestock represent a potiental source of human salmonellosis (Khakhria et al., 1997; 
Fedorka-Cray et al., 2000; Wray & Davies, 2000; Wray & Linklater, 2000; Bywater et al., 
2004; Mølbak, 2004; Guerin et al., 2005). 

3. Environmental factors associated with Salmonella infections 
Salmonella serovars are ubiquitos and widely distributed in the environment. Climate and 
other environmental factors play a significant role in the incidence of salmonellae in various 
ecological niches. Environmental conditions may significantly affect the ability of 
salmonellae to persist in nature, in particular when these serovars are subject to hostile 
conditions and their ability to acquire multidrug-resistance.  
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3.1 Seasonal variation 

The presence of Salmonella spp. in polluted aquatic environemtns is marked with strong 
seasonal trend. Various serovars were readily isolated from contaminated rivers in Italy 
during summer and autumn (Pianetti et al., 1998). In freshwater lakes in India, high 
density of Salmonella spp. was recorded during summer season over a two-year study. 
The apparent high levels of salmonellae recovered during summer seasons was 
influenced by discharges of human and animals excreta, and the ability of salmonellae to 
persist in contaminated fresh waters. Water temperature, Biochemical Oxygen Demand 
(BOD) and Chemical Oxygen Demand (COD) had influential roles in the presence of 
salmonellae in high numbers during warmer months in fresh water lakes (Sharma & 
Rajput, 1996). Similarly, Statistically significant high densities of salmonellae serovars 
were detected in Salmon River, British Columbia in Canada during the warm seasons 
(spring and summer) (Jokinen et al., 2010). Positive correlations were found between high 
rainfall and temperature with the presence of high densities of various salmonellae 
serovars in August in River Little, Georgia, USA (Haley et al., 2009). Conflicting reports 
on salmonellae seasonality in natural waters have, however, come from Spain, where 
various salmonellae serovars were detected in coastal water during warmer (July-
September), but were present in even higher densities during colder (October-December) 
months (Martinez-Urtaza et al., 2004a). Interestingly, serovar Senftenberg and other 
serovars were found to peak during winter season, by contrast serovar Typhimurium was 
always present in high densities during summer seasons in marine environments in Spain 
(Martinez-Urtaza et al., 2004a, b). In general, the seasonal presence of salmonellae 
serovars in aquatic environments is associated with storm-generated flow, torrential rains 
and monsoon seasons in temperate and tropical regions, highlighting the washing effect 
of torrential rainfall as one of the principal environmental drivers of Salmonella 
contamination in aquatic environments (Martinez-Urtaza et al., 2004a, b; Semintal & 
Martinez-Urtaza, 2008; Haley et al., 2009; Setti et al., 2009). 

In faecally contaminated village ponds, salmonellae can be readily detected in bottom 
sediments during warm months (June-August) but was not detected in colder months 
(Abulreesh et al., 2004). Seasonal incidence of salmonellae serovars in the faecal 
droppings of small passerines in Norway (e.g. Salmonella typhymurium) were found to 
peak in Feburary and March (cold months). Interstingly, the incidence of the same serovar 
(Typhimurium) in other bird species (e.g. gulls, ducks, crows and other species) in 
Norway was recorded without any apparent seasonality (Refsum et al., 2002). No 
statistical significant seasonal trends were recorded in the carriage of salmonellae by 
apparently healthy rock pigeons in Saudi Arabia (Abulreesh, 2011). In the United States, 
Pedersen et al. (2006) did not find any seasonal patterns with regards to the presence of 
salmonellae in the faeces of pigeons. Likewise, a temporal study of various salmonellae 
serovars in animals (chickens, turkeys, cattle and pigs) in Alberta, Canada between 1990 
and 2001, showed that a seasonal pattern was not apparent, as the months with highest 
number of isolates differed from year to year (Guerin et al., 2005). 

The incidence of salmonellosis in humans was found to show strong seasonal patterns 
worldwide. The peak of nontyphoidal salmonellae infection in the community was recorded 
during summer months (June-September) in the majority of Eropean, Mediterranean 
countries and North America. The summer seasonality was more marked in 
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northern/western Europe than in the Mediterranean region (Ekdahl et al., 2005; Naumova 
et al., 2007). Similarly, in Korea the highst peak of nontyphidal salmonellae infection in the 
community was recorded during the summer (June-August) (Cho et al., 2008). Seasonal 
trends of human nontyphoidal salmonellosis (Enteritidis) in East Asia and (Typhimurium) 
in India and nighboring countries were found to peak in colder months (November-
December) (Ekdahl et al., 2005). In the case of typhoid infection in the Indian community 
(serovar Typhi), the maximum number of cases occurred during April-June (dry season) 
followed by July-September (monsoon season) (Mohanty et al., 2006). Although these cases 
were coincided with the peak of annual temperature and rainfall, it is not clearly understood 
which factor drives this seasonality regionally, or how this pattern might relate to the 
overall presence of salmonellae in the environment (Haley et al., 2009). 

3.2 Survival in nature 

Salmonella spp. are exclusively of faecal origin, they are therefore, allochthonous to 
aquatic environments. Once the bacteria are released into the environment (aquatic and 
terrestrial), they confront a wide range of drastic, stressful conditions, that make their 
persistence rather difficult and they may die rapidly. Thus, one would expect that 
salmonellae may not survive for long periods in the environment. This assumption started 
to change when Pokorný (1988) showed that Salmonella enteritidis survived for up to 30 
days in seeded pollution-free drinking water microcosms held at 4 C. In laboratory 
experiments using sterile water, seeded cells of serovar Typhi was found to remain viable 
for up to 65 days when microcosms were incubated in the refrigerator (4-6 C). When 
microcosms were incubated at room temperature (18-24 C) and at 37 C, survival of 
serovar Typhi was decreased to 25 and 5 days respectively (Uyanik et al., 2008). The 
apparent long survival of enteric bacteria (e.g. Campylobacter and Salmonella) at low 
temperature perhaps explained by increased metabolism and more rapid substrate 
utilization at higher temperature at the expense of culturability (Abulreesh et al., 2006; 
Uyanik et al., 2008). In addition, light (particularly U. V. radiation) is potentially lethal to 
salmonellae in aquatic environments. In laboratory experiments, culturable populations of 
Salmonella Typhimurium in seawater microcosms were decreased rapidly after exposure to 
direct natural sunlight (Davies & Evison, 1991). The lethat effect of sunlight is probably 
aggravated by the high salinity of seawater, therefore, the U. V. component of sunlight 
and the high salinity may act synergistically in causing decrease in the numbers of 
culturable S. Typhimurium (Davies & Evison, 1991). The same conclusion was drawn with 
regard to the combined effect of sunlight and salinity on the survival of Salmonella enterica 
in seeded in situ seawater chambers (Sinton et al., 2007). In freshwaters however, the 
survival of salmonellae may be extended for periods longer than in seawater, as a result of 
the presence of humic materials that may absrobe U. V. radiation, therefore, protecting the 
cells from possible damage to the DNA by radiation (Davies & Evison, 1991). Generally, 
natural light affects the uptake of nutrients and inhibits active transport and biosynthesis 
in Escherichia coli (Barcina et al., 1990); its effect on salmonellae serovars may require 
further investigation (Sinton et al., 2007). 

Nutrient availability and predation are also important factors in the survival of enteric 
bacteria, in aquatic environments (Flint, 1987). Using in situ membrane diffusion 
chambers, serovar Typhimurium remained viable for 5 days in tropical rainforest 
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3.1 Seasonal variation 

The presence of Salmonella spp. in polluted aquatic environemtns is marked with strong 
seasonal trend. Various serovars were readily isolated from contaminated rivers in Italy 
during summer and autumn (Pianetti et al., 1998). In freshwater lakes in India, high 
density of Salmonella spp. was recorded during summer season over a two-year study. 
The apparent high levels of salmonellae recovered during summer seasons was 
influenced by discharges of human and animals excreta, and the ability of salmonellae to 
persist in contaminated fresh waters. Water temperature, Biochemical Oxygen Demand 
(BOD) and Chemical Oxygen Demand (COD) had influential roles in the presence of 
salmonellae in high numbers during warmer months in fresh water lakes (Sharma & 
Rajput, 1996). Similarly, Statistically significant high densities of salmonellae serovars 
were detected in Salmon River, British Columbia in Canada during the warm seasons 
(spring and summer) (Jokinen et al., 2010). Positive correlations were found between high 
rainfall and temperature with the presence of high densities of various salmonellae 
serovars in August in River Little, Georgia, USA (Haley et al., 2009). Conflicting reports 
on salmonellae seasonality in natural waters have, however, come from Spain, where 
various salmonellae serovars were detected in coastal water during warmer (July-
September), but were present in even higher densities during colder (October-December) 
months (Martinez-Urtaza et al., 2004a). Interestingly, serovar Senftenberg and other 
serovars were found to peak during winter season, by contrast serovar Typhimurium was 
always present in high densities during summer seasons in marine environments in Spain 
(Martinez-Urtaza et al., 2004a, b). In general, the seasonal presence of salmonellae 
serovars in aquatic environments is associated with storm-generated flow, torrential rains 
and monsoon seasons in temperate and tropical regions, highlighting the washing effect 
of torrential rainfall as one of the principal environmental drivers of Salmonella 
contamination in aquatic environments (Martinez-Urtaza et al., 2004a, b; Semintal & 
Martinez-Urtaza, 2008; Haley et al., 2009; Setti et al., 2009). 

In faecally contaminated village ponds, salmonellae can be readily detected in bottom 
sediments during warm months (June-August) but was not detected in colder months 
(Abulreesh et al., 2004). Seasonal incidence of salmonellae serovars in the faecal 
droppings of small passerines in Norway (e.g. Salmonella typhymurium) were found to 
peak in Feburary and March (cold months). Interstingly, the incidence of the same serovar 
(Typhimurium) in other bird species (e.g. gulls, ducks, crows and other species) in 
Norway was recorded without any apparent seasonality (Refsum et al., 2002). No 
statistical significant seasonal trends were recorded in the carriage of salmonellae by 
apparently healthy rock pigeons in Saudi Arabia (Abulreesh, 2011). In the United States, 
Pedersen et al. (2006) did not find any seasonal patterns with regards to the presence of 
salmonellae in the faeces of pigeons. Likewise, a temporal study of various salmonellae 
serovars in animals (chickens, turkeys, cattle and pigs) in Alberta, Canada between 1990 
and 2001, showed that a seasonal pattern was not apparent, as the months with highest 
number of isolates differed from year to year (Guerin et al., 2005). 

The incidence of salmonellosis in humans was found to show strong seasonal patterns 
worldwide. The peak of nontyphoidal salmonellae infection in the community was recorded 
during summer months (June-September) in the majority of Eropean, Mediterranean 
countries and North America. The summer seasonality was more marked in 
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northern/western Europe than in the Mediterranean region (Ekdahl et al., 2005; Naumova 
et al., 2007). Similarly, in Korea the highst peak of nontyphidal salmonellae infection in the 
community was recorded during the summer (June-August) (Cho et al., 2008). Seasonal 
trends of human nontyphoidal salmonellosis (Enteritidis) in East Asia and (Typhimurium) 
in India and nighboring countries were found to peak in colder months (November-
December) (Ekdahl et al., 2005). In the case of typhoid infection in the Indian community 
(serovar Typhi), the maximum number of cases occurred during April-June (dry season) 
followed by July-September (monsoon season) (Mohanty et al., 2006). Although these cases 
were coincided with the peak of annual temperature and rainfall, it is not clearly understood 
which factor drives this seasonality regionally, or how this pattern might relate to the 
overall presence of salmonellae in the environment (Haley et al., 2009). 

3.2 Survival in nature 

Salmonella spp. are exclusively of faecal origin, they are therefore, allochthonous to 
aquatic environments. Once the bacteria are released into the environment (aquatic and 
terrestrial), they confront a wide range of drastic, stressful conditions, that make their 
persistence rather difficult and they may die rapidly. Thus, one would expect that 
salmonellae may not survive for long periods in the environment. This assumption started 
to change when Pokorný (1988) showed that Salmonella enteritidis survived for up to 30 
days in seeded pollution-free drinking water microcosms held at 4 C. In laboratory 
experiments using sterile water, seeded cells of serovar Typhi was found to remain viable 
for up to 65 days when microcosms were incubated in the refrigerator (4-6 C). When 
microcosms were incubated at room temperature (18-24 C) and at 37 C, survival of 
serovar Typhi was decreased to 25 and 5 days respectively (Uyanik et al., 2008). The 
apparent long survival of enteric bacteria (e.g. Campylobacter and Salmonella) at low 
temperature perhaps explained by increased metabolism and more rapid substrate 
utilization at higher temperature at the expense of culturability (Abulreesh et al., 2006; 
Uyanik et al., 2008). In addition, light (particularly U. V. radiation) is potentially lethal to 
salmonellae in aquatic environments. In laboratory experiments, culturable populations of 
Salmonella Typhimurium in seawater microcosms were decreased rapidly after exposure to 
direct natural sunlight (Davies & Evison, 1991). The lethat effect of sunlight is probably 
aggravated by the high salinity of seawater, therefore, the U. V. component of sunlight 
and the high salinity may act synergistically in causing decrease in the numbers of 
culturable S. Typhimurium (Davies & Evison, 1991). The same conclusion was drawn with 
regard to the combined effect of sunlight and salinity on the survival of Salmonella enterica 
in seeded in situ seawater chambers (Sinton et al., 2007). In freshwaters however, the 
survival of salmonellae may be extended for periods longer than in seawater, as a result of 
the presence of humic materials that may absrobe U. V. radiation, therefore, protecting the 
cells from possible damage to the DNA by radiation (Davies & Evison, 1991). Generally, 
natural light affects the uptake of nutrients and inhibits active transport and biosynthesis 
in Escherichia coli (Barcina et al., 1990); its effect on salmonellae serovars may require 
further investigation (Sinton et al., 2007). 

Nutrient availability and predation are also important factors in the survival of enteric 
bacteria, in aquatic environments (Flint, 1987). Using in situ membrane diffusion 
chambers, serovar Typhimurium remained viable for 5 days in tropical rainforest 
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watershed (Jiménez et al., 1989). Thus, it was concluded that salmonellae may not survive 
for long period in oligotrophic natural waters (Domingo et al., 2000). The densities of 
viable salmonellae serovars were decreased rapidly, as measured by plate counts, in 
spiked filtered river and seawater. Filtration may removes valuable biological agents, 
while filterable substances such as heavy metals, antibiotics and small preadtors (e.g. 
protozoa) may then be responsible for the rapid decrease of bacteria in filtered natural 
waters (Cornax et al., 1990; Domingo et al., 2000). High densities of salmonellae were 
found to survive for as long as 50 days in sediment-containing microcosms compared 
with the overlying water (Fish & Pettibone, 1995). Aquatic sediments were culture-
positive of serovar Typhimurium up to 119 days, while this serovar was viable in water 
column in the same microcosm for only 54 days (Moore et al., 2003). The observed 
extended survival of salmonellae in aquatic sediments is probably due concentration of 
these bacteria by sedimentation of bacteria-bound particles. Sediments may protect 
enteric bacteria from certain stressful conditions associated with aquatic environments; it 
also provides enteric bacteria with nutrients and protection against grazing protozoans, 
thus supports the growth of these bacteria (Lim & Flint, 1989; Fish & Pettibone, 1995). 

In terristerial ecosystems, salmonellae were found to multiply and survive in soil for up to 
12 months, as soil ecosystems were believed to act as microecological niches where enteric 
bacteria can survive and even grow. The ability of salmonellae to attach to soil particles was 
related to cell surface hydrophobicity by which the bacteria can undergo morphological 
changes in order to adapt to this new environment (Stenstrom, 1989; Davies & Wray, 1996). 
The ability of salmonellae to survive and grow in soil environments may explain, in part, the 
detection of Salmonella spp. from pasture 2 months, and from soil 8 months after the 
application of contaminated pig slurry, and highlight the need of proper sanitation of 
contaminated animal waste before its disposal on agricultural land (Venglovsky et al., 2006). 
Virtually, Salmonella serovars can persist in different environments. On clean laminated 
surfaces (i.e. utensils), salmonellae was found to survive for less than 4 hours, however 
when these utensils (stainless steel bowl) were covered with soil, Salmonella spp. survived 
for up to 4 hours (Scott & Bloomfield, 1990). Survival of serovars Enteritidis, Heidelberg and 
Enteritidis phage type 4 on surfaces was extended to up to 24 hours under dark conditions, 
but when these surfaces exposed to direct sunlight, the numbers of salmonellae serovars 
decreased rapidly (Nyeleti et al., 2004). Thus it is not surprising that Salmonella spp. can 
persist and survive in domestic kitechens for a year or even longer (Humphrey, 2001). 
Salmonella spp. persisted in the biofilm material found under the recess of the toilet bowl rim 
which was difficult to remove with household toilet cleaner. Serovar Enteritidis remained in 
toilet bowl for up to 4 weeks despite the use of cleaning fluids. Flushing the toilet may 
contaminate the toilet seat and its lid with salmonellae that were found in biofilm formation 
in toilet bowl (Barker & Bloomfield, 2000). In conclusion, it was suggested that the 
ubiquitous nature of Salmonella may facilitate a cyclic lifestyle consisting of passage through 
a host into the environment and back into a new host (e.g. from human intestine to the 
water then to birds), therefore, the long-term survival of Salmonella in the secondary habitat 
(i.e. water, soil) ensures its passage to the next host (Winfield & Groisman, 2003). 

The viable but nonculturable (VBNC) state in the context of enteric bacteria refers to the 
ability of bacterial cells to remain viable (i.e. retaining basal metabolic activities) yet 
unable to grow in artificial media in the laboratory (Barer et al., 1993; Oliver, 2005, 2010). 
This state is believed to be a survival strategy of enteric bacteria that are released into the 
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environment and suffer prolonged exposure to environmental stressors such as 
suboptimal temperature; U. V. irradiation; nutrient deprivation and biological interactions 
(McKay, 1992; Barer & Harwood, 1999). Xu et al. (1982) were the first to address the 
VBNC phenomenon in enteric bacteria when they examined the survival of Vibrio cholerae 
and Escherichia coli in estuarine and marine water microcosms. It was found later on that 
the VBNC state is exhibited by other enteric bacterial species such as Campylobacter, 
Shigella, Ligeonella and Salmonella (McKay, 1992; Barer et al., 1993). Nonculturability in 
salmonellae has been attributed, in part, to nutrient depletion. As a result of nutrient 
limitations viable cells of serovar Enteritidis lost culturablity within 48 hours at 25 C 
when they were incubated in sterile river water (Roszak et al., 1984). Other relevance 
factors for the possible VBNC state in salmonellae may include exposure to elevated 
temperatures, U. V. irradiation, salinity, exposure to antibiotics and chlorination (Caro et 
al., 1999; Oliver, 2000; Smith et al., 2002; Oliver et al., 2005). VBNC forms of salmonellae 
may undergo morphological transition in response to stress, as they form a shorter rods 
shape (Roszak et al., 1984). Resuscetation of VBNC Salmonella cells may be possible 
(Roszak et al., 1984; Smith et al., 2002; Dhiaf et al., 2010), yet these resuscitated cells may 
lose their virulence or ability to cause infection (Caro et al., 1999) as serovar Typhimurium 
in VBNC forms and active but nonculturable (ABNC) (i.e. resuscitated cells) were unable 
to infect, nor colonize laboratory animals (Smith et al., 2002).  

In contrast, other studies have rejected the whole VBNC concept. It is suggested that VBNC 
cells are actually dead and that apparent resuscitation represents the growth of surviving 
culturable cells (Morgan et al., 1991; Weichart et al., 1992; Bogosian et al., 1998). This 
suggestion was supported by failure of nonresuscitated forms of VBNC Salmonella 
typhimurium to colonize mouse model (Caro et al., 1999). Although the VBNC phenomenon 
is not fully elucidated, it has a major relevance to public health authorities in two areas: (i) 
the ability to cause infection, and (ii) the monitoring of enteric pathogens in the environment 
using conventional culture methods (McKay, 1992; Barer et al., 1993). 

3.3 Antibiotic resistance 

The emergence of anitmicrbial resistance in pathogenic bacteria, particularly in enteric 
bacteria is a major public health issue. The over use of antibiotics in food-producing 
animals, mass treatment and long-term administration of antimicrobial growth promoters 
may lead to the emergence of multidrug-resistant strains of enteric bacteria, including 
Salmonella spp. These bacteria may become reservoirs of highly transferable drug-resistance 
genes, and as they spread widely in the environment, they may cause serious infections as 
they spread within the food chain. Consequently, therapeutic failure of these infections may 
occur and complications due to these infections may result in increase in morbidity and 
mortality (Mølbak 2004, 2005). 

The implications of infections caused by drug-resistant Salmonella typhimurium DT29 was 
addressed by Anderson (1968). Infections in calves in the UK due to this serovar were 
proven difficult to treat even after using a range of antibiotics. Instead, this use of multidrug 
resulted in the acquisition of serovar Typhimurium DT29 transferable multiple drug-
resistance, that later caused many infections in humans (Anderson, 1968). In his report 
Anderson (1968) suggested that infections due multidrug-resistant salmonellae can be 
eliminated not by the massive use of antibiotics, but by improvement in conditions of 
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watershed (Jiménez et al., 1989). Thus, it was concluded that salmonellae may not survive 
for long period in oligotrophic natural waters (Domingo et al., 2000). The densities of 
viable salmonellae serovars were decreased rapidly, as measured by plate counts, in 
spiked filtered river and seawater. Filtration may removes valuable biological agents, 
while filterable substances such as heavy metals, antibiotics and small preadtors (e.g. 
protozoa) may then be responsible for the rapid decrease of bacteria in filtered natural 
waters (Cornax et al., 1990; Domingo et al., 2000). High densities of salmonellae were 
found to survive for as long as 50 days in sediment-containing microcosms compared 
with the overlying water (Fish & Pettibone, 1995). Aquatic sediments were culture-
positive of serovar Typhimurium up to 119 days, while this serovar was viable in water 
column in the same microcosm for only 54 days (Moore et al., 2003). The observed 
extended survival of salmonellae in aquatic sediments is probably due concentration of 
these bacteria by sedimentation of bacteria-bound particles. Sediments may protect 
enteric bacteria from certain stressful conditions associated with aquatic environments; it 
also provides enteric bacteria with nutrients and protection against grazing protozoans, 
thus supports the growth of these bacteria (Lim & Flint, 1989; Fish & Pettibone, 1995). 

In terristerial ecosystems, salmonellae were found to multiply and survive in soil for up to 
12 months, as soil ecosystems were believed to act as microecological niches where enteric 
bacteria can survive and even grow. The ability of salmonellae to attach to soil particles was 
related to cell surface hydrophobicity by which the bacteria can undergo morphological 
changes in order to adapt to this new environment (Stenstrom, 1989; Davies & Wray, 1996). 
The ability of salmonellae to survive and grow in soil environments may explain, in part, the 
detection of Salmonella spp. from pasture 2 months, and from soil 8 months after the 
application of contaminated pig slurry, and highlight the need of proper sanitation of 
contaminated animal waste before its disposal on agricultural land (Venglovsky et al., 2006). 
Virtually, Salmonella serovars can persist in different environments. On clean laminated 
surfaces (i.e. utensils), salmonellae was found to survive for less than 4 hours, however 
when these utensils (stainless steel bowl) were covered with soil, Salmonella spp. survived 
for up to 4 hours (Scott & Bloomfield, 1990). Survival of serovars Enteritidis, Heidelberg and 
Enteritidis phage type 4 on surfaces was extended to up to 24 hours under dark conditions, 
but when these surfaces exposed to direct sunlight, the numbers of salmonellae serovars 
decreased rapidly (Nyeleti et al., 2004). Thus it is not surprising that Salmonella spp. can 
persist and survive in domestic kitechens for a year or even longer (Humphrey, 2001). 
Salmonella spp. persisted in the biofilm material found under the recess of the toilet bowl rim 
which was difficult to remove with household toilet cleaner. Serovar Enteritidis remained in 
toilet bowl for up to 4 weeks despite the use of cleaning fluids. Flushing the toilet may 
contaminate the toilet seat and its lid with salmonellae that were found in biofilm formation 
in toilet bowl (Barker & Bloomfield, 2000). In conclusion, it was suggested that the 
ubiquitous nature of Salmonella may facilitate a cyclic lifestyle consisting of passage through 
a host into the environment and back into a new host (e.g. from human intestine to the 
water then to birds), therefore, the long-term survival of Salmonella in the secondary habitat 
(i.e. water, soil) ensures its passage to the next host (Winfield & Groisman, 2003). 

The viable but nonculturable (VBNC) state in the context of enteric bacteria refers to the 
ability of bacterial cells to remain viable (i.e. retaining basal metabolic activities) yet 
unable to grow in artificial media in the laboratory (Barer et al., 1993; Oliver, 2005, 2010). 
This state is believed to be a survival strategy of enteric bacteria that are released into the 
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environment and suffer prolonged exposure to environmental stressors such as 
suboptimal temperature; U. V. irradiation; nutrient deprivation and biological interactions 
(McKay, 1992; Barer & Harwood, 1999). Xu et al. (1982) were the first to address the 
VBNC phenomenon in enteric bacteria when they examined the survival of Vibrio cholerae 
and Escherichia coli in estuarine and marine water microcosms. It was found later on that 
the VBNC state is exhibited by other enteric bacterial species such as Campylobacter, 
Shigella, Ligeonella and Salmonella (McKay, 1992; Barer et al., 1993). Nonculturability in 
salmonellae has been attributed, in part, to nutrient depletion. As a result of nutrient 
limitations viable cells of serovar Enteritidis lost culturablity within 48 hours at 25 C 
when they were incubated in sterile river water (Roszak et al., 1984). Other relevance 
factors for the possible VBNC state in salmonellae may include exposure to elevated 
temperatures, U. V. irradiation, salinity, exposure to antibiotics and chlorination (Caro et 
al., 1999; Oliver, 2000; Smith et al., 2002; Oliver et al., 2005). VBNC forms of salmonellae 
may undergo morphological transition in response to stress, as they form a shorter rods 
shape (Roszak et al., 1984). Resuscetation of VBNC Salmonella cells may be possible 
(Roszak et al., 1984; Smith et al., 2002; Dhiaf et al., 2010), yet these resuscitated cells may 
lose their virulence or ability to cause infection (Caro et al., 1999) as serovar Typhimurium 
in VBNC forms and active but nonculturable (ABNC) (i.e. resuscitated cells) were unable 
to infect, nor colonize laboratory animals (Smith et al., 2002).  

In contrast, other studies have rejected the whole VBNC concept. It is suggested that VBNC 
cells are actually dead and that apparent resuscitation represents the growth of surviving 
culturable cells (Morgan et al., 1991; Weichart et al., 1992; Bogosian et al., 1998). This 
suggestion was supported by failure of nonresuscitated forms of VBNC Salmonella 
typhimurium to colonize mouse model (Caro et al., 1999). Although the VBNC phenomenon 
is not fully elucidated, it has a major relevance to public health authorities in two areas: (i) 
the ability to cause infection, and (ii) the monitoring of enteric pathogens in the environment 
using conventional culture methods (McKay, 1992; Barer et al., 1993). 

3.3 Antibiotic resistance 

The emergence of anitmicrbial resistance in pathogenic bacteria, particularly in enteric 
bacteria is a major public health issue. The over use of antibiotics in food-producing 
animals, mass treatment and long-term administration of antimicrobial growth promoters 
may lead to the emergence of multidrug-resistant strains of enteric bacteria, including 
Salmonella spp. These bacteria may become reservoirs of highly transferable drug-resistance 
genes, and as they spread widely in the environment, they may cause serious infections as 
they spread within the food chain. Consequently, therapeutic failure of these infections may 
occur and complications due to these infections may result in increase in morbidity and 
mortality (Mølbak 2004, 2005). 

The implications of infections caused by drug-resistant Salmonella typhimurium DT29 was 
addressed by Anderson (1968). Infections in calves in the UK due to this serovar were 
proven difficult to treat even after using a range of antibiotics. Instead, this use of multidrug 
resulted in the acquisition of serovar Typhimurium DT29 transferable multiple drug-
resistance, that later caused many infections in humans (Anderson, 1968). In his report 
Anderson (1968) suggested that infections due multidrug-resistant salmonellae can be 
eliminated not by the massive use of antibiotics, but by improvement in conditions of 
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animal husbandry and reduction in the opportunities for the initiation and spread of the 
disease. Unfortunately, these suggestions were not taken well into consideration in many 
parts of the world and as a result, different serovars of salmonellae have acquired multiple-
drug resistance and became ubiquitous in the environment. Various salmonellae serovars 
resistant to wide range of antimicrobial drugs were isolated from the faeces of diseased and 
apparently healthy livestock and poultry (Ahmed et al., 2009), food (dairy products; meat; 
poultry products) (Antunes et al., 2003; Zhao et al., 2003; Dallal et al., 2010), free-living wild 
animals and birds (Palmgren et al., 1997; Čížek et al., 2007; Abulreesh, 2011), domesticated 
animals (Seepersadsingh & Adesiyun, 2003; Van Immerseel et al., 2004; Ebani et al., 2005), 
natural waters (fresh and marine) (Morinigo et al., 1990; Harakeh et al., 2006), sewage 
effluents and sludge (Berge et al., 2006; Espigares et al., 2006) and from diarrhea patients 
(Ling et al., 1998; Graziani et al., 2008) worldwide. In general, a well established link 
between the use of antibiotics in food-producing animals and drug-resistant salmonellae is 
described and well understood for food-borne nontyphoidal salmonellae (Mølbak, 2004). 

Salmonella spp. can acquire resistance to antimicrobial drugs via different mechanisms 
such as (i) transferable resistance genes; (ii) excessive use of antibiotics in treatment 
“selective pressure”; and (iii) as a response to exposure to environmental drastic 
conditions. The resistance of aminoglycosides, -lactams, chloramphenicol, macrolides, 
quaternary ammonium and trimethoprime in salmonellae serovars is attributed to the 
acquisition of foreign genes that encoded enzymes to destroy, chemically inactive, or 
“pump” the noxious drug out of the bacterial cell or provide an alternative pathway to the 
one targeted by the antibiotic (D’Aoust & Maurer, 2007). These antibiotic-resistance genes 
usually reside on mobile genetic elements such as plasmids; transposons and integrons 
that can potentially transfer resistance from commensal to pathogenic bacteria (Mølbak, 
2005; D’Aoust & Maurer, 2007). Integron in particular, described as a genetic material that 
is capable of capturing, combining, or swapping a large assortment of antibiotic-resistance 
genes, then integrating the captured genes into a resident integration site. This genetic 
element (i.e. integron) can create tandem antibiotic-resistant genes. In salmonellae 
serovars, tetracycline resistance genes are the only resistance genes that have not 
identified among the integron gene cassettes, nonetheless they are carried on plasmids 
(Ling et al., 1998; D’Aoust & Maurer, 2007). 

Overuse of antibiotics in the treatment clinical or veterinary cases together with 
environmental stresses (e.g. detergents, dyes, food components, preservatives) can induce 
the mar (multiple antibiotic resistance) operon. This operon regulates the expression of a 
large number of genes, including those coding for at least one broad-specificity efflux pump 
(i.e. arcAB efflux pump), which are more strongly expressed under drastic conditions of 
environmental stress (McMahon et al., 2007). There seem to be a role of antimicrobial drug 
intake for acquiring infections with drug-resistant pathogenic bacteria (Threlfall, 2002; 
Mølbak, 2004). This was confirmed by Glynn et al. (2004) where patients infected with 
serovar Typhimurium resistant to ampicillin, chloramphenicol, streptomycin, 
sulphonamides and tetracycline were most likely to have treated by antibiotics to which that 
serovar was resistant. This may shed some light on the reasons why outbreaks of drug-
resistant pathogens are particularly frequent in hospitals and other environments where 
antibiotics are commonly used, furthermore, it may explains the fact that drug-resistant 
bacteria may be more virulent than susceptible ones (Threlfall, 2002; Mølbak, 2004, 2005). In 
addition, it was found that food preservation processes (e.g. low pH, high NaCl) can lead to 
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the development of populations or subpopulation of salmonellae with decreased 
susceptibility to a range of currently used antibiotics (e.g. amikacin, ceftriaxone, 
trimethoprim). Such decreases in antibiotic susceptibility are maintained as long as the food 
preservation stress is maintained, and in some cases, even after the food preservation stress 
is removed (McMahon et al., 2007). In general, it is well established that the likelihood that 
pathogenic bacteria could develop resistance, persist and spread involves more than 
selective pressure for antibiotics use alone (overuse of antibiotics in treatment of human and 
animal infections), and could also result from a complex of interactions of genes, 
ecosystems, and the environment (D’Aoust & Maurer, 2007). 

4. Concluding remarks 
Despite the decline of typhoidal salmonellae infections in major parts of the world, 
nontyphoidal salmonellae is the second leading cause of water-and food-borne infections 
worldwide. Salmonella serovars are ubiquitous in natural waters and sediments. The 
presence of salmonellae in aquatic environments is related to one or a combination of 
sewage effluents; agricultural run-off and direct faecal contamination from natural fauna. 
Salmonella serovars cause major infections in domestic and wild animals, nonetheless, a 
wide range of domesticated and free-living animals appears to carry salmonellae without 
obvious symptoms. Salmonella seovars have unique seasonal trends. In the environment, 
generally they peak during wet seasons and are more associated with rainfall and monsoon 
seasons. Some serovars peak in aquatic environments during warmer months, while other 
peak in colder months. Although no seasonal trends were found in the carriage of 
salmonellae by domestic and wild animals, the presence of salmonellae infection in the 
community is season-dependent. Untreated water, contaminated raw milk, poultry 
products and undercooked meat are the major sources of infection. Handling of doestic 
animals and wild fauna may also poses a risk for acquiring salmonellosis. Salmonellae 
serovars may survive and remain virulent for long periods in the environment, they may 
undergo a viable but nonculturable stage as a survival strategy, their ability to cause 
infection in the VBNC state, however, remains questionable. Salmonella spp. can easily 
acquire drug-resistance genes via transferable genetic elements. In addition, overuse of 
antibiotics in the treatment of human and veterinary diseases is another mechanism in 
which salmonellae serovars can aquire resistance to antimicrobial drugs. The ability of faecal 
indicators to predict the presence of salmonellae in polluted environmental waters remains 
questionable, and the absence of faecal indicators is not always a reliable indication of the 
absence of Salmonella spp. 
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1. Introduction  
Infectious microbial diseases constitute a major cause of death in many parts of the world, 
particularly in developing countries. Salmonella has been identified as an important food and 
water-borne pathogen that can infect human and animals resulting in significant morbidity 
and mortality (Akkina et al., 1999). Salmonella is a facultative anaerobe, Gram-negative rod-
shaped, 2 – 3 x 0.4 – 0.6 µm in size and motile by peritrichous flagella except for S. 
Gallinarum and S. Pullorum which are immotile. Members of the genus have a % G+C 
content of 50-53. They are urease and Voges-Proskauer negative and citrate utilizing 
(Montville and Matthews, 2008).  

Salmonellae are typically non-lactose, non-sucrose fermenting but are able to ferment 
glucose, maltose and mannitol with the production of acid only as in the case of S. Typhi 
and acid with H2S in the case of S. Paratyphi and for most other Salmonella serovars 
(Cruickshank, 1975). Optimum temperature for growth is in the range of 35 – 37ºC but some 
can grow at temperatures as high as 54ºC and as low as 2ºC (Gray & Fedorka-Cray, 2002). 
Salmonella grow in a pH range of 4 - 9 with the optimum being 6.5 – 7.5. They require high 
water activity for growth (> 0.94) but can survive at aw of < 0.2 such as in dried foods. 
Inhibition of growth occurs at temperatures < 7ºC, pH < 3.8 or aw < 0.94 (Hanes, 2003). 

Based on differences in 16S rRNA sequence data, the genus Salmonella is divided into two 
species: S. enterica and S. bongori. S. enterica is further divided into six subspecies: subspecies 
enterica, salamae, arizonae, diarizonae, houtenae and subspecies indica (Popoff & Minor, 2001). 
Kauffmann-White scheme classifies members of Salmonella species according to three major 
antigenic determinants composed of somatic (O-antigens), flagellar (H-) and virulence (K-) 
antigens. Agglutination by antibodies specific for the various O-antigens, groups the 
salmonellae into six serogroups: A, B, C1, C2, D and E. Rarely cross reactivity between O-
antigens of Salmonella and other genera of Enterobacteriaceae do occur. Therefore further 
classification of serotypes is based on the highly specific H-antigens (Scherer & miller, 2001). 
H-antigens can be expressed in one of two phases: phase 1 H-antigens are serovar specific 
while phase 2 antigens are not. However K-antigens are produced by serovars that are 
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characterized by extracellular polysaccharide capsules (Hu & Kopecko, 2003; Yousef & 
Carlstrom, 2003). Currently, Kauffmann-White scheme recognizes 2610 Salmonella serovars, 
the majority (2587) belongs to S. enterica while the remaining (23 serovars) are assigned to S. 
bongori (Guibourdenche et al., 2010). 

The incidence of typhoid salmonellosis is stable, with comparatively few cases in 
developing countries. Cases of typhoid salmonellosis are estimated to be in the range of 16-
17 million resulting in about 600,000 deaths annually (Pang et al., 1995). However, cases of 
non-typhoid salmonellosis are increasing worldwide. The World Health Organization 
(WHO) estimates 1.3 billion cases with 3 million deaths annually. Data on salmonellosis 
cannot be ascertained in most developing countries because many patients with acute 
gastroenteritis do not visit a health care provider or do not submit a specimen for laboratory 
testing (Portillo, 2000; Hanes, 2003; Hu & Kopecko, 2003). An unpublished data of Sudan 
Ministry of Health indicated that the incidence of salmonellosis has markedly increased. In 
2004 these were 43,144 cases and 68 deaths in different hospitals. However, a more accurate 
figure of salmonellosis is difficult to determine because only large outbreaks are 
investigated whereas sporadic cases are under-reported.  

Since Salmonella is closely related to both human and animal health, more rapid and 
sensitive methods for the identification of this bacterium are required (Schrank et al., 2001). 
In the regions where enteric fever is common, clinical diagnosis of typhoid fever is 
inadequate, as the symptoms it causes are non-specific and overlap with those of other 
febrile illness. Serological tests, predominantly the Widal test, are available but have very 
low sensitivity and specificity, and no practical value in endemic areas despite their 
continued use (Levine et al., 1978). Isolation of the causative organism remains the most 
effective diagnostic method in suspected typhoid fever (Zhou & Pollard, 2010). Standard 
culture methods for detecting Salmonella spp. include non-selective pre-enrichment followed 
by selective enrichment and plating on selective and differential media (Whyte et al., 2002). 
These methods take approximately 4-7 days (Harvey & Price, 1979; Perales & Audicana, 
1989), so they are considered laborious and time consuming.  

In a clinical setting, suspected Enterobacteriaceae are often subjected to biochemical testing 
to investigate the ability of an isolate to grow upon certain substrates, produce various 
metabolic products or alter the pH. In the 1970s, efforts were being made to collect together 
multiple biochemical tests to allow rapid and relatively high throughput identification of 
clinical bacterial isolates (Lindberg et al., 1974). Numerous test kits of varying accuracy 
became available for the identification of the Enterobacteriaceae. The API 20E system 
(BioMérieux, France) was found to be the most reliable, having a 99% correlation with 
standard biochemical tests and a 94% identification rate (Nord et al., 1974). Over 60 bacterial 
species can currently be identified with the API20E, with identification extending to the 
serovar level for Typhi and Paratyphi A among others. However, results of such tests are 
open to interpretation and require experience and a high level of technical skill to generate 
reproducible results (Jamshidi et al., 2007). Therefore, several alternative faster methods for 
the detection of Salmonella have been suggested.  

Molecular methods have been applied in the identification of Salmonella and were found to 
be very useful in differentiating between species. These methods include pulsed field gel 
electrophoresis (PFGE) (Mohand et al., 1999; Nair et al., 1994), IS200 fingerprinting 
(Ezquerra et al., 1993), PCR ribotyping (Lagatolla et al., 1996), ribosomal DNA intergenic 
spacer amplification and heteroduplex analysis (Jensen and Hubner, 1996), amplification 
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fragment length polymorphism (Aarts et al., 1998; Nair et al., 2000), automated nuclease 
PCR assay (Hoorfar et al., 2000) and random amplification of polymorphic DNA (RAPD) 
(Shangkuan and Lin, 1998). Since all molecular techniques are based on variability of 
microbial chromosomes or plasmids, then DNA sequencing would appear to be the best 
approach for differentiating subtypes (Liebana et al., 2001) 

Many oligonucleotide primer sets have been described for the detection of Salmonella using 
the PCR technique. These primers include those associated with the invasion genes invA 
and invE (Stone et al., 1994), histidine transport operon hitJ (Cohen et al., 1993), SPI1 
invasion gene hilA (Guo et al., 2000), virulence plasmid gene spv (Gulig et al., 1993), 
virulence gene sipC (Sharma and Carlson, 2000), enterotoxin gene stn (Makino et al., 1999), 
ompC (Amavisit et al., 2001), spaQ (Kurowski et al., 2002), oriC (Widjojoatmodjo et al., 1992), 
fimA (Swenson et al., 1991), 16S rRNA (Lin and Tsen, 1996), iroB (Bäumler et al., 1998) and a 
repetitive DNA fragment (Jitrapakdee et al., 1995). Recent studies described a serotype-
specific PCR method for differentiating Salmonella Pullorum from other serotypes using the 
rfbS gene (Desai et al., 2005). Most researchers agree that in the future more serotype-specific 
PCR assays will be developed.  

Resistance of infectious microorganisms to commonly prescribed antibiotics has emerged and 
spread in both developed and developing countries (Zhao et al., 2003; Ahmed et al., 2000; 
Grob et al., 1998). This imposes serious constraints on the options available for the treatment of 
many infections (Kunin et al., 1990). In the case of salmonellae, resistance to tetracyclines or 
chloramphenicol was first reported in 1961 (Ramsey and Edwards, 1961). Since then, reports 
on salmonellae resistance to one or more antibiotics have increased substantially and 
resistance has emerged even to newer more potent antimicrobial agents (Montville and 
Matthews, 2008; Piddock, 2002). In addition, multidrug resistance in Salmonella has become a 
public health concern (Crump and Mintz, 2010; Asai et al., 2010; Singh et al., 2010).  

In the Sudan, as in most other developing countries, resistance and multiple resistance to 
antimicrobial agents among members of Enterobacteriaceae including some Salmonella 
serovars was found to increase during the last decades (Yagoub et al., 2005; Ahmed et al., 
2000; Hassan, 1985, Shears et al., 1988; Musa and Shears, 1998). The sensitivity of Salmonella 
Typhi, S. Paratyphi A and S. Paratyphi B to ten antibiotics was examined in Sudan (Ahmed 
et al., 2000). The examined strains were sensitive to all drugs tested except for one S. Typhi 
strain which was resistant to cotrimaxazole; tetracycline and sulfonamide and one S. 
Paratyphi A which was resistant to tetracycline. The sensitivity of Salmonella Paratyphi A 
and S. Paratyphi B which were isolated from Sudanese white cheese was tested against 9 
antibiotics (Yagoub et al., 2006). ciprofloxacin, chloramphenicol and ofloxacin were the most 
effective drugs against the tested isolates. The resistance was more frequent to ampicillin, 
tetracycline, penicillin, gentamicin and co-trimoxazole.  

Due to the indiscriminate and injudicious use of antibiotics in human and veterinary 
medicine as well as for the promotion of growth in food animals, Salmonella strains resistant 
to first line antibiotics will continue to develop at an increasing rate. Therefore updated 
knowledge of Salmonella serotypes resistance patterns is important for the proper selection 
and use of antimicrobial drugs and for the development of appropriate prescribing policies.  

1.2 History of Salmonella research in Sudan 

In Sudan, the prevalence of Salmonella serovars is not well documented, as salmonellae are 
not routinely isolated and identified. Only a few studies have been reported by few workers. 
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Horgan (1947) made the first report on Salmonella infections in cattle. He investigated a food 
poisoning outbreak at Wad Madani town and isolated Salmonella serovar Dublin from faeces 
of two persons who fell sick after eating meat. Again the serovar Dublin was isolated from 
infected calves and from one of the apparently healthy animals (Soliman and Khan, 1959). A 
survey to ascertain the incidence rate of Salmonella infection in animals was made in 
Khartoum (Khan, 1970). During the survey, 230 Salmonella cultures were recovered from 
different sources belonging to 63 serotypes. 

Subsequent Salmonella surveys which have been conducted at Khartoum and Malakal added 
15 serovars to the list of Sudan. The serovars reported were: S. Amager, S. Derby, S. Kandle, 
S. Reading, S. Salford, S. Adelaide, S. Amersfoort, S. Bertin, S. Chester, S. Mushmar-haemek, 
S. Muenche, S. Muensters, S. Newport, S. Pomona and S. Poona (Khan, 1970). In his attempt 
to assess the quality of fresh meats in Sudan, Sariy Eldin (1971) reported the occurrence of 
Salmonella Wein, S. Dublin, S. Havana, S. Typhimurium, S. Senegal and S. Braenderup. S. 
Dublin was also isolated from sheep liver (Salih and Ibrahim, 1972). Fifty-eight Salmonella 
strains were isolated from slaughtered chicken in Khartoum North and Omdurman (Yagoub 
and Mohamed, 1987). The most common serotypes reported were: S. Mons, S. Amek and S. 
Uganda. The incidence of S. Dublin in the mesenteric lymph nodes and faeces of sick calves 
in Kuku dairy cooperative farm, Omdurman and El Obeid slaughter houses was also 
reported (Saliem, 1987). 

Forty-five Salmonella isolates (not serotyped) were isolated from carcasses, liver, spleen, 
intestinal contents of chickens from a poultry farm in El Obeid (unpublished data). The 
isolation of Salmonella enterica subspecies enterica serotype San-Diego from three goats 
(3.84%) at Omdurman Central Abattoir was reported (El Tom et al., 1999). Recently, 
Salmonella Umbadah plus 19 new serovars were reported from different sources at 
Khartoum (Hag Elsafi et al., 2009; El Hussein et al., 2010). 

2. Materials and methods 
2.1 Isolation and identification of Salmonella 

Salmonellae were isolated and identified according to the techniques recommended by the 
International Organization for Standardization described by Molla et al. (2004).  

For confirmation, presumptive salmonellae were subjected to biochemical tests (Macfaddin, 
1980), further identified with API 20E identification kits (Bio Merieux, Marcy, France) and a 
slide agglutination test was employed thereafter, using a commercially available Salmonella 
polyvalent O (Denkafeiken, Japan) and H antisera (Mast Diagnostic, UK). Presumptive 
Salmonella isolates were shipped to the Public Health Agency, Office International des´ 
Epizooties (OI´E) Reference Laboratory for salmonellosis, Guelph, Ontario, Canada or to the 
Egypt Management Central Laboratory for serotyping and phage typing. 

2.2 Serotyping and phage typing 

For serotyping, the somatic (O) antigens of the Salmonella isolates were determined with the 
slide-agglutination test as described by Ewing (1986), whereas the flagellar (H) antigens 
were identified by a microtechnique (Shipp and Rowe, 1980) that uses microtitre plates 
(Poppe et al., 2001). The antigenic formulae of Salmonella serovars as listed by Popoff (2001) 
were used to name the serovars.  
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The standard phage typing technique described by Anderson and Williams (1956) was used. 
Strains that did not conform to any recognized phage type were considered atypical (AT). 
Salmonella Enteritidis strains were phage typed according to Ward et al. (1987) with typing 
phages obtained from the International Centre for Enteric Phage Typing (ICEPT), Central 
Public Health Laboratory, Colindale, United Kingdom via the National Laboratory for 
Enteric Pathogens (NLEP), Health Canada, Winnipeg, Manitoba. The phagetyping-scheme 
and phages for S. Typhimurium, developed by Callow (1959) and further extended by 
Anderson (1964) and Anderson et al. (1977), were obtained from the ICEPT via the NLEP. 

2.3 Antimicrobial susceptibility testing  

The antimicrobial resistance of the isolates was tested against ten antimicrobial agents by the 
agar diffusion method with Mueller Hinton agar and antibiotic disks (Hi Media), following 
the guidelines of the National Committee for Clinical Laboratory Standards (NCCLS, 2000). 
E. coli ATCC 25922 was used for quality control. The categories susceptible or resistant were 
assigned on the basis of the critical points recommended by the NCCLS (2007). 

The antibiotics tested were those commonly used in poultry, animals or in human, they are 
in mcg/disc: tetracycline (Te) 10; gentamicin (Cn), 10; nalidixic acid (Na) 25; streptomycin 
(St), 25; co-trimoxazole (Cot), 25; chloramphenicol (C), 30; ciprofloxacin (Cip), 5; ampicillin 
(Amp), 25; norfluxacin, (Nor), 10 and apramycin (Apr), 15.  

2.4 Plasmid profiling analysis 

For each isolate a single colony was grown overnight in 1ml LB media at 37ºC. The bacterial 
cells were harvested by centrifugation for 30s in a micro-centrifuge (Sanyo), the supernatant 
was discarded and the pellet was subjected to Plasmid DNA extraction according to alkaline – 
detergent method (Dillon et al., 1985). The plasmids extracted were stored at -20ºC till used for 
further analysis. Later, the extracted plasmid for each isolate was analyzed electrophoretically 
on a 0.8% agarose gel. The gel was then exposed to ultraviolet transillumination and 
photographed in a gel documentation system (Model GAS Uvitec. Product). One Kb DNA 
ladder (Invitrogen, Germany) was also used to determine the plasmids sizes.  

2.5 Specificity of PCR primer sets  

Ten specific primer sets (Invitrogen, Germany) each targeting a different gene were 
evaluated for their specificity and sensitivity to detect locally isolated Salmonella serovars. 
DNA from each Salmonella serovar and non-Salmonella strain was extracted according to the 
boiling – centrifugation method (Soumet et al., 1994). A single colony of a pure nutrient agar 
culture was grown overnight at 37ºC in 1ml Luria – Bertani broth. Bacterial cells were 
precipitated by centrifugation at 13,000 rpm for 5min in a micro-centrifuge (MSE, 
MSBo1o.cx2.5, Sanyo, UK). The supernatant was discarded and the pellet was re-suspended 
in 500µl deionized distilled water. The suspension was boiled for 10min in a water bath then 
immediately cooled on ice. Extracted DNA was then stored refrigerated at 4oC until used as 
a template for PCR amplification. 

The extracted chromosomal DNA was amplified by an established PCR technique 
(Sambrook et al., 1989). PCR amplification reactions were carried out in 25 µl total volume 
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Horgan (1947) made the first report on Salmonella infections in cattle. He investigated a food 
poisoning outbreak at Wad Madani town and isolated Salmonella serovar Dublin from faeces 
of two persons who fell sick after eating meat. Again the serovar Dublin was isolated from 
infected calves and from one of the apparently healthy animals (Soliman and Khan, 1959). A 
survey to ascertain the incidence rate of Salmonella infection in animals was made in 
Khartoum (Khan, 1970). During the survey, 230 Salmonella cultures were recovered from 
different sources belonging to 63 serotypes. 

Subsequent Salmonella surveys which have been conducted at Khartoum and Malakal added 
15 serovars to the list of Sudan. The serovars reported were: S. Amager, S. Derby, S. Kandle, 
S. Reading, S. Salford, S. Adelaide, S. Amersfoort, S. Bertin, S. Chester, S. Mushmar-haemek, 
S. Muenche, S. Muensters, S. Newport, S. Pomona and S. Poona (Khan, 1970). In his attempt 
to assess the quality of fresh meats in Sudan, Sariy Eldin (1971) reported the occurrence of 
Salmonella Wein, S. Dublin, S. Havana, S. Typhimurium, S. Senegal and S. Braenderup. S. 
Dublin was also isolated from sheep liver (Salih and Ibrahim, 1972). Fifty-eight Salmonella 
strains were isolated from slaughtered chicken in Khartoum North and Omdurman (Yagoub 
and Mohamed, 1987). The most common serotypes reported were: S. Mons, S. Amek and S. 
Uganda. The incidence of S. Dublin in the mesenteric lymph nodes and faeces of sick calves 
in Kuku dairy cooperative farm, Omdurman and El Obeid slaughter houses was also 
reported (Saliem, 1987). 

Forty-five Salmonella isolates (not serotyped) were isolated from carcasses, liver, spleen, 
intestinal contents of chickens from a poultry farm in El Obeid (unpublished data). The 
isolation of Salmonella enterica subspecies enterica serotype San-Diego from three goats 
(3.84%) at Omdurman Central Abattoir was reported (El Tom et al., 1999). Recently, 
Salmonella Umbadah plus 19 new serovars were reported from different sources at 
Khartoum (Hag Elsafi et al., 2009; El Hussein et al., 2010). 

2. Materials and methods 
2.1 Isolation and identification of Salmonella 

Salmonellae were isolated and identified according to the techniques recommended by the 
International Organization for Standardization described by Molla et al. (2004).  

For confirmation, presumptive salmonellae were subjected to biochemical tests (Macfaddin, 
1980), further identified with API 20E identification kits (Bio Merieux, Marcy, France) and a 
slide agglutination test was employed thereafter, using a commercially available Salmonella 
polyvalent O (Denkafeiken, Japan) and H antisera (Mast Diagnostic, UK). Presumptive 
Salmonella isolates were shipped to the Public Health Agency, Office International des´ 
Epizooties (OI´E) Reference Laboratory for salmonellosis, Guelph, Ontario, Canada or to the 
Egypt Management Central Laboratory for serotyping and phage typing. 

2.2 Serotyping and phage typing 

For serotyping, the somatic (O) antigens of the Salmonella isolates were determined with the 
slide-agglutination test as described by Ewing (1986), whereas the flagellar (H) antigens 
were identified by a microtechnique (Shipp and Rowe, 1980) that uses microtitre plates 
(Poppe et al., 2001). The antigenic formulae of Salmonella serovars as listed by Popoff (2001) 
were used to name the serovars.  
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The standard phage typing technique described by Anderson and Williams (1956) was used. 
Strains that did not conform to any recognized phage type were considered atypical (AT). 
Salmonella Enteritidis strains were phage typed according to Ward et al. (1987) with typing 
phages obtained from the International Centre for Enteric Phage Typing (ICEPT), Central 
Public Health Laboratory, Colindale, United Kingdom via the National Laboratory for 
Enteric Pathogens (NLEP), Health Canada, Winnipeg, Manitoba. The phagetyping-scheme 
and phages for S. Typhimurium, developed by Callow (1959) and further extended by 
Anderson (1964) and Anderson et al. (1977), were obtained from the ICEPT via the NLEP. 

2.3 Antimicrobial susceptibility testing  

The antimicrobial resistance of the isolates was tested against ten antimicrobial agents by the 
agar diffusion method with Mueller Hinton agar and antibiotic disks (Hi Media), following 
the guidelines of the National Committee for Clinical Laboratory Standards (NCCLS, 2000). 
E. coli ATCC 25922 was used for quality control. The categories susceptible or resistant were 
assigned on the basis of the critical points recommended by the NCCLS (2007). 

The antibiotics tested were those commonly used in poultry, animals or in human, they are 
in mcg/disc: tetracycline (Te) 10; gentamicin (Cn), 10; nalidixic acid (Na) 25; streptomycin 
(St), 25; co-trimoxazole (Cot), 25; chloramphenicol (C), 30; ciprofloxacin (Cip), 5; ampicillin 
(Amp), 25; norfluxacin, (Nor), 10 and apramycin (Apr), 15.  

2.4 Plasmid profiling analysis 

For each isolate a single colony was grown overnight in 1ml LB media at 37ºC. The bacterial 
cells were harvested by centrifugation for 30s in a micro-centrifuge (Sanyo), the supernatant 
was discarded and the pellet was subjected to Plasmid DNA extraction according to alkaline – 
detergent method (Dillon et al., 1985). The plasmids extracted were stored at -20ºC till used for 
further analysis. Later, the extracted plasmid for each isolate was analyzed electrophoretically 
on a 0.8% agarose gel. The gel was then exposed to ultraviolet transillumination and 
photographed in a gel documentation system (Model GAS Uvitec. Product). One Kb DNA 
ladder (Invitrogen, Germany) was also used to determine the plasmids sizes.  

2.5 Specificity of PCR primer sets  

Ten specific primer sets (Invitrogen, Germany) each targeting a different gene were 
evaluated for their specificity and sensitivity to detect locally isolated Salmonella serovars. 
DNA from each Salmonella serovar and non-Salmonella strain was extracted according to the 
boiling – centrifugation method (Soumet et al., 1994). A single colony of a pure nutrient agar 
culture was grown overnight at 37ºC in 1ml Luria – Bertani broth. Bacterial cells were 
precipitated by centrifugation at 13,000 rpm for 5min in a micro-centrifuge (MSE, 
MSBo1o.cx2.5, Sanyo, UK). The supernatant was discarded and the pellet was re-suspended 
in 500µl deionized distilled water. The suspension was boiled for 10min in a water bath then 
immediately cooled on ice. Extracted DNA was then stored refrigerated at 4oC until used as 
a template for PCR amplification. 

The extracted chromosomal DNA was amplified by an established PCR technique 
(Sambrook et al., 1989). PCR amplification reactions were carried out in 25 µl total volume 
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of PCR mixture containing 5 µl of template DNA, 12.5µl of the PCR master mix (Promega) 
(50 unit/ml Taq DNA polymerase in an appropriate reaction buffer {pH 8.5}, 400 µM each 
dNTPs and 3mM MgCl2) and 0.1 µM of each of primer pair. DNA was amplified 
according to reaction conditions published for each primer pair in a thermal cycler 
(Techne/ Flexigene - biotech).  

Appearance of the target band specified for each primer set on the 1.2% agarose gel under 
specified gel electrophoresis conditions is considered as a positive amplification product.  

2.6 Sensitivity of PCR primers 

To determine the sensitivity of each PCR primer set, a single colony of a pure culture of 
Salmonella Typhi was grown overnight at 37ºC in 10ml Luria – Bertani broth. After 
incubation for 24 hours ten-fold dilutions (10 to 10-9) of the broth culture were made. The 
viable cell count in each dilution was determined using plate count media. For each mixture 
100µl was cultured immediately in a plate count media (Somasegaran and Hoben, 1985; 
Vincent, 1970). The cultures were incubated overnight at 37ºC. The numbers of formed 
colonies were then counted (each colony is considered to be formed by a single cell). The 
DNA from each dilution was extracted as previously described and was used as a PCR 
template for each primer set. 

3. Results 
3.1 Prevalence 

Out of 1921 collected and examined samples; 833 (43.4%) belonged to poultry, 680 (35.4%) to 
food items, 224 (11.7%) to human faeces, 107 (5.6%) to chlorinated drinking water and 77 
(4%) to food animal faeces (Table 1). In Total, 213 (11.09%) Salmonella strains belonging to 54 
different serovars were isolated. Of these, 210 were members of S. enterica subspecies enterica,  

Source Total Samples 
Examined 

Total +ve 
samples 

% from 
Source 

% from 
+ve 

samples 

% from 
total 

examined 

Food 680 32 4.7 15.0 1.7 

Poultry 833 70 8.4 32.8 3.6 

Water 107 10 9.3 4.7 0.5 

Animal faeces 77 8 10.4 3.8 0.4 

Human Faeces from 
handlers 224 93 41.5 43.7 4.8 

Total 1921 213 - 100 11.09 

Table 1. Number and percentage of Salmonella isolated from food, poultry, water, animal 
faeces and human 
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of PCR mixture containing 5 µl of template DNA, 12.5µl of the PCR master mix (Promega) 
(50 unit/ml Taq DNA polymerase in an appropriate reaction buffer {pH 8.5}, 400 µM each 
dNTPs and 3mM MgCl2) and 0.1 µM of each of primer pair. DNA was amplified 
according to reaction conditions published for each primer pair in a thermal cycler 
(Techne/ Flexigene - biotech).  

Appearance of the target band specified for each primer set on the 1.2% agarose gel under 
specified gel electrophoresis conditions is considered as a positive amplification product.  

2.6 Sensitivity of PCR primers 

To determine the sensitivity of each PCR primer set, a single colony of a pure culture of 
Salmonella Typhi was grown overnight at 37ºC in 10ml Luria – Bertani broth. After 
incubation for 24 hours ten-fold dilutions (10 to 10-9) of the broth culture were made. The 
viable cell count in each dilution was determined using plate count media. For each mixture 
100µl was cultured immediately in a plate count media (Somasegaran and Hoben, 1985; 
Vincent, 1970). The cultures were incubated overnight at 37ºC. The numbers of formed 
colonies were then counted (each colony is considered to be formed by a single cell). The 
DNA from each dilution was extracted as previously described and was used as a PCR 
template for each primer set. 

3. Results 
3.1 Prevalence 

Out of 1921 collected and examined samples; 833 (43.4%) belonged to poultry, 680 (35.4%) to 
food items, 224 (11.7%) to human faeces, 107 (5.6%) to chlorinated drinking water and 77 
(4%) to food animal faeces (Table 1). In Total, 213 (11.09%) Salmonella strains belonging to 54 
different serovars were isolated. Of these, 210 were members of S. enterica subspecies enterica,  

Source Total Samples 
Examined 

Total +ve 
samples 

% from 
Source 

% from 
+ve 

samples 

% from 
total 

examined 

Food 680 32 4.7 15.0 1.7 

Poultry 833 70 8.4 32.8 3.6 

Water 107 10 9.3 4.7 0.5 

Animal faeces 77 8 10.4 3.8 0.4 

Human Faeces from 
handlers 224 93 41.5 43.7 4.8 

Total 1921 213 - 100 11.09 

Table 1. Number and percentage of Salmonella isolated from food, poultry, water, animal 
faeces and human 
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Table 2. Prevalence of Salmonella serovars in different sources 
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Table 2. Prevalence of Salmonella serovars in different sources 
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two were S. enterica subspecies salamae and one belonged to subspecies arizonae. Serovars of 
S. enterica subsp. enterica reported here belonged to 10 serogroups as shown in Table 2. 
Serogroups B (56 isolates), C1 (40 isolates), E1 (17 isolates), C2 (47 isolates) and R (8 isolates) 
were each represented by 15, 12, 7, 5 and 3 different serovars, respectively. The remaining 
serogroups (E4, G, O, D1 and other) were represented by two serovars each. The 
predominant serovars were: Kentucky (8.9%), Stanleyville (8.4%), Blockley and Virchow 
(each 4.7%), Molade and Typhi (each 4.2%), Livingstone (3.8%), Typhimurium, Senftenberg 
and Alachua (each 3.3%) and serovars Hadar, Agona, Paratyphi B and Enteritidis (2.8% 
each). The remaining 38 serovars were represented each by less than six isolates. S. 
Typhimurium isolates were phagetype 2 while five of S. Enteritidis isolates were 21a 
phenotype and one was an Atypical phenotype.  

Table 2 shows that the serovar Typhimurium was isolated from four of five sources 
examined whereas Stanleyville, Livingstone and Molade were isolated from three of the 
Sources. The remaining serovars were isolated each from two or only one source. The most 
common serovar of the poultry isolates (n=70) was S. Kentucky (24.3%) followed by 
Stanleyville (17.1%), Virchow (12.9%) and Blockley, Hadar and Alachua (8.6% each). S. 
Typhi (9 isolates) was the most common (9.7%) serovar among human faeces isolates (n=93) 
followed by Paratyphi B (6.5%), Agona and Kalina (5.4 % each). Among the food isolates 
(n=32) S. Stanleyville and Livingstone were the most common (15.6%) with 5 isolates each. 
The most common serovars among water isolates (n=10) and animal faeces isolates (n=8) 
were S. Molade (50%) and Uganda (25%), respectively. To the best of our knowledge, 21 of 
the serovars reported here were isolated for the first time in Sudan and were all from human 
source only. These included: S. Stanley, Okerara, Sarajane, Limete, Massenya, Edinburg, 
Isangi, Inganda, Java, Alabany, Kalina, Tudu, Ottershaw, Saugus, Amoundrenes, Lexington, 
Kisii, Ituri, Lagos, salamae and arizonae.  

3.2 Antimicrobial resistance and plasmid analysis 

Results in Table 3 show that the highest frequency of resistance observed was to 
streptomycin (41.3%) followed by tetracycline (31.9%), gentamycin (28.2%), ampicillin 
(25.4%), nalidixic acid (22.1%), co-trimoxazole (17.4%), ciprofloxacin (8.9%), 
chloramphenicol (8%), norfloxacin (7.5%) and apramycin (5.6%). All isolates of the 
serovars Tudu, Montevideo, Meleagridis, Johannesburg, Umbadah, Poona, Kisii and one 
Rough isolate which were found infrequently (n ranging from 1-3) were susceptible to all 
of the antibiotics tested. Out of the 37 isolates which showed resistance against co-
trimoxazole, 27 (73%) belonged to the serovars Sanleyville (11/18 isolates), Virchow 
(10/10 isolates) and Typhi (6/9 isolates). Similarly, out of the 68 tetracycline-resistant 
isolates, 40 (58.8%) belonged to the serovars Stanleyville, Virchow, Blockley and 
Kentucky, each contributing by 10 isolates. Isolates of S. Blockley (n=10) were all resistant 
to tetracycline but were fully sensitive to co-trimoxazole, chloramphenicol, ciprofloxacin, 
ampicillin, norfloxacin and apramycin. All S. Kentucky isolates (n=19) were resistant to 
nalidixic acid but fully sensitive to chloramphenicol. Of the 22 isolates belonging to S. 
Typhi (9), Paratyphi B (6) and Typhimurium (7), 14 were resistant to ampicillin, 6 to 
gentamycin, 4 to chloramphenicol and 3 to each of ciprofloxacin and nalidixic acid but 
none to norfloxacin. 
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Serovar 
Antibiotics 

Te Cn Na St Cot C Cip Amp Nor Apr 

Limete (n=2) 1 2 1 2 0 0 1 0 1 1 
Stanleyville (n=19) 10 0 1 1 11 0 0 7 0 0 
Sarajane (n=1) 1 0 0 0 0 1 0 0 1 0 
Massenya (n=2) 2 0 0 0 0 2 2 0 0 0 
Tudu (n=1) 0 0 0 0 0 0 0 0 0 0 
Ituri (n=2) 0 2 0 2 0 0 0 0 0 0 
Lagos (n=3) 0 0 0 3 0 0 0 0 0 0 
Java (n=2) 0 2 1 2 0 0 1 0 0 0 
Typhimurium (n=7) 0 1 0 1 0 0 0 3 0 2 
Schwarzengrund (n=2) 0 0 0 1 0 0 0 0 0 0 
Agona (n=6) 0 2 0 0 0 0 0 2 2 2 
Stanley (n=2) 2 2 0 2 0 0 0 0 0 0 
I:4,12:eh:- (n=1) 1 0 0 0 0 0 0 0 0 0 
Paratyphi (n=6) 1 3 1 6 3 1 1 5 0 0 
Dragona new variant (n=1) 1 0 0 1 0 0 0 0 0 0 
Menden (n=3) 0 0 1 1 0 1 1 2 1 0 
Isangi (n=2) 2 1 1 1 0 2 1 2 0 0 
Inganda (n=2) 1 2 0 2 0 1 0 2 1 0 
Edinburg (n=4) 2 4 0 4 0 4 1 4 1 0 
Montevideo (n=3) 0 0 0 0 0 0 0 0 0 0 
Kisii (n=2) 0 0 0 0 0 0 0 0 0 0 
Virchow (n=10) 10 0 10 0 10 0 0 0 0 0 
Mbandaka (n=1) 0 1 1 0 0 0 0 0 0 0 
Rissen (n=2) 0 1 1 2 1 0 0 0 0 0 
Livingstone (n=8) 0 5 7 2 0 0 0 2 0 0 
Infantis (n=2) 2 0 0 0 0 0 0 2 0 0 
I:6,7:-:enz (n=1) 1 0 0 0 1 0 0 0 0 0 
Kalina (n=5) 0 5 0 5 0 0 0 0 0 2 
Lexington (n=2) 0 0 0 1 0 0 0 0 0 0 
Okerara (n=3) 0 0 0 3 0 0 0 0 0 0 
Amoundernes (n=1) 0 1 0 1 0 0 0 0 0 0 
Muenster (n=3) 0 0 0 1 0 0 0 0 0 0 
Uganda (n=2) 1 0 0 0 0 0 0 0 0 0 
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Serovar 
Antibiotics 

Te Cn Na St Cot C Cip Amp Nor Apr 
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Serovar 
Antibiotics 

Te Cn Na St Cot C Cip Amp Nor Apr 
Meleagridis (n=1) 0 0 0 0 0 0 0 0 0 0 
Albany (n=3) 0 3 0 2 0 1 2 1 2 1 
Blockley (n=10) 10 1 1 1 0 0 0 0 0 0 
Kentucky (n=19) 10 12 19 12 1 0 6 6 6 1 
Hadar (n=6) 0 0 0 6 0 0 0 3 0 0 
Molade (n=9) 3 0 0 3 3 0 0 2 0 0 
II (formarly Ottershaw) 
(n=2) 0 0 0 2 0 0 0 0 0 0 

Saugus (n=3) 0 0 0 3 0 0 0 0 0 0 
Johannesburg (n=3) 0 0 0 0 0 0 0 0 0 0 
Senftenberg (n=7) 0 1 0 0 0 0 0 0 0 1 
Umbadah (n=2) 0 0 0 0 0 0 0 0 0 0 

Havana (n=2) 2 0 0 0 1 0 0 0 0 0 
Poona (n=3) 0 0 0 0 0 0 0 0 0 0 
Alachua (n=7) 0 0 0 1 0 0 0 2 0 0 
Adelaide (n=4) 0 1 0 1 0 0 0 0 0 1 
Enteritidis (n=5) 0 3 0 3 0 1 1 2 1 1 
Typhi (n=9) 5 2 2 7 6 3 2 6 0 0 
I:rough-O:z29:- (n=1) 0 0 0 0 0 0 0 0 0 0 
I:Rough-O:I,z13:1,5 (n=1) 0 0 0 0 0 0 0 1 0 0 
S. salamae (n=2) 0 2 0 2 0 0 0 0 0 0 
S. arizonae (n=1) 0 1 0 1 0 0 0 0 0 0 
Total of resistant isolates 68 60 79 54 37 18 15 54 16 12 

Table 3. Number of isolates in different serovars resistant to different antibiotics 

There were 164 Salmonella isolates belonging to 46 serovars exhibited 55 different resistance 
patterns. A percentage of 23.5 (50/213) of the isolates displayed a single type of resistance, 
17.8% (38/213) showed resistance to two classes of antibiotics (data not shown) and 35.7% 
(76/213) were multidrug-resistant (resistant to more than two antimicrobials). Resistance 
patterns, MAR indices and plasmid profiles are presented in Table 4. As shown in this 
Table, the 76 multidrug-resistant isolates (MDR) exhibited 37 different MDR profiles. Of 
these profiles, 17, 10, 6 and 4 resulted from resistance to 3, 4, 5 and 6 antimicrobials. All of S. 
Virchow isolates (n=10) showed a resistance pattern of TeNaCot. One isolate of each of S. 
Enteritidis and S. Inganda and two isolates of S. Paratyphi B shared the pattern CnStAmp. 
One isolate of each of S. Inganda, S. Isangi, S. Limete and two isolates of S. Edinburg 
showed four different hexa-resistance patterns. Seven isolates of S. Kentucky, three of S. 
Typhi and one isolate of each of S. ParatyphiB and S. Albany had six penta-resistance 
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patterns. Four isolates of S. Kentucky shared the same profile of TeCnNaStAmp while the 
three isolates of S. Typhi shared the pattern TeStCotCAmp.  

Twenty-one isolates belonging to ten serovars showed resistance to four antibiotics and 
exhibited ten resistance patterns. Of these, three patterns (TeCnNaSt, NaCipNorAmp and 
NaCipNorApr) were shown by eight isolates of S. Kentucky. One of the patterns, TeCnNaSt, 
was displayed by five of the 19 S. Kentucky isolates while the three isolates of S. Molade and 
two of S. Typhi shared the pattern TeStCotAmp. The other six patterns were shown by eight 
isolates belonging to the serovars Edinburg (2), Paratyphi B (1), Rissen (1), Java (1), 
Livingstone (1), Enteritidis (1) and Albany (1). 

Of the 76 isolates showing MDR, 42 (55.3%) originated from human sources, 26 (34.2%) from 
poultry, 3 (3.9%) from each of water and food and 2 (2.6%) from animal sources. Of the 26 
poultry isolates showing MDR, 13 belonged to S. Kentucky and 9 to S. Virchow whereas 17 
of the 42 MDR human isolates belonged to S. Typhi (7), S. Paratyphi (6) and S. Edinburg (4). 
Average of multiple antibiotic resistance indices (MAR indices) indicated that Salmonella 
isolated from water had the highest average MAR index (0.4) followed by human (0.39), 
poultry (0.37), animal (0.35) and food (0.3). 

Pattern Serovars Source MAR 
index 

Plasmid Profile 
(Kb) 

Cn,Nor,Apr Agona Human 0.3 ND 
Cn,Nor,Apr Agona Human 0.3 ND 
Cn,Amp,Apr Albany Human 0.3 ND 
Te,Na,St Blockley Poultry 0.3 ND 
Cn,St,Cip Enteritidis Human 0.3 12.5 
Cn,St,Amp Enteritidis Human 0.3 12.2 
Cn,St,Amp Inganda Human 0.3 ND 
Te,C,Amp Isangi Human 0.3 10.6 
Cn,St,Apr Kalina Human 0.3 ND 
Cn,St,Apr Kalina Human 0.3 ND 
Cn,St,Apr Limete Human 0.3 10.6 
Na,St,Amp Livingstone Food 0.3 10.6 
Te,C,Cip Massenya Human 0.3 12.2 
Te,C,Cip Massenya Human 0.3 10.6, 12.2 
St,C,Amp Menden Human 0.3 ND 
St,Ct,Amp Paratyphi B Human 0.3 8.3 
St,Ct,Amp Paratyphi B Human 0.3 10.6, 12.2 
Cn,St,Amp Paratyphi B Human 0.3 7.9, 10.6 
Cn,St,Amp Paratyphi B Human 0.3 10.6 
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Serovar 
Antibiotics 
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two of S. Typhi shared the pattern TeStCotAmp. The other six patterns were shown by eight 
isolates belonging to the serovars Edinburg (2), Paratyphi B (1), Rissen (1), Java (1), 
Livingstone (1), Enteritidis (1) and Albany (1). 

Of the 76 isolates showing MDR, 42 (55.3%) originated from human sources, 26 (34.2%) from 
poultry, 3 (3.9%) from each of water and food and 2 (2.6%) from animal sources. Of the 26 
poultry isolates showing MDR, 13 belonged to S. Kentucky and 9 to S. Virchow whereas 17 
of the 42 MDR human isolates belonged to S. Typhi (7), S. Paratyphi (6) and S. Edinburg (4). 
Average of multiple antibiotic resistance indices (MAR indices) indicated that Salmonella 
isolated from water had the highest average MAR index (0.4) followed by human (0.39), 
poultry (0.37), animal (0.35) and food (0.3). 

Pattern Serovars Source MAR 
index 

Plasmid Profile 
(Kb) 

Cn,Nor,Apr Agona Human 0.3 ND 
Cn,Nor,Apr Agona Human 0.3 ND 
Cn,Amp,Apr Albany Human 0.3 ND 
Te,Na,St Blockley Poultry 0.3 ND 
Cn,St,Cip Enteritidis Human 0.3 12.5 
Cn,St,Amp Enteritidis Human 0.3 12.2 
Cn,St,Amp Inganda Human 0.3 ND 
Te,C,Amp Isangi Human 0.3 10.6 
Cn,St,Apr Kalina Human 0.3 ND 
Cn,St,Apr Kalina Human 0.3 ND 
Cn,St,Apr Limete Human 0.3 10.6 
Na,St,Amp Livingstone Food 0.3 10.6 
Te,C,Cip Massenya Human 0.3 12.2 
Te,C,Cip Massenya Human 0.3 10.6, 12.2 
St,C,Amp Menden Human 0.3 ND 
St,Ct,Amp Paratyphi B Human 0.3 8.3 
St,Ct,Amp Paratyphi B Human 0.3 10.6, 12.2 
Cn,St,Amp Paratyphi B Human 0.3 7.9, 10.6 
Cn,St,Amp Paratyphi B Human 0.3 10.6 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

64

Pattern Serovars Source MAR 
index 

Plasmid Profile 
(Kb) 

Te,C,Nor Saragane Human 0.3 12.2 
Te,Cn,St Stanley Human 0.3 ND 
Te,Cn,St Stanley Human 0.3 7.9 
Te,Na,Cot Stanleyville Poultry 0.3 8.3, 12.5 
Te,Cot,Amp Stanleyville Animal 0.3 1.2, 12.2, 12.5 
Te,Cot,Amp Stanleyville Food 0.3 1.2, 12.2, 12.5 
Te,Cot,Amp Stanleyville Poultry 0.3 1.2, 12.5 
Cn,Na,Amp Typhi Human 0.3 3.5, 8.3 
Na,St,Cip Typhi Human 0.3 8.3, 12.2, 12.5 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Food 0.3 ND 
Cn,St,Cip,Nor Albany Human 0.4 12.5 
Cn,Na,C,Amp Edinburg Human 0.4 12.2, 10.6 
Cn,Na,C,Amp Edinburg Human 0.4 ND 
Cn,Na,C,Amp Enteritidis Human 0.4 ND 
Cn,Na,St,Cip Java Human 0.4 12.5 
Te,Cn,Na,St Kentucky Poultry 0.4 ND 
Te,Cn,Na,St Kentucky Poultry 0.4 ND 
Te,Cn,Na,St Kentucky Poultry 0.4 2.9, 3.5 
Te,Cn,Na,St Kentucky Poultry 0.4 2.9, 5.5 
Te,Cn,Na,St Kentucky Poultry 0.4 5.5 
Na,Cip,Nor,Amp Kentucky Poultry 0.4 15.6, 12.5, 12.2 
Na,Cip,Nor,Amp Kentucky Poultry 0.4 15.6, 12.2 
Na,Cip,Nor,Apr Kentucky Poultry 0.4 12.2 
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Pattern Serovars Source MAR 
index 

Plasmid Profile 
(Kb) 

Cn,Na,St,Amp Livingstone Animal 0.4 8.3, 12.2 
Te,St,Ct,Amp Molade Water 0.4 1.2, 2.9, 8.3 
Te,St,Ct,Amp Molade Water 0.4 1.2, 8.3 
Te,St,Ct,Amp Molade Water 0.4 1.2, 8.3 
Te,St,Ct,C Paratyphi B Human 0.4 12.5 
Cn,Na,St,Ct Rissen Poultry 0.4 12.2 
Te,St,Ct,Amp Tuphi Human 0.4 12.2, 12.5 
Te,St,Ct,Amp Tuphi Human 0.4 3.5, 12.2 
Cn,St,C,Cip,Nor Albany Human 0.5 8.3, 12.2 
Cn,Na,St,Cip,Nor Kentucky Human 0.5 12.2 
Cn,Na,St,Cip,Nor Kentucky Human 0.5 5.5, 12.2 
Te,Cn,Na,St,Ct Kentucky Poultry 0.5 ND 
Te,Cn,Na,St,Amp Kentucky Poultry 0.5 7.9 

Te,Cn,Na,St,Amp Kentucky Poultry 0.5 ND 
Te,Cn,Na,St,Amp Kentucky Poultry 0.5 10.6 
Te,Cn,Na,St,Amp Kentucky Poultry 0.5 7.9 
Cn,Na,St,Cip,Amp Paratyphi B Human 0.5 12.2, 12.5 
Te,St,Ct,C,Amp Typhi Human 0.5 8.3, 12.5 
Te,St,Ct,C,Amp Typhi Human 0.5 3.5, 8.3, 12.5 
Te,St,Ct,C,Amp Typhi Human 0.5 8.3, 12.5 
Te,Cn,Ct,C,Cip,Amp Edinburg Human 0.6 15.6, 10.6 
Te,Cn,Ct,C,Cip,Amp Edinburg Human 0.6 15.6, 12.5 
Te,Cn,St,Ct,C,Amp Inganda Human 0.6 12.5 
Te,Cn,Na,C,Cip,Amp Isangi Human 0.6 12.2, 15.6 
Te,Cn,Na,St,Cip,Nor Limete Human 0.6 12.2, 12.5 

Table 4. Multiple antibiotic resistance profile and MAR indices of individual Salmonella isolates 

Results of plasmid profile for MDR Salmonella isolates is shown in Table 4. Plasmid DNA 
was detected in 67.1% of the multiple resistant isolates demonstrating nine plasmids which 
constituted four plasmid profiles among the 37 resistance patterns. The number of plasmids 
per isolate ranged from 1 – 3 and their sizes ranged from 1.2 - 15.6 Kb. The majority of 
isolates (31.6%) had two plasmids but 27.6% had a single plasmid while 7.9% of the isolates 
had three plasmids. MDR Salmonella isolates that not harboring plasmids showed ten 
different resistance patterns which includes all of the antibiotics examined except for 
ciprofloxacin. Plasmids were not detected in all S. Virchow isolates (n=10) which share the 
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Pattern Serovars Source MAR 
index 

Plasmid Profile 
(Kb) 

Te,C,Nor Saragane Human 0.3 12.2 
Te,Cn,St Stanley Human 0.3 ND 
Te,Cn,St Stanley Human 0.3 7.9 
Te,Na,Cot Stanleyville Poultry 0.3 8.3, 12.5 
Te,Cot,Amp Stanleyville Animal 0.3 1.2, 12.2, 12.5 
Te,Cot,Amp Stanleyville Food 0.3 1.2, 12.2, 12.5 
Te,Cot,Amp Stanleyville Poultry 0.3 1.2, 12.5 
Cn,Na,Amp Typhi Human 0.3 3.5, 8.3 
Na,St,Cip Typhi Human 0.3 8.3, 12.2, 12.5 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Poultry 0.3 ND 
Te,Na,Cot Virchow Food 0.3 ND 
Cn,St,Cip,Nor Albany Human 0.4 12.5 
Cn,Na,C,Amp Edinburg Human 0.4 12.2, 10.6 
Cn,Na,C,Amp Edinburg Human 0.4 ND 
Cn,Na,C,Amp Enteritidis Human 0.4 ND 
Cn,Na,St,Cip Java Human 0.4 12.5 
Te,Cn,Na,St Kentucky Poultry 0.4 ND 
Te,Cn,Na,St Kentucky Poultry 0.4 ND 
Te,Cn,Na,St Kentucky Poultry 0.4 2.9, 3.5 
Te,Cn,Na,St Kentucky Poultry 0.4 2.9, 5.5 
Te,Cn,Na,St Kentucky Poultry 0.4 5.5 
Na,Cip,Nor,Amp Kentucky Poultry 0.4 15.6, 12.5, 12.2 
Na,Cip,Nor,Amp Kentucky Poultry 0.4 15.6, 12.2 
Na,Cip,Nor,Apr Kentucky Poultry 0.4 12.2 
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Pattern Serovars Source MAR 
index 

Plasmid Profile 
(Kb) 

Cn,Na,St,Amp Livingstone Animal 0.4 8.3, 12.2 
Te,St,Ct,Amp Molade Water 0.4 1.2, 2.9, 8.3 
Te,St,Ct,Amp Molade Water 0.4 1.2, 8.3 
Te,St,Ct,Amp Molade Water 0.4 1.2, 8.3 
Te,St,Ct,C Paratyphi B Human 0.4 12.5 
Cn,Na,St,Ct Rissen Poultry 0.4 12.2 
Te,St,Ct,Amp Tuphi Human 0.4 12.2, 12.5 
Te,St,Ct,Amp Tuphi Human 0.4 3.5, 12.2 
Cn,St,C,Cip,Nor Albany Human 0.5 8.3, 12.2 
Cn,Na,St,Cip,Nor Kentucky Human 0.5 12.2 
Cn,Na,St,Cip,Nor Kentucky Human 0.5 5.5, 12.2 
Te,Cn,Na,St,Ct Kentucky Poultry 0.5 ND 
Te,Cn,Na,St,Amp Kentucky Poultry 0.5 7.9 

Te,Cn,Na,St,Amp Kentucky Poultry 0.5 ND 
Te,Cn,Na,St,Amp Kentucky Poultry 0.5 10.6 
Te,Cn,Na,St,Amp Kentucky Poultry 0.5 7.9 
Cn,Na,St,Cip,Amp Paratyphi B Human 0.5 12.2, 12.5 
Te,St,Ct,C,Amp Typhi Human 0.5 8.3, 12.5 
Te,St,Ct,C,Amp Typhi Human 0.5 3.5, 8.3, 12.5 
Te,St,Ct,C,Amp Typhi Human 0.5 8.3, 12.5 
Te,Cn,Ct,C,Cip,Amp Edinburg Human 0.6 15.6, 10.6 
Te,Cn,Ct,C,Cip,Amp Edinburg Human 0.6 15.6, 12.5 
Te,Cn,St,Ct,C,Amp Inganda Human 0.6 12.5 
Te,Cn,Na,C,Cip,Amp Isangi Human 0.6 12.2, 15.6 
Te,Cn,Na,St,Cip,Nor Limete Human 0.6 12.2, 12.5 

Table 4. Multiple antibiotic resistance profile and MAR indices of individual Salmonella isolates 

Results of plasmid profile for MDR Salmonella isolates is shown in Table 4. Plasmid DNA 
was detected in 67.1% of the multiple resistant isolates demonstrating nine plasmids which 
constituted four plasmid profiles among the 37 resistance patterns. The number of plasmids 
per isolate ranged from 1 – 3 and their sizes ranged from 1.2 - 15.6 Kb. The majority of 
isolates (31.6%) had two plasmids but 27.6% had a single plasmid while 7.9% of the isolates 
had three plasmids. MDR Salmonella isolates that not harboring plasmids showed ten 
different resistance patterns which includes all of the antibiotics examined except for 
ciprofloxacin. Plasmids were not detected in all S. Virchow isolates (n=10) which share the 
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resistance profile TeNaCot, a profile which re-appeared only in one isolate of S. Stanleyville. 
The largest plasmid (15.6 Kb) was detected in two isolates of S. Edinburg, two isolates of S. 
Kentucky and one isolate of S. Isangi. They were all resistant to ampicillin and ciprofloxacin 
and showed three different resistance patterns. The smallest plasmid (1.2 Kb) detected in 
three isolates of each of S. Molade and S. Stainleyville. These isolates were resistant to 
tetracycline, co-trimoxazole and ampicillin. It is also clear that, all of the ciprofloxacin 
resistant isolates were found to contain at least one of the largest plasmids (12.2, 12.5 and 
15.6 Kb). The 12.2 Kb plasmid was present, either alone or in combination with plasmids of 
other sizes, in 15 (40.5%) of the different resistance patterns. 

3.3 Detection by PCR 

DNA extracted from 213 Salmonella strains and 12 closely related non-Salmonella strains were 
used to evaluate the specificity and sensitivity of ten primer sets to detect Salmonella sp. 
using the polymerase chain reaction technique (Table 5). The primer pairs targeting invA, 
hilA, iroB, oriC, fimA, hitJ and stn genes successfully amplified the DNA extracted from all 
Salmonella isolates generating the specific amplicon for each primer, and no amplification 
products were detected with DNA from non-Salmonella strains. These primers were, 
therefore, recommended as reliable means for simple and rapid PCR – based detection of 
the locally isolated Salmonella serovars. 

Primer 
Salmonella isolates 

(n=213) 
Non-Salmonella* isolates 

(n=12) 
Sensitivity limit as 

for S. Typhi 
(CFU/ml) No. of +ve No. of -ve No. of +ve No. of -ve 

invA 213 0 0 12 6.07x10 
hilA 213 0 0 12 6.07x102 

ompC 203 10 0 12 6.07x102 

iroB 213 0 0 12 6.07x102 

oriC 213 0 0 12 6.07x102 

fimA 213 0 0 12 6.07x102 

16S rDNA 213 0 4 8 6.07x102 

Rep.feg 201 12 5 7 6.07x102 

Hist 213 0 0 12 6.07x102 

Stn 213 0 0 12 6.07x102 

Table 5. Interpretation and follow-up action for PCR-based detection results. * E. coli, 
Klebsiella sp., Klebsiella pneumonia, Bacillus subtils, Serratia sp., Proteus sp., Shigella dysenteriae, 
Shigella flexneri, Citrobacter freundii, Pseudomonas aeroginosa, Staphylococcus sp. (1), 
Staphylococcus sp. (2). 

The ompC primer set produced the expected amplicon with the DNA extracted from most 
of the Salmonella isolates, but failed to do so with DNA of S. Molade and S. Meleagridis. 
Negative results were also obtained with all non-Salmonella strains. The primer set 16S 
rDNA generated target size amplicons with all Salmonella isolates. However, similar 
amplicons were produced from the DNA of some non-Salmonella strains including Proteus 
sp., Shigella dysenteriae, Citrobacter freundii and Pseudomonas aeruginosa. The repetitive 
fragment of DNA primer set failed to amplify the DNA of 2 isolates of each of S. 
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Adelaide, S. Senftenberg and S. Virchow, and one isolate of S. Blockley, S. Hadar, S. 
Molade, Poona, S. Schwazengrund and S. Stanlyville. Moreover, the repetitive fragment 
of DNA amplified a specific fragment from the DNA of E. coli, Klebsiella pneumoniae, 
Bacillus subtilis, Proteus sp. and Shigella flexneri. 

4. Discussion 
Salmonella was isolated from different sources with an overall prevalence of 11.09%, which is 
comparable to the isolation frequency (9.2 and 11.2%) reported by El Hussein et al. (2010) in 
Khartoum State, Sudan and by Mohammad et al. (2006) in Zahedan, Iran respectively. The 
prevalence percentage reported demonstrates the widespread occurrence and distribution of 
Salmonella in Sudan. This prevalence was clearly higher than the range of 3.34 - 4.0%, 
reported in the limited studies conducted previously (Soliman and Khan, 1959; Khan, 1962, 
1970; Yagoub and Mohamed, 1987; El Tom et al., 1999; Yagoub et al., 2006 and Hag Elsafi et 
al., 2009). Several studies in other developing countries have reported a higher overall 
prevalence of Salmonella (human, food, and animal) such as 68.2% in Ethiopia, 51.2% in 
Argentina , 25.9% in Korea, and 72% in Thailand (Cardinale et al., 2003). It is important to 
recognize that the prevalence and distribution of Salmonella serovars varies from region to 
region (Dominguez et al., 2002; Uyttendaele et al., 1998) and isolation rates depend upon the 
country where the study was carried out, the sampling plan and the detection limit of the 
methodology (Roberts, 1982; Uyttendaele et al., 1998). Consequently, it is difficult to make 
comparisons between Salmonella surveillance conducted in different countries. However, the 
serovars isolated from the various sample types in our survey in Sudan were comparable to 
the results reported by various investigators in other countries. For example, Baudart et al. 
(2000) reported the prevalence of S. Agona, S. Enteritidis, S. Infantis, S. Mbandaka, S. 
Muenster, S. Rissen, S. Typhimurium, S. Montevideo and S. Virchow in different aquatic 
environments. The same serovars plus S. Senftenberg were isolated by Saha et al. (2001) 
from faecal samples taken from hospitalized diarrhoeal children in India. Similar to this 
study, Liebana et al. (2001, 2002)and Tamada et al. (2001) reported the isolation of S. 
Mbandaka, S. Montevideo and S. Livingstone from animal sources. The findings of Delicato 
et al. (2004) and of Fernandez et al. (2003) were also comparable to our results. They 
reported the isolation of S. Enteritidis, S. Infantis and S. Typhimurium from human faeces. 
S. Typhimurium and S. Enteritidis, in particular, are regarded worldwide as significant 
pathogenic serovars, with certain phagetypes being associated with serious illness in 
humans, chickens and animals (Dominguez et al., 2002; Jorgensen et al., 2002; Roy et al., 
2002 & Mohammad et al., 2006). The predominant phagetype of S. Typhimurium was PT2, 
while those for S. Enteritidis were PT21a and Atypical. In Western Europe, phagetype 4 was 
generally reported as a dominant phage for S. Enteritidis (Humphrey et al., 1991), while in 
the United States, PT8 was generally dominant (Hickman-Brenner et al., 1991).  

The most predominant serovar in this study was S. Kentucky constituting 8.9% of the 
recovered isolates. The ranking of this serovar among other serovars increased substantially 
during the past decade in most European countries (Gill et al., 2002; 2004; Gill and Threlfall, 
2007; Bonalli et al., 2011). However, this serovar was considered an unsuccessful pathogen 
because it was rarely associated with human illness (Collard et al., 2007). S. Kentucky and S. 
Stanleyville were mostly isolated from poultry samples in comparison with other serotypes 
(24.3 and 17.1%, respectively). In chickens, it is well established that S. Enteritidis is the most 
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resistance profile TeNaCot, a profile which re-appeared only in one isolate of S. Stanleyville. 
The largest plasmid (15.6 Kb) was detected in two isolates of S. Edinburg, two isolates of S. 
Kentucky and one isolate of S. Isangi. They were all resistant to ampicillin and ciprofloxacin 
and showed three different resistance patterns. The smallest plasmid (1.2 Kb) detected in 
three isolates of each of S. Molade and S. Stainleyville. These isolates were resistant to 
tetracycline, co-trimoxazole and ampicillin. It is also clear that, all of the ciprofloxacin 
resistant isolates were found to contain at least one of the largest plasmids (12.2, 12.5 and 
15.6 Kb). The 12.2 Kb plasmid was present, either alone or in combination with plasmids of 
other sizes, in 15 (40.5%) of the different resistance patterns. 

3.3 Detection by PCR 

DNA extracted from 213 Salmonella strains and 12 closely related non-Salmonella strains were 
used to evaluate the specificity and sensitivity of ten primer sets to detect Salmonella sp. 
using the polymerase chain reaction technique (Table 5). The primer pairs targeting invA, 
hilA, iroB, oriC, fimA, hitJ and stn genes successfully amplified the DNA extracted from all 
Salmonella isolates generating the specific amplicon for each primer, and no amplification 
products were detected with DNA from non-Salmonella strains. These primers were, 
therefore, recommended as reliable means for simple and rapid PCR – based detection of 
the locally isolated Salmonella serovars. 

Primer 
Salmonella isolates 

(n=213) 
Non-Salmonella* isolates 

(n=12) 
Sensitivity limit as 

for S. Typhi 
(CFU/ml) No. of +ve No. of -ve No. of +ve No. of -ve 

invA 213 0 0 12 6.07x10 
hilA 213 0 0 12 6.07x102 

ompC 203 10 0 12 6.07x102 

iroB 213 0 0 12 6.07x102 

oriC 213 0 0 12 6.07x102 

fimA 213 0 0 12 6.07x102 

16S rDNA 213 0 4 8 6.07x102 

Rep.feg 201 12 5 7 6.07x102 

Hist 213 0 0 12 6.07x102 

Stn 213 0 0 12 6.07x102 

Table 5. Interpretation and follow-up action for PCR-based detection results. * E. coli, 
Klebsiella sp., Klebsiella pneumonia, Bacillus subtils, Serratia sp., Proteus sp., Shigella dysenteriae, 
Shigella flexneri, Citrobacter freundii, Pseudomonas aeroginosa, Staphylococcus sp. (1), 
Staphylococcus sp. (2). 

The ompC primer set produced the expected amplicon with the DNA extracted from most 
of the Salmonella isolates, but failed to do so with DNA of S. Molade and S. Meleagridis. 
Negative results were also obtained with all non-Salmonella strains. The primer set 16S 
rDNA generated target size amplicons with all Salmonella isolates. However, similar 
amplicons were produced from the DNA of some non-Salmonella strains including Proteus 
sp., Shigella dysenteriae, Citrobacter freundii and Pseudomonas aeruginosa. The repetitive 
fragment of DNA primer set failed to amplify the DNA of 2 isolates of each of S. 
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Adelaide, S. Senftenberg and S. Virchow, and one isolate of S. Blockley, S. Hadar, S. 
Molade, Poona, S. Schwazengrund and S. Stanlyville. Moreover, the repetitive fragment 
of DNA amplified a specific fragment from the DNA of E. coli, Klebsiella pneumoniae, 
Bacillus subtilis, Proteus sp. and Shigella flexneri. 

4. Discussion 
Salmonella was isolated from different sources with an overall prevalence of 11.09%, which is 
comparable to the isolation frequency (9.2 and 11.2%) reported by El Hussein et al. (2010) in 
Khartoum State, Sudan and by Mohammad et al. (2006) in Zahedan, Iran respectively. The 
prevalence percentage reported demonstrates the widespread occurrence and distribution of 
Salmonella in Sudan. This prevalence was clearly higher than the range of 3.34 - 4.0%, 
reported in the limited studies conducted previously (Soliman and Khan, 1959; Khan, 1962, 
1970; Yagoub and Mohamed, 1987; El Tom et al., 1999; Yagoub et al., 2006 and Hag Elsafi et 
al., 2009). Several studies in other developing countries have reported a higher overall 
prevalence of Salmonella (human, food, and animal) such as 68.2% in Ethiopia, 51.2% in 
Argentina , 25.9% in Korea, and 72% in Thailand (Cardinale et al., 2003). It is important to 
recognize that the prevalence and distribution of Salmonella serovars varies from region to 
region (Dominguez et al., 2002; Uyttendaele et al., 1998) and isolation rates depend upon the 
country where the study was carried out, the sampling plan and the detection limit of the 
methodology (Roberts, 1982; Uyttendaele et al., 1998). Consequently, it is difficult to make 
comparisons between Salmonella surveillance conducted in different countries. However, the 
serovars isolated from the various sample types in our survey in Sudan were comparable to 
the results reported by various investigators in other countries. For example, Baudart et al. 
(2000) reported the prevalence of S. Agona, S. Enteritidis, S. Infantis, S. Mbandaka, S. 
Muenster, S. Rissen, S. Typhimurium, S. Montevideo and S. Virchow in different aquatic 
environments. The same serovars plus S. Senftenberg were isolated by Saha et al. (2001) 
from faecal samples taken from hospitalized diarrhoeal children in India. Similar to this 
study, Liebana et al. (2001, 2002)and Tamada et al. (2001) reported the isolation of S. 
Mbandaka, S. Montevideo and S. Livingstone from animal sources. The findings of Delicato 
et al. (2004) and of Fernandez et al. (2003) were also comparable to our results. They 
reported the isolation of S. Enteritidis, S. Infantis and S. Typhimurium from human faeces. 
S. Typhimurium and S. Enteritidis, in particular, are regarded worldwide as significant 
pathogenic serovars, with certain phagetypes being associated with serious illness in 
humans, chickens and animals (Dominguez et al., 2002; Jorgensen et al., 2002; Roy et al., 
2002 & Mohammad et al., 2006). The predominant phagetype of S. Typhimurium was PT2, 
while those for S. Enteritidis were PT21a and Atypical. In Western Europe, phagetype 4 was 
generally reported as a dominant phage for S. Enteritidis (Humphrey et al., 1991), while in 
the United States, PT8 was generally dominant (Hickman-Brenner et al., 1991).  

The most predominant serovar in this study was S. Kentucky constituting 8.9% of the 
recovered isolates. The ranking of this serovar among other serovars increased substantially 
during the past decade in most European countries (Gill et al., 2002; 2004; Gill and Threlfall, 
2007; Bonalli et al., 2011). However, this serovar was considered an unsuccessful pathogen 
because it was rarely associated with human illness (Collard et al., 2007). S. Kentucky and S. 
Stanleyville were mostly isolated from poultry samples in comparison with other serotypes 
(24.3 and 17.1%, respectively). In chickens, it is well established that S. Enteritidis is the most 
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predominant Salmonella serovar, followed by S. Typhimurium (Mohammad et al., 2006; 
Suresh et al., 2011). However, no S. Enteritidis and only one isolate of S. Typhimurium was 
isolated from poultry in this study.  

Many animal species harbour Salmonella and can act as potential reservoirs for human 
infections. For example, S. Menden, S. Enteritidis, S. Montevideo and S. Senftenberg, which 
were recovered from humans in this study, were previously isolated from different animals 
in Sudan (Khan, 1970). Salmonella may enter the food chain through carcass contamination 
with animal faeces at slaughter and during processing, or through food or food handlers. 
However, human infection may also occur through contaminated water, pets, and exotic 
animals. Measures taken to control these routes of transmission are an effective way of 
preventing salmonellosis. The collection of prevalence data of Salmonella serovars is an 
important component of a successful epidemiological surveillance for public health 
management in any country. 

Since all human isolates were recovered from stool samples of food handlers, it is likely that 
food can act as potential reservoirs for salmonellosis epidemics. More strict measures should 
be implemented in the food industry to curtail the spread of salmonellosis in Sudan. For 
example, monitoring of restaurant workers should be performed at more frequent intervals 
rather than the current mandatory annual check-up for renewal of work permits. This 
should be accompanied by organized training programs involving suppliers of food items 
and corporate administrators as well as front line restaurant employees. More involvement 
by public health authorities in surveillance programs is needed to ensure that public safety 
regulations are properly implemented. 

This initial survey has provided useful information about the status of salmonellosis in 
Khartoum, Sudan. We have demonstrated that Salmonella was isolated mostly from humans 
followed by chickens suggesting that chicken and chicken-food products could be a 
potential source of salmonellosis in the food chain. The S. Kentucky serovar, which has a 
lesser potential for infection, was common to human, chicken and food items. Furthermore, 
S. Kentucky isolates are known for their resistance to ciprofloxacin, the antibiotic of choice 
for the treatment of typhoid in Sudan (Bonalli et al., 2011). Thus this phenotype may spread 
to other serovars which might have greater potential for infection.  

The increased level of drug resistance in Salmonella has become a public health concern (Pui 
et al., 2011). As antibiotic usage varies among countries, different resistant phenotypes and 
genotypes can be expected. Thus monitoring of antimicrobial resistance patterns from 
different sources and regions is an important issue.  

In this study, the rate of resistance to ampicillin (25.4%) and chloramphenicol (8.0%) was 
comparable to those detected for the same antibiotics in the year 2000. At that time, Ahmed 
et al. (2000) reported 25.0% and 13.0% resistance to ampicillin and chloramphenicol, 
respectively. However, the percentage of Salmonella isolates resistant to nalidixic acid and 
ciprofloxacin in Sudan has increased from zero percent (Ahmed et al., 2000) to 22.0 and 
8.9%, respectively. The wide resistance to Nalidixic acid is a matter of concern, since 
nalidixic acid resistance has been associated with a decrease in susceptibility to 
fluoroquinolones, including ciprofloxacin, which are used to treat salmonellosis in humans 
(Gorman and Adley, 2004). The human isolates were more resistant to ciprofloxacin (16.1%) 
than the poultry isolates of which only 5.7% showed resistance to the antibiotic. Our results 
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are consistent with what has been reported by Tassios et al. (1997), but disagree with the 
findings of Al-Bahry et al. (2007) who found that isolates of human origin were less resistant 
than those of chicken. In this study, resistance was 41.3% to streptomycin and 31.9% to 
tetracycline which is inconsistent with a report of complete susceptibility, to both antibiotics, 
by Singh et al. (2010) in India. Our results are in line with other investigators who observed 
high rates of resistance to streptomycin and tetracycline by Salmonella isolates (Zhao et al., 
2005; Stevens et al., 2006; Dogru et al., 2009; Iseri and Erol, 2010). De Oliveira et al. (2010) 
attributed the prevalence of resistance to streptomycin and tetracycline to their frequent 
administration in veterinary medicine.  

A lower percentage of resistance was observed for norfloxacin (7.5%), chloramphenicol 
(8.0%) and ciprofloxacin (8.9%). Lower resistance rates to these drugs were also reported by 
other workers (Gulsen et al., 2004; Zhao et al., 2006; Lestari et al., 2009). Therefore, these 
drugs may continue to be the drugs of choice for treatment of human salmonellosis in 
Sudan. apramycin, to which only 5.6% of Salmonella isolates were resistant, can replace the 
currently used antibiotics (mostly streptomycin and tetracycline) in the treatment of poultry.  

Reduced susceptibility to fluoroquinolones and chloramphenicol has also been reported 
particularly for S. Kentucky isolates in many countries of the region such as Ethiopia (Molla 
et al., 2006), Morocco (Bouchrif et al., 2009) and Tunisia (Turki et al., 2011). Weill and Le 
Hello (2008) indicated that the acquisition and spread of distinct antibiotic resistance, 
especially resistance to ciprofloxacin, the drug of choice in Sudan, is associated with the 
emergence of S. Kentucky.  

Turki et al. (2011) reported a correlation between resistance to nalidixic acid and 
ciprofloxacin. This was not the case in our study; instead, nalidixic acid resistance closely 
correlates with tetracycline resistance. Strong evidence of cross resistance between 
chloramphenicol and ampicillin was also observed. Of 17 chloramphenicol resistant isolates, 
12 (70.6%) were also resistant to ampicillin. Values of 100%, 85% and 21% cross resistance 
between these two antibiotics was reported by different investigators (Goldstein et al., 1983; 
Rowe et al., 1992; Gupta et al., 1990). 

This study demonstrated that 35.7% of the Salmonella isolates tested (n=213) were multidrug 
resistant. This level was comparable to that reported by Bouchrif et al. (2009) in Morocco 
(44%) and Van et al. (2007) in Vietnam (34%) but much lower than the level reported by 
Thong and Modarressi (2011) in Kuala Lumpur (67%). Among all Salmonella isolates from 
different sources, 37 antibiotic resistance patterns were detected, indicating wide spread 
multidrug resistance. This result is comparable with the findings of Singh et al. (2010) who 
identified 24 different resistance patterns among their Salmonella isolates. The authors 
attributed the observed high number in multidrug resistance patterns to the frequent use of 
antibiotics in the environments from which the isolates originated. It should be emphasized 
that most of the MDR isolates (n=76) in this study originated from human (42) and poultry 
sources (26). Nowroozi et al. (2004) demonstrated that indiscriminate use of antibiotics in 
poultry production has increased the emergence and maintenance of MDR bacteria in the 
environment. Similarly, Ahmed et al. (2000) attributed the high level of multiple resistance 
salmonellae among human isolates to the inordinate and irrational use of antimicrobial 
agents in the Sudan. The authors mentioned a number of factors that have led to the 
prevalence of antibiotic resistance. The most important among which are the deliberate self-
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administration of antibiotics by patients themselves, the wide use of antibiotics due to the 
high prevalence of infectious diseases, lack of laboratory support in rural areas and selective 
prescribing due to cost constrains.  

Plasmid DNA was demonstrated in 67.1% of the multiple resistant isolates. Our results 
indicated the association of large integrons (12.2 - 15.6 Kb) with the resistance to ampicillin 
and/or ciprofloxacin. Certain plasmid sizes may be responsible for resistance to particular 
antibiotics (White et al., 2001). Resistance to ampicillin in Salmonella was mediated by a β–
lactamase gene carried on a plasmid (Thong & Modarressi, 2011). Since some of the isolates 
were resistant to one or more antibiotics and yet did not harbour any plasmid, the antibiotic 
resistance might be chromosomally mediated or mediated by other mobile elements such as 
transposons (Yah & Eghafona, 2008). The finding of both plasmid and non-plasmid mediated 
antibiotic resistance is consistent with other studies (Rodrigue et al., 1992; Ansary et al., 2006). 
This implies that there is no consistent relationship between the detected plasmid profile and 
antibiotic resistance patterns. Similar conclusions were previously drawn by Shears et al. 
(1988) in Sudan and Mamun et al. (1993) in Bangladesh.  

In summary, this study confirmed that food, water, poultry and food handlers might act as 
reservoirs for antimicrobial resistant Salmonella. To diminish contamination rates by Salmonella, 
risk reduction strategies such as training of food handlers regarding food safety, institutional 
periodic focused medical checkups for food handlers, more restrictions on the irrational use of 
antibiotics, and establishment of standardized monitoring systems for on-going drug 
resistance surveillance are required. Although the current study addressed a local problem in 
Sudan where it appears that there is a high incident of antibiotic resistant salmonellae, many 
other developing countries are faced with a similar situation (Al-Bahry et al., 2007; Turki et al., 
2011; Thong and Modarressi, 2011). In addition, dissemination of information on antibiotic 
resistance is important for development of prescribing polices and for general medical 
practitioners in a remote area who may not have access to microbiology laboratory back-up 
and, hence, must depend on prevailing knowledge of antibiotic-resistant Salmonella.  

Results of the primers pairs targeting invA, hilA, iroB, oriC, fimA, hitJ and stn genes indicated 
their reliability, sensitivity and accuracy for the detection of Salmonella enterica. These 
findings affirm results of the previous studies (Moganedi et al., 2007; Murphy et al., 2007; 
Narvaneni and Jamil, 2005; Moore and Feist, 2006). It has been shown that invA and hilA 
genes are associated with pathogenicity of Salmonella spp. The former gene was reported to 
be essential for the invasion of epithelial cells by Salmonella (Moganedi et al., 2007); 
consequently, all Salmonella isolates studied are capable of invading the epithelial cells of the 
host (Bajaj et al., 1995). The hilA gene proved to be highly conserved among our Salmonella 
serovars. Being unspecific, the repetitive fragment of DNA, 16S rDNA and opmC primers 
were considered as unsuitable for PCR detection of locally isolated Salmonella serovars. The 
positive results obtained by the primer set 16S rDNA with some non-Salmonella strains 
could be explained by the fact that this primer set is constructed from 16SFl and 16SIII 
derived from the two regions of 16S rRNA gene. 16SF1 is the reverse and complementary 
strand of 16SI, which has been found to hybridize with Salmonella as well as with Citrobacter 
sp., while the 16SIII sequence was able to hybridize with Klebsiella and Serratia spp., in 
addition to Salmonella (Lin and Tsen, 1996). Similarly, the repetitive DNA fragment PCR 
assay was found to be unspecific for Salmonella as it failed to amplify the DNA of a number 
of Salmonella isolates and positive results were obtained for most of the non- Salmonella 
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strains. Comparably, Ziemer and Steadham (2003) reported the ability of this primer set to 
amplify the DNA of bacteria commonly associated with intestinal samples. 
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1. Introduction 
In modern society, snakes (suborder Serpentes) are valued for their use in scientific research. 
Although being perceived with fear and repugnance by many people, snakes play an 
essential role in nature and influence many aspects of human life and culture. For centuries, 
snakes have developed significant scientific, ecologic, economic, cultural, and religious 
importance (Table 1). 
 

Scientific Laboratory animals for biomedical research 
 Research on venoms for the development of new therapeutic drugs 
 Venom collection for antiserum production 
Ecologic Control of rodents and other vertebrates 
 Prey items for several carnivore species (mammals, birds and reptiles) 
 Important components of the food web 
 Ambassadors for environmental education programs and zoological parks 
Economic Exotic pets 
 Skin and meat production 
Cultural Popular symbolism, including as the symbol of the medical sciences 
 Mythological symbolism 
 Subjects in public demonstrations and entertainment 
Religious As a symbol and representation of gods and other religious elements 
 Use in various modern religious cults 

Table 1. Importance of snakes 

Direct contact is necessary between humans and snakes for many of the activities described 
above; however during such handling, one is susceptible to contamination by any microbe 
or pathogen that may be on the animal surface or in its secretions. Such contamination may 
occur not only by direct contact, but also indirectly through objects, food and inanimate 
surfaces that had previously been in contact with reptiles. 

Among the several microorganisms inhabiting the body of snakes, Gram-negative bacteria 
are considered one of the most significant groups. Although they may be part of the 
saprophytic microbiota, oftentimes they can behave as pathogens and lead to well-defined 
diseases or act as opportunistic invaders of their animal or human hosts. There are many 
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Gram-negative bacteria of medical significance, and Salmonella is a particularly important 
genus due to its implication for public health. 

2. Etiology 
The current classification of Salmonella is complex. The genus is divided into two major 
species: S. enterica and S. bongori (subspecies V). S. enterica is further divided into six distinct 
subspecies based on biochemical differences: enterica (subspecies I), salamae (subspecies II), 
arizonae (subspecies IIIa), diarizonae (subspecies IIIb), houtenae (subspecies IV), and indica 
(subspecies VI). Salmonella strains may be further classified by serology into over 2500 
serotypes (serovars) using the Kauffman and White classification scheme. This scheme 
defines the serogroup according to the expression of somatic lipopolysaccharide O antigens 
(LPS), and the serotype based on the expression of flagellar H antigens (Barrow et al., 2010; 
Grimont & Weill, 2007; Mitchell & Shane, 2001). Besides serving for classification purposes, 
the variations in LPS structure provide each serotype a different degree of virulence (Paré et 
al., 2006). Serotypes may be referred to by a name or an antigenic formula. In this chapter, 
strains will be referred to by the genus followed by the serotype or the number of the 
subgroup: Salmonella enterica enterica serotype Typhimurium will be referred to as “S. 
Typhimurium”, Salmonella enterica diarizonae 60:r:z15 as “S. 60:r:z15”, Salmonella enterica 
diarizonae (IIIb) as “S. IIIb”, and so forth. 

Distinct patterns of infection (pathovars) may also be used to classify serotypes. There are 
three pathovars: the first includes a few serotypes that produce severe systemic disease in 
healthy animals; the second pathovar comprises serotypes that affect young animals and 
pregnant or egg-laying females; the third pathovar includes serotypes that cause infection in 
immunocompromised animals (Barrow et al. 2010). 

The classification of strains based on their host range (host-specific, host-restricted, 
ubiquitous) is controversial (Barrow et al., 2010). Clinical signs involving the digestive tract 
are the predominant manifestations of the infections by the generalist serotypes. These 
infections are characterized by high morbidity but low mortality. In contrast, infections 
caused by serotypes adapted to specific animal species or a restrict group of hosts will tend 
to present low morbidity and high mortality (Hoelzer et al., 2011). 

In reptiles, Salmonella inhabits the distal small intestine and the colon (Carvalho, 2006); 
however its presence seldom produces primary disease, as the bacteria seem to be part of 
the indigenous gut flora of these animals (Mitchell, 2004). 

The first reports of Salmonella isolation from reptiles date back to cases involving lizards in 
1939. In 1944, the bacterium was first isolated from a Bull Snake (Pituophis catenifer) and in 
1946 from a turtle. However it was not until 1953, when a human was shown to have 
probably acquired salmonellosis from a chelonian, that these isolations were considered 
relevant (Mathewson, 1979). Hinshaw & McNeil (1944, 1945, 1946, 1947) were two 
researchers that greatly contributed on the first Salmonella isolations from reptiles. 

There is a very broad diversity of serotypes amongst reptiles (Pedersen et al., 2009). From all 
known serotypes, approximately 40% are predominantly associated with these animals 
(Hoelzer et al., 2011). Even though there are no reptile-specific serotypes, subspecies III is 
known to be the most common in snakes (Warwick et al., 2001). Other studies have also 
demonstrated that Salmonella enterica diarizonae (IIIb) corresponds to 92.8% of the serotypes 
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isolated from Bothrops jararaca (Bastos et al., 2008) and to 100% of the isolates from Bitis 
nasicornis and Bothriechis schlegelii (Schröter et al., 2004), and that the subspecies S. IIIa and S. 
IIIb are also generally predominant in various other snake species (Sá & Solari, 2001). 

In the past it was generally believed that subspecies III was a part of the reptile normal 
gastrointestinal microbiota (Orós et al., 1996). While serotypes of all Salmonella subspecies 
have been isolated from snakes (Bemis et al., 2007), S. IIIa seems to be the most pathogenic 
for these animals as it is most frequently isolated in cases with clinical disease (Lamberski et 
al., 2002; Ramsay et al., 2002).  It must be taken into account, however, that due to recent 
changes in the nomenclature and structure of antigenic formulas used to classify Salmonella 
strains it is often difficult to determine to what extent the previous reports involved the 
subspecies IIIa and IIIb (Bemis et al., 2007). In Brazil, the subgroup III (formerly classified as 
genus Arizona) was first isolated in snakes in 1973, by Moreno and colleagues. 

The retrieval of Salmonella strains from a reptile does not per se elucidate its role as a disease 
or potential zoonosis, as clinically healthy snakes may host highly virulent serotypes 
(Johnson-Delaney, 2006). Furthermore, the development of disease depends on a variety of 
factors such as animal species, individual susceptibility, stress, and inoculated dose 
(Carvalho, 2006). 

3. Epidemiology 
3.1 Prevalence 

One of the first estimates of Salmonella prevalence among snakes was performed by Chiodini 
& Sundberg in 1981, who described rates of infection ranging from 16 to 92%. Another study 
conducted by Chiodini (1982), found that 55 out of 56 snakes (98%) were naturally infected 
with Salmonella. Several other studies determined the prevalence of these bacteria in snakes 
throughout the world: 92.5% and 69.2% in Australia (Iveson et al., 1969; Scheelings et al., 
2011), 24% in Austria (Pfleger et al., 2003), 64.7% in Brazil (Bastos et al., 2008), 71.6% in 
Germany and Austria (Geue & Löschner, 2002), 69.7% in Taiwan (Chen et al., 2010), and 15% 
in Trinidad (Gopee et al., 2000). Prevalence is generally high in snakes; however it is 
important to consider these numbers may vary broadly depending on the evaluation 
methods (Johnson-Delaney, 2006). 

The most prevalent Salmonella strains in snake fecal samples may vary over time (Schröter et 
al., 2004), however such fluctuations have yet to be understood (Schröter et al., 2006), but it 
has been suggested that failures of the isolation methods and intermittent elimination of the 
bacteria in the feces may be involved (Chiodini & Sundberg, 1981). 

3.2 Sources of infection 

Fecal shedding is well documented in snakes (Ramsay et al., 2002) however other potential 
sources of infection must be considered (Warwick et al., 2001). The bacteria may be present 
in the oral cavity and there is a remote possibility of transmission through bites (see 
Treatment). The bacteria can also be eliminated via the cloaca in the eggs, feces, urine, and 
possibly other secretions. 

Ramsay et al. (2002) reported that in a colony of rattlesnakes, some of which presented 
Salmonella-associated osteomyelitis, contaminated wood shaving substrate might have been a 
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Gram-negative bacteria of medical significance, and Salmonella is a particularly important 
genus due to its implication for public health. 
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arizonae (subspecies IIIa), diarizonae (subspecies IIIb), houtenae (subspecies IV), and indica 
(subspecies VI). Salmonella strains may be further classified by serology into over 2500 
serotypes (serovars) using the Kauffman and White classification scheme. This scheme 
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In the past it was generally believed that subspecies III was a part of the reptile normal 
gastrointestinal microbiota (Orós et al., 1996). While serotypes of all Salmonella subspecies 
have been isolated from snakes (Bemis et al., 2007), S. IIIa seems to be the most pathogenic 
for these animals as it is most frequently isolated in cases with clinical disease (Lamberski et 
al., 2002; Ramsay et al., 2002).  It must be taken into account, however, that due to recent 
changes in the nomenclature and structure of antigenic formulas used to classify Salmonella 
strains it is often difficult to determine to what extent the previous reports involved the 
subspecies IIIa and IIIb (Bemis et al., 2007). In Brazil, the subgroup III (formerly classified as 
genus Arizona) was first isolated in snakes in 1973, by Moreno and colleagues. 

The retrieval of Salmonella strains from a reptile does not per se elucidate its role as a disease 
or potential zoonosis, as clinically healthy snakes may host highly virulent serotypes 
(Johnson-Delaney, 2006). Furthermore, the development of disease depends on a variety of 
factors such as animal species, individual susceptibility, stress, and inoculated dose 
(Carvalho, 2006). 

3. Epidemiology 
3.1 Prevalence 

One of the first estimates of Salmonella prevalence among snakes was performed by Chiodini 
& Sundberg in 1981, who described rates of infection ranging from 16 to 92%. Another study 
conducted by Chiodini (1982), found that 55 out of 56 snakes (98%) were naturally infected 
with Salmonella. Several other studies determined the prevalence of these bacteria in snakes 
throughout the world: 92.5% and 69.2% in Australia (Iveson et al., 1969; Scheelings et al., 
2011), 24% in Austria (Pfleger et al., 2003), 64.7% in Brazil (Bastos et al., 2008), 71.6% in 
Germany and Austria (Geue & Löschner, 2002), 69.7% in Taiwan (Chen et al., 2010), and 15% 
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important to consider these numbers may vary broadly depending on the evaluation 
methods (Johnson-Delaney, 2006). 

The most prevalent Salmonella strains in snake fecal samples may vary over time (Schröter et 
al., 2004), however such fluctuations have yet to be understood (Schröter et al., 2006), but it 
has been suggested that failures of the isolation methods and intermittent elimination of the 
bacteria in the feces may be involved (Chiodini & Sundberg, 1981). 

3.2 Sources of infection 

Fecal shedding is well documented in snakes (Ramsay et al., 2002) however other potential 
sources of infection must be considered (Warwick et al., 2001). The bacteria may be present 
in the oral cavity and there is a remote possibility of transmission through bites (see 
Treatment). The bacteria can also be eliminated via the cloaca in the eggs, feces, urine, and 
possibly other secretions. 

Ramsay et al. (2002) reported that in a colony of rattlesnakes, some of which presented 
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source of infection when snakes were transferred among cages. The transmission of Salmonella 
through inanimate objects has been well described in a Salmonella outbreak in Komodo 
Dragons (Varanus komodoensis) held captive at a zoo (Friedman et al., 1998). Furthermore, 
considering the natural tongue-flicking behavior of snakes, the ingestion of substrate during 
prey consumption is probably not necessary to cause infection, as the briefest contact of the 
tongue with a contaminated surface could be sufficient to acquire Salmonella. Although the 
bacterium is frequently present in the environment, large outbreaks in humans are rarely 
caused solely due to environmental contamination (Friedman et al., 1998). 

Some reptiles may inoculate Salmonella through bites and claw scratches. It is also possible 
that humans could be infected through ear or eye contact with feces, urine or water from the 
snakes’ cages (Warwick et al., 2001). A snake may become infected when maintained in poor 
hygiene conditions, in cages or exhibits with accumulation of excrements (Fornazari & 
Teixeira, 2009). 

3.3 Methods of transmission 

Transmission occurs primarily through the fecal-oral route, but may also occur through the 
ingestion of contaminated food or water. Bacteria present in inanimate surfaces or in the 
animals may also be transmitted indirectly (Carvalho, 2006). 

Snake prey, whether wild animals captured by free-ranging snakes or laboratory animals 
used to feed captive snakes, may present distinct species-specific characteristics that 
influence the acquisition of Salmonella. This bacterium has been frequently retrieved from 
wild rodents (Hoelzer et al., 2011) and other vertebrates upon which free-ranging snakes 
feed, however its prevalence tends to be generally lower in wild than in captive reptiles 
(Gray, 2011). 

Although most snakes feed on vertebrates, some have specialized on invertebrate-based 
diets. Mollusks and crustaceans may also be consumed by snakes and it is believed that they 
may be a source of Salmonella to humans and other animals. Information is yet insufficient to 
confirm whether they could be potential sources of infection for snakes, but it has been 
suggested that they could maintain these bacteria in natural environments (Minette, 1984). 

The indirect transmission from reptiles may occur because Salmonella can retain its virulence 
for several days or months in the environment. This has been shown to be particularly 
important for small children, as they may often become infected without ever touching the 
pet reptile (Bays, 2005; Hoelzer et al., 2011). 

Mermin et al. (2004) reported that Salmonella can been isolated from the aquarium water of 
chelonians several weeks following contamination, and the bacteria can be recovered from 
the reptiles’ feces even several months after defecation. It is likely that strains from semi-
aquatic snakes may persist for several weeks in the water of their cages. 

Salmonella has been used for several decades in an unusual manner: as a rodenticide. Even 
nowadays these products are still produced in some countries, despite the risk they are 
known to pose to human health (Painter et al., 2004). Such rodenticides are prepared using 
Salmonella Typhimurium and S. Enteritidis (Hoelzer et al., 2011). In addition to the 
unnecessary risk of transmission to humans, the strains used in these products may infect 
food, livestock and wildlife. 
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Another form of Salmonella infection is vertical transmission. Investigating chelonians, 
Kaufmann and colleagues (1972) reported that the first studies on this subject indicated trans-
ovarian infection may occur, but with unknown frequency and likely with less relevance than 
post-laying contamination of the eggs. Those authors did not succeed in isolating Salmonella 
from the ovarian tissues of the turtles as they had done before (Kaufmann & Morrison, 1966) 
and suggested their previous findings could be due to rapid bacterial penetration through the 
egg shell after oviposition, resulting in infected newborn animals. In the 1960s, it was already 
known that Salmonella quickly penetrated turtle eggs, contaminating them as they passed 
through the cloaca or were laid in contaminated soil (Chiodini & Sundberg, 1981). In the 
following decades, the isolation of Salmonella from turtle ovarian tissues and egg contents as 
had been performed by Kaufmann and Morrison (1966) was not reproduced (Kaufmann et al., 
1972) nor investigated in other reptiles (Chiodini & Sundberg, 1981). 

Snake fetuses are not sterile, and the shedding of Salmonella by hatchlings does not 
necessarily occur even when the fetuses are already infected by that microorganism 
(Chiodini, 1982). Salmonella is only shed in the feces when the digestive tract of the fetus is 
infected, not in systemic or coelomic infections. Moreover, because Salmonella may be 
isolated in one fecal culture and not in another, it is possible that fetuses positive to S. 
arizonae may be delivered by a female that had negative fecal cultures during pregnancy 
(Chiodini, 1982). 

In a study carried out in Germany, Schröter et al. (2006) observed 65% Salmonella prevalence 
in newborn snakes, suggesting that colonization may have occurred during pregnancy or 
upon birth. There seems to be no correlation between a specific serotype and its success in 
being transmitted to the host’s progeny. 

Discussions on the vertical transmission of a pathogen are generally focused on the female, 
whether it is an oviparous or viviparous species. The male is not often considered, either 
because it is not recognized as playing a significant role in vertical transmission or simply 
because it is forgotten. In certain snake species sperm transfer during copulation may be 
very prolonged, the cloacae remaining in intimate contact during this period, which may be 
sufficient for the exchange of bacteria between male and female. Moreover, it has been 
shown that some female snakes can store viable sperm from copulation for up to 6 years, a 
phenomenon called amphigonia retardata (Mader, 2006). There is research that can help us 
evaluating the possibility of sexual transmission of Salmonella from male to female, and the 
potential hazard for posterior vertical transmission to the progeny (Hidalgo-Vila, 2007, as 
cited in Pedersen et al., 2009). For instance, Chiodini (1982) did not succeed in isolating 
Salmonella from snake testes, whilst Ramsay et al. (2002) successfully isolated S. arizonae 
from the testes of a Crotalus willardi, and noted that active spermatogenesis occurred despite 
the presence of granulomatous infiltrates. 

Behavioral characteristics may interfere with the acquisition and elimination of Salmonella by 
a snake. The high prevalence of Salmonella in terrestrial (ground-dwelling) snakes when 
compared to arboreal snakes may be explained by behavioral differences and by the higher 
risk for the terrestrial species to come in contact with contaminated excrements in the soil or 
substrate (Schröter et al., 2004). Semiaquatic snakes, which spend most of their time inside 
water, present a greater probability to acquire Salmonella by hydric transmission. This 
becomes particularly relevant for snakes in captivity, where the concentration of bacteria 
may become high depending on the maintenance routine and the characteristics of their 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

84

source of infection when snakes were transferred among cages. The transmission of Salmonella 
through inanimate objects has been well described in a Salmonella outbreak in Komodo 
Dragons (Varanus komodoensis) held captive at a zoo (Friedman et al., 1998). Furthermore, 
considering the natural tongue-flicking behavior of snakes, the ingestion of substrate during 
prey consumption is probably not necessary to cause infection, as the briefest contact of the 
tongue with a contaminated surface could be sufficient to acquire Salmonella. Although the 
bacterium is frequently present in the environment, large outbreaks in humans are rarely 
caused solely due to environmental contamination (Friedman et al., 1998). 

Some reptiles may inoculate Salmonella through bites and claw scratches. It is also possible 
that humans could be infected through ear or eye contact with feces, urine or water from the 
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feed, however its prevalence tends to be generally lower in wild than in captive reptiles 
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diets. Mollusks and crustaceans may also be consumed by snakes and it is believed that they 
may be a source of Salmonella to humans and other animals. Information is yet insufficient to 
confirm whether they could be potential sources of infection for snakes, but it has been 
suggested that they could maintain these bacteria in natural environments (Minette, 1984). 

The indirect transmission from reptiles may occur because Salmonella can retain its virulence 
for several days or months in the environment. This has been shown to be particularly 
important for small children, as they may often become infected without ever touching the 
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Mermin et al. (2004) reported that Salmonella can been isolated from the aquarium water of 
chelonians several weeks following contamination, and the bacteria can be recovered from 
the reptiles’ feces even several months after defecation. It is likely that strains from semi-
aquatic snakes may persist for several weeks in the water of their cages. 

Salmonella has been used for several decades in an unusual manner: as a rodenticide. Even 
nowadays these products are still produced in some countries, despite the risk they are 
known to pose to human health (Painter et al., 2004). Such rodenticides are prepared using 
Salmonella Typhimurium and S. Enteritidis (Hoelzer et al., 2011). In addition to the 
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tank or artificial lake. There is a case report of fatal bacterial sepsis in Water Snakes (Helicops 
modestus) in which the lack of flowing water was considered a contributing factor for the 
contamination of the cages with Proteus vulgaris (Coutinho et al., 2001). 

Although they often prefer to place their feces on a corner of the cage, snakes may defecate 
and urinate in various locations, including in watering bowls, particularly after ecdysis. 
Urine may be contaminated by fecal debris upon expelling through the cloaca. Some 
freshwater chelonians can drain water into the cloaca and release it at the nesting site to 
soften the soil and facilitate oviposition (Warwick et al., 2001), a behavior that may lead to 
the contamination of the nest and eggs. 

4. Diagnostic techniques 
The diagnostic method most frequently used to isolate Salmonella is microbiological culture 
(Mitchell, 2006). Isolation protocols and information on culture media are easily found in the 
vast scientific literature on this topic. The isolation of this bacterium generally involves: 
direct culture, enrichment, inoculation on culture plates, screening for suspect colonies and 
confirmation through biochemical and serological tests (Waltman, 2000). Most techniques 
and protocols used for the isolation of Salmonella from other sources are also used for its 
isolation from reptiles. 

Although microbiological culture may fail to detect some asymptomatic carriers (Bradley & 
Angulo, 2008), it may assist investigations concerning the transmission of Salmonella from 
reptiles to humans (Gray, 2011), while biomolecular assays such as pulsed-field gel 
electrophoresis (PFGE) provide additional confirmatory clues. 

Tetrathionate, Rappaport-Vassiliadis and selenite broths are the selective-enrichment media 
used to isolate Salmonella. To isolate this bacterium from reptiles, Mitchell (2006) 
recommends selenite broth. After incubation, a small aliquot of the primary enrichment 
broth is transferred to a selective medium. Although the direct culturing of a sample is 
usually unsuccessful, Bastos et al. (2008) were able to isolate multiple Salmonella and other 
enterobacteria from intestinal mucosa swabs of Bothrops jararaca. 

Most of the broad variety of selective media used to isolate Salmonella from other animals 
has already been tested for reptiles, and the XLT4 agar has been shown to provide the best 
results (Bastos et al., 2008; Mitchell, 2006). In spite of the morphologic similarity of 
Salmonella colonies with those of other Enterobacteriaceae in MacConkey agar, Bastos et al. 
(2008) isolated 7 colonies on this agar (poorly selective media) when compared to the 13 
colonies obtained from the same samples using the XLT4 agar (highly selective media); 
MacConkey agar is seldom used to specifically isolate Salmonella. 

Selective screening media are used to confirm or rule out suspect colonies. The most 
commonly used are lysine iron agar (LIA), urea and triple sugar iron agar (TSI), besides a 
variety of commercial biochemical test kits (Mitchell, 2006). 

After confirmation of the Salmonella genus, colonies can be submitted for serotyping. 
Subsequently, the isolates may be further identified using molecular methods such as 
ribotyping and PFGE (Ghilardi et al., 2006; Nair et al., 2002). Non-culture diagnostic methods 
can also be used for the detection of Salmonella, such as enzyme-linked immunosorbent assays 
(ELISA) and polymerase chain reactions (PCR). Both techniques can detect low numbers of 
bacteria in a sample (Mitchell, 2006); however are seldom applied for reptiles. 
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Rough phase strains are frequently isolated (Bastos et al., 2008; Geue & Löschner, 2002; 
Pedersen et al., 2009; Pfleger et al., 2003; Ramsay et al., 2002). These isolates agglutinate 
spontaneously during the agglutination serotyping tests (Difco, 2011), producing negative 
results that render these strains non-typable. Non-typable strains are also frequent in 
Salmonella isolated from reptiles (Bastos et al., 2008; Chen et al., 2010; Pedersen et al., 2009; 
Sá & Solari, 2001). Salb et al. (2002) were able to identify 42% of the isolates retrieved from 
Green Iguanas (Iguana iguana). Isolates from other vertebrates may also be similarly difficult 
to characterize. 

Knowledge on the dynamics of this bacterium may be obtained through antigenic 
characterization and molecular methods (Nair et al., 2002; Sá & Solari, 2001). However, 
studies on the virulence of Salmonella in snakes still lack appropriate infection models 
(Bernis et al., 2007). 

5. Clinical signs 
In reptiles, Salmonella gastroenteritis leads to diarrhea (Funk, 1996), particularly in acute form. 
Other clinical signs include coelomitis, pneumonia, and septicemia. Hypovolemic shock and 
death may also occur. The feces may become green-grayish and contain mucus or blood. Small 
hemorrhagic spots may appear on the mucous membranes and ventral scales in animals with 
sepsis. Reptiles in this condition may also exhibit muscle weakness (Messonnier, 1996). 

Inappetance and regurgitation with blood and mucus were observed in a Rosy Boa (Lichanura 
trivirgata) with gastrointestinal lesions (Orós et al., 1996). Extra-intestinal salmonellosis may 
also occur. S. arizonae has been associated with extensive bone lesions on the vertebrae and ribs 
of snakes, leading to limited mobility and prostration. Severely affected animals lose their 
righting reflexes and fail to capture prey (Ramsay et al., 2002). Salmonella-associated 
pneumonias in Boa constrictor may also lead to dyspnea (Onderka & Finlayson, 1985). 

6. Pathological findings 
Several reports dating back to the 1940s demonstrated that snakes may harbor Salmonella, 
often without any clinical manifestations (asymptomatic carriers) or with clinical signs and 
lesions typically related to the disease. Although this does not occur frequently, the first 
descriptions reported hepatic lesions and intestinal inflammation (Page, 1966). Inflammation 
and necrosis are often present in many organs. However, Salmonella can occur in virtually 
any visceral tissue of clinically healthy snakes (Chiodini, 1982) and its implication in the 
death of snakes and other reptiles is uncommon. In snakes, salmonellosis may manifest as 
necrotizing subacute severe enteritis, normally involving the distal half of the intestines 
(Onderka & Finlayson, 1985). The intestinal tract of two Crotallus willardi that died from 
enteritis presented heterophilic necrotizing and granulomatous lesions (Ramsay et al., 2002). 
A Rosy Boa (Lichanura trivirgata) with gastrointestinal clinical signs presented diffuse 
thickening of the gastric wall with necrotic and fibrinonecrotic lesions (Orós et al., 1996). 

Besides the digestive tract, the urinary tract and the liver were found to be frequently 
infected in a survey conducted by Chiodini (1982). In snakes, Salmonella septicemia 
produced hepatitis associated to granulomas (Onderka & Finlayson, 1985). 

Salmonella was speculated to be involved in a case of septic endocarditis of a Burmese 
Python (Python molurus bivittatus) (Murray, 1996), and was proven to have caused 
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Rough phase strains are frequently isolated (Bastos et al., 2008; Geue & Löschner, 2002; 
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granulomatous myocarditis in a Madagascar Dumerili’s Boa (Acrantophis dumerili) (Schilliger 
et al., 2003). 

Lesions associated with S. arizonae are frequently observed in the gastrointestinal tract, 
spleen, liver, oviduct and ureter. Lesions in the respiratory tract are less common. Orós et al. 
(1996) observed tracheal necrosis and inflammation caused by S. arizonae in a double-headed 
Honduran Milksnake (Lampropeltis hondurensis) which had been found dead without 
previous clinical signals. Onderka & Finlayson (1985) reported fibrinous alveolar exudation 
and interstitial inflammatory infiltration in the lungs of a Boa constrictor deceased from a 
pneumonia caused by Salmonella. 

In snakes with osteomyelitis, the bone lesions presented heterophilic-granulomatous 
inflammation, osteonecrosis and sequestra, periosteal bone proliferations in the form of 
exostoses accompanied by heterophilic-granulomatous inflammation, and trabecular and 
cortical osteopenia; oophoritis and salpingitis also occured (Ramsay et al., 2002). 

7. Treatment 
7.1 Antibiotics 

It is not possible to eliminate Salmonella from the digestive tract of reptiles. Experience has 
shown it is impossible to raise Salmonella-free reptiles (Association of Reptilian and 
Amphibian Veterinarians [ARAV], 2009), suggesting a participation of environmental 
contamination in the infection, and indicating that the animals may maintain latent 
infections (Mermin et al., 2004). 

The administration of antimicrobial agents is not recommended for enteric salmonellosis in 
reptiles, as some studies have demonstrated that the course of the disease is not affected by 
the antimicrobial therapy. On the other hand, treatment of systemic salmonellosis should 
include intensive care and appropriate antimicrobial therapy (Hirsh, 2004). 

Whenever possible, antibiotic choice should be based on antimicrobial sensitivity testing. 
When this is not possible, information from the literature may be useful: Salmonella strains 
isolated from snakes are generally sensitive to aminoglycosides, quinolones and 
trimethoprim-sulfamethoxazole, and are often resistant to ampicillin, cefoperazone, 
chloramphenicol, neomycin, streptomycin and tetracycline (Bastos et al., 2008; Chen et al., 
2010; Gopee et al., 2000). Multi-resistant strains are uncommon. 

Bastos et al. (2008) demonstrated that Salmonella isolates from Jararacas were sensible to 
most antimicrobials tested. Salmonella strains carried by free-ranging snakes are also 
generally sensitive to antibiotics. Indiscriminate use of antibiotics can select resistant strains, 
however Jijón et al. (2007) pointed out that the emergence of drug-resistant bacteria is not 
mandatorily associated to prior antimicrobial therapy. 

Several bacterial genera, including Salmonella, may be isolated from the mouth of snakes that 
are clinically healthy or with stomatitis (Mehler & Bennett, 2006). However, prophylactic 
antibiotic administration is not recommended for victims of ophidism if the snake species 
involved has venom lacking strong cytotoxic effects, such as is the case for South American 
Rattlesnakes (Crotalus durissus) (Nishioka et al., 2000). Although the incidence of abscesses on 
the bite wound area is approximately 12% for accidents involving South American Bothrops 
spp. (Ribeiro & Jorge, 1990, 1997), the specific involvement of Salmonella is clearly not a 
problem (Andrade et al., 1989; Jorge et al., 1990). This also applies to large constrictor snakes 
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and small colubrids. Among several hundred snake-bite accidents involving numerous 
Brazilian species, in only one case (0.4%) there was the formation of a small, easily treatable 
abscess (Bastos, pers. obs.). Interestingly, snake venom contains biologically active peptides 
with antimicrobial activity (Lima et al., 2005; Wang et al., 2008). 

It is likely that the bacterial diversity found in the snake oral microbiota reflects the 
variation in the fecal microbiota of the live prey they ingested, particularly as the prey often 
defecates while it is being killed and consumed (Goldstein et al., 1979). These researchers 
mentioned that live rodents were used to feed the studied captive snakes, however 
oftentimes the studies on differences in the microbiota of wild and captive snakes do not 
specify which food items were offered to the animals. Another important consideration is 
that food and stress may alter the snake oral microbiota depending on the lifetime spent in 
captivity. 

7.2 Probiotics and prebiotics 

The capacity of the microbial flora to prevent the multiplication of a given microorganism is 
called competitive exclusion (Schneitz & Mead, 2000). Probiotics act in this manner: they are 
live microorganisms that provide beneficial effects to their host’s health that go beyond their 
inherent nutritional value. Studies demonstrate that only a few organisms truly act as 
probiotics (Myers, 2007). 

Studies from the 1980s and the early 1990s demonstrated that the successful colonization of 
the cecum of turkeys by bacteria such as Lactobacillus reuteri and Bacillus subtilis may provide 
protection against the establishment of Salmonella in the microbiota; these findings were 
accompanied by general improvements in viability, body mass, and feed conversion 
efficiency. Research on hens, however, have generally failed to reproduce those results and 
did not provide protection against the colonization by Salmonella (Hafez & Jodas, 2000). 
Recent studies have indicated some organisms that might be more successful in preventing 
Salmonella colonization in the ceca of hens, and Pascual and colleagues (1999) demonstrated 
that Lactobacillus salivarius strain CTC2197 may be an effective competitor against the 
establishment of S. Enteritidis in the intestinal epithelium of hens. 

The administration of probiotics on the feed of Green Iguanas (Iguana iguana) is anecdotally 
said to eliminate Salmonella from their gastrointestinal tract. However, such effect was not 
demonstrated in Carpet Pythons (Morelia spilota), as the probiotics did not prevent the 
shedding of the bacterium in the feces (Holz & Middleton, 2002). Although at the moment 
no tests on the use of probiotics in snakes have produced successful results, efforts to 
characterize their intestinal microflora have been conducted aiming to identify 
microorganisms that may be used for the competitive exclusion of Salmonella (Gray, 2011). 

Prebiotics are another group of substances intended to modify the intestinal environment, 
favoring the growth of beneficial microorganisms while preventing the proliferation of 
pathogens. Lactulose is a prebiotic with beneficial effects on the health of domestic animals, 
and has also been used to prevent the growth of Salmonella in their digestive tract (Holz & 
Middleton, 2005). This compound is used as a nutritional substrate, to promote the growth 
of desirable bacteria. Pathogenic bacteria, on the other hand, are unable to use this energetic 
substrate and their growth is suppressed by the acidification of the intestinal environment 
(Jankowski, 2009). Unfortunately, however, lactulose failed to prevent the elimination of 
Salmonella in the feces on studies conducted with Carpet Pythons (Morelia spilota) and Scrub 
Pythons (Morelia amethystina) (Holz & Middleton, 2005). 
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8. Prevention and control 
A number of measures may be taken to interrupt the proliferation of Salmonella in the 
environment, eliminate it whenever possible and prevent it from reaching specific areas: 
rigorous hygiene and disinfection of facilities and equipment, isolation of sick animals and 
asymptomatic carriers, measures of animal welfare, and the complete removal of organic 
matter to facilitate disinfectant action. Sodium hypochlorite (bleach) is an effective and low-
cost disinfectant that may be used for the sanitation of exhibits and cages. It should also be 
kept in mind that asymptomatic carriers are important sources of infection (Carvalho, 2006), 
as infected animals are normally isolated and monitored, thus reducing transmission 
(Fornazari & Teixeira, 2009). 

The general public is often unaware of the risks associated to salmonellosis, failing to take 
basic hygiene practices while handling reptiles. Simple hygiene procedures alone can 
considerably decrease the probability of transmission (Hoelzer et al., 2011). Friedman et al. 
(1998) demonstrated that washing hands after attending a reptile exhibit or before the next 
meal is sufficient to prevent reptile-associated salmonellosis. This hygiene routine oftentimes is 
not properly followed by children under the age of five, and as a result this age group is more 
prone to become contaminated (Centers for Disease Control and Prevention [CDC], 2010). 

The release of animals to their natural habitats, as performed by wildlife rehabilitation 
centers, should be thoughtful to avoid spreading Salmonella to free-ranging populations 
(Jijón et al., 2007). 

Table 2 presents a list of instructions cooperatively elaborated by the Association of 
Reptilian and Amphibian Veterinarians (ARAV) and the Center for Disease Control and 
Prevention (CDC) to reduce human exposure and disease development risks involving 
reptiles. Table 3 provides a client educational handout developed by the ARAV. 
 

Veterinarians who treat reptiles should educate their clients who own reptiles about 
Salmonella and provide information on the recommended precautions for reducing the 
risk of transmission of Salmonella from reptiles to humans. This is especially important in 
households with infants and children under 5 years of age or with immunocompromised 
persons. The CDC recommends that households with children less than 5 years of age not 
own reptiles. 

All veterinarians, staff and clients who handle reptiles should follow recommended 
precautions for reducing the risk of transmitting Salmonella from reptiles to humans. 
These precautions are also included in the ARAV client education handout and are based 
on good personal hygiene and not allowing reptiles to soil the owners’ domicile. 

All reptiles should be presumed to be carrying Salmonella in their intestinal tract and to be 
continuously or intermittently shedding it in their feces. Bacterial culture of fecal 
specimens from reptiles to determine Salmonella infection status is discouraged. If 
veterinarians are called upon to assist health officials in determining the cause of 
salmonellosis in a person, bacterial culture of combined fecal and cloacal specimens from 
reptiles with which that person has had direct or indirect contact are recommended. 
Serotyping of Salmonella isolates is usually needed to help discern the source of the 
Salmonella in human infections. 
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It is not recommended to treat healthy reptiles with antimicrobial agents with the 
intention of eliminating Salmonella from the intestinal tract. Clients who request treatment 
of healthy reptiles for Salmonella should be discouraged from such treatment and 
cautioned about the possibility of causing the emergence of antimicrobial-resistant 
Salmonella strains that might pose a greater health risk to humans (Bradley & Angulo, 
2008). 

Table 2. Salmonella and reptiles: veterinary guidelines 
 

Always wash your hands with hot, soapy water after handling reptiles, reptile cages and 
equipment, and the feces of reptiles. 

Do not allow reptiles to have access to the kitchen, dining room, or any other area in 
which food is prepared or eaten. Also, do not allow reptiles to have access to bathroom 
sinks and tubs or to any area where infants are bathed. Consider keeping your reptiles 
caged or limiting the parts of the house where reptiles are allowed to roam free. Always 
wash your hands after coming into contact with any area where reptiles are allowed to 
roam free. 

Do not eat, drink, or smoke while handling reptiles, reptile cages, or reptile equipment. 
Do not kiss reptiles or share food or drink with them. 

Do not use the kitchen sink, kitchen counters, bathroom sinks or bathtubs to bathe 
reptiles or to wash reptile cages, dishes or aquariums. Reptile owners may wish to 
purchase a plastic basin or tub in which to bathe or swim their reptiles. Waste water and 
fecal material should be disposed of in the toilet instead of the bathtub or household sink. 

The CDC recommends that children less than five years of age avoid contact with reptiles 
and those households with children less than five years of age not own reptiles. The 
ARAV encourages reptile owners with young children to discuss steps to minimize risks 
associated with owning reptiles with their reptiles' veterinarian and their physician. 
Children should be supervised when they are handling reptiles to ensure that they do not 
place their hands or objects that a reptile has contacted in their mouths. Reptiles should 
not be kept in childcare centers. 

Immunocompromised persons should avoid contact with reptiles. 

Follow instructions from your reptile's veterinarian concerning proper diet and 
environment for your reptile. Healthy reptiles living in proper environments are less 
likely to shed Salmonella bacteria (ARAV, 2008). 

Table 3. Salmonella bacteria and reptiles: client educational handout 

9. Zoonotic aspects 
9.1 Snake-associated human salmonellosis 

Animal transmitted-salmonellosis is thought to be underreported, and the registered cases 
are probably biased towards uncommon or unusual characteristics. For instance, less than 
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1% of the reported cases of human salmonellosis are caused by reptile-associated strains 
(Hoelzer et al., 2011). Moreover, many patients recover rapidly without having received any 
treatment, further increasing underreporting (Gray, 2011). 

Human salmonellosis is most frequently associated with food ingestion, however direct or 
indirect contact with animals in public or private environments may also be sources of 
infection (Hoelzer et al., 2011). Reptile-associated human infections only occur if the reptile 
or a feces-contaminated object is placed in the mouth. Physical contact with a reptile alone is 
thus not sufficient to produce infection in humans (ARAV, 2008). 

Immunological, biological and behavioral characteristics are probably the reason why 
human salmonellosis is most frequent in children, especially the youngest (Hoelzer et al., 
2011), although the disease may also occur in other age groups, including healthy adults 
(Warwick et al., 2001). 

Many reports associate human Salmonella infections with isolates from snakes. Four cases 
were selected for discussion here; these cases will be presented in chronological order and 
were chosen because they are representative, interesting and illustrate the diversity of 
manners in which these exposures may occur. It is important to note that the development 
of molecular assays and their incorporation to the set of diagnostic techniques results in 
chronologically-increasing precision in comparing isolates retrieved from humans and 
reptiles in each case. 

In July 1977, for the first time, S. eingedi was isolated from a snake in Israel and from a child 
that had diarrhea shortly after that. That serotype was also isolated from another child with 
diarrhea in the same Israeli community (Cahan, 1980). 

In 1997, Paton & Mirfattahi presented the case of a 5-month-old boy with bacterial 
meningitis. S. uzaramo was isolated from the cerebrospinal fluid, blood and stool samples of 
the patient. The same serotype was isolated from the feces of an Indian Python (Python 
molurus) and two Ball Pythons (P. regius); S. arizonae and an unidentified isolate were also 
cultured from the Ball Pythons. 

Jafari et al. (2002) reported S. Enteritidis infections resulting from a platelet donation. The 
apparently healthy donor had acquired an asymptomatic S. enterica bacteremia from his Boa 
Constrictor. Two patients receiving the platelet donation developed sepsis, and one of them 
died. The reptilian origin of the infection was confirmed through the determination of the 
serotype by PFGE. 

A large S. Typhimurium outbreak occurred in the United States in 2005 and 2006. Several 
people had direct or indirect contact with snakes that had been fed with commercially-
raised mice. The rodents had been captive raised, euthanized, vacuum-packed, frozen and 
sold through the internet. Cultures from three of those mice yielded pure isolates of S. 
Typhimurium that were indistinguishable by PFGE from the isolates obtained from the 
human cases, snakes, and environmental samples (Fuller et al., 2008). 

9.2 Snake products as food items, folk remedies, and human salmonellosis 

Despite the legal prohibitions and the risks of foodborne bacterial infections, many 
communities worldwide consume sea turtle meat and eggs. The raw or undercooked meat, 
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often prepared in unsanitary conditions, may result in human salmonellosis (Aguirre et al., 
2006). In an outbreak of salmonellosis that occurred in Australia in 1988 it was found that 
62% of the victims had ingested green turtle meat. Several people were hospitalized, and S. 
chester was isolated from undercooked sea turtle meat samples and from fecal samples of the 
patients (O’Grady & Krause, 1999). 

Similarly to the consumption of chelonians, snakes are also used for meat production 
(Magnino et al., 2009). Although in the USA and in some Asian countries there are specific 
breeding facilities for this purpose, snakes may also often be collected from the wild. The 
consumption of snake meat poses a risk to the development of salmonellosis due to the high 
prevalence of this microorganism in these animals, and also probably because oftentimes the 
adequate hygiene measures are not properly carried out. 

Snake powder and dried meat, especially those prepared from rattlesnakes, are often used 
in folk medicine. However, several reports have associated the consumption of these 
products to the development of salmonellosis in humans (Babu et al., 1990), as well as 
infections by other Enterobacteriacea. Most of these cases occur in Mexican-American 
patients. Consumers often ingest such products while presenting underlying chronic and 
immunosuppressive conditions such as cancer, diabetes, arthritis, systemic lupus 
erythematosus, or acquired immunodeficiency syndrome (AIDS) (Sharma et al., 1993; 
Waterman et al., 1990). These conditions further complicate the cases, as Salmonella 
infections will tend to produce much more severe clinical manifestations and complications. 
For example, patients with AIDS may present recurrent bacteremia (Babu et al., 1990) and 
patients with gastric cancer may develop peritonitis (Sharma et al., 1993). Not only many 
Salmonella serotypes can be isolated from such rattlesnake capsules (Cone et al., 1990) but it 
also seems likely that all types of folk medicine preparations generally involve poor 
conditions of hygiene during their preparation, which may be yet another factor for the 
contamination of these products. 

10. Conclusion 
Numerous authors argue that Salmonella is a normal component of the reptilian intestinal 
microbiota and that 90% or more of reptiles harbor Salmonella, however some European 
researchers do not share that opinion (Hassl & Benyr, 2003), and there is evidence in other 
continents that some serotypes may be considerably pathogenic for the snakes (Bemis et al., 
2007; Ramsay et al., 2002). 

Basic hygiene practices may be sufficient to prevent most cases of human salmonellosis 
(Mitchell, 2004), even when it is known that snakes are very likely to be infected by 
Salmonella in both domestic and natural environments (Mermin et al., 2004). 

It is vital to acknowledge Salmonella as an inhabitant of the digestive tract of reptiles, as this 
basic understanding is a solid basis to interpret the disease it may cause, to improve the life 
quality of these animals in captivity, and to take appropriate prevention and control measures. 

11. References 
Aguirre, A.A. et al. (2006). Hazards associated with the consumption of sea turtle meat and 

eggs: a review for health care workers and the general public. EcoHealth, Vol. 3, No. 
3, pp. 141-153 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

92

1% of the reported cases of human salmonellosis are caused by reptile-associated strains 
(Hoelzer et al., 2011). Moreover, many patients recover rapidly without having received any 
treatment, further increasing underreporting (Gray, 2011). 

Human salmonellosis is most frequently associated with food ingestion, however direct or 
indirect contact with animals in public or private environments may also be sources of 
infection (Hoelzer et al., 2011). Reptile-associated human infections only occur if the reptile 
or a feces-contaminated object is placed in the mouth. Physical contact with a reptile alone is 
thus not sufficient to produce infection in humans (ARAV, 2008). 

Immunological, biological and behavioral characteristics are probably the reason why 
human salmonellosis is most frequent in children, especially the youngest (Hoelzer et al., 
2011), although the disease may also occur in other age groups, including healthy adults 
(Warwick et al., 2001). 

Many reports associate human Salmonella infections with isolates from snakes. Four cases 
were selected for discussion here; these cases will be presented in chronological order and 
were chosen because they are representative, interesting and illustrate the diversity of 
manners in which these exposures may occur. It is important to note that the development 
of molecular assays and their incorporation to the set of diagnostic techniques results in 
chronologically-increasing precision in comparing isolates retrieved from humans and 
reptiles in each case. 

In July 1977, for the first time, S. eingedi was isolated from a snake in Israel and from a child 
that had diarrhea shortly after that. That serotype was also isolated from another child with 
diarrhea in the same Israeli community (Cahan, 1980). 

In 1997, Paton & Mirfattahi presented the case of a 5-month-old boy with bacterial 
meningitis. S. uzaramo was isolated from the cerebrospinal fluid, blood and stool samples of 
the patient. The same serotype was isolated from the feces of an Indian Python (Python 
molurus) and two Ball Pythons (P. regius); S. arizonae and an unidentified isolate were also 
cultured from the Ball Pythons. 

Jafari et al. (2002) reported S. Enteritidis infections resulting from a platelet donation. The 
apparently healthy donor had acquired an asymptomatic S. enterica bacteremia from his Boa 
Constrictor. Two patients receiving the platelet donation developed sepsis, and one of them 
died. The reptilian origin of the infection was confirmed through the determination of the 
serotype by PFGE. 

A large S. Typhimurium outbreak occurred in the United States in 2005 and 2006. Several 
people had direct or indirect contact with snakes that had been fed with commercially-
raised mice. The rodents had been captive raised, euthanized, vacuum-packed, frozen and 
sold through the internet. Cultures from three of those mice yielded pure isolates of S. 
Typhimurium that were indistinguishable by PFGE from the isolates obtained from the 
human cases, snakes, and environmental samples (Fuller et al., 2008). 

9.2 Snake products as food items, folk remedies, and human salmonellosis 

Despite the legal prohibitions and the risks of foodborne bacterial infections, many 
communities worldwide consume sea turtle meat and eggs. The raw or undercooked meat, 

 
Salmonella Associated with Snakes (Suborder Serpentes) 

 

93 

often prepared in unsanitary conditions, may result in human salmonellosis (Aguirre et al., 
2006). In an outbreak of salmonellosis that occurred in Australia in 1988 it was found that 
62% of the victims had ingested green turtle meat. Several people were hospitalized, and S. 
chester was isolated from undercooked sea turtle meat samples and from fecal samples of the 
patients (O’Grady & Krause, 1999). 

Similarly to the consumption of chelonians, snakes are also used for meat production 
(Magnino et al., 2009). Although in the USA and in some Asian countries there are specific 
breeding facilities for this purpose, snakes may also often be collected from the wild. The 
consumption of snake meat poses a risk to the development of salmonellosis due to the high 
prevalence of this microorganism in these animals, and also probably because oftentimes the 
adequate hygiene measures are not properly carried out. 

Snake powder and dried meat, especially those prepared from rattlesnakes, are often used 
in folk medicine. However, several reports have associated the consumption of these 
products to the development of salmonellosis in humans (Babu et al., 1990), as well as 
infections by other Enterobacteriacea. Most of these cases occur in Mexican-American 
patients. Consumers often ingest such products while presenting underlying chronic and 
immunosuppressive conditions such as cancer, diabetes, arthritis, systemic lupus 
erythematosus, or acquired immunodeficiency syndrome (AIDS) (Sharma et al., 1993; 
Waterman et al., 1990). These conditions further complicate the cases, as Salmonella 
infections will tend to produce much more severe clinical manifestations and complications. 
For example, patients with AIDS may present recurrent bacteremia (Babu et al., 1990) and 
patients with gastric cancer may develop peritonitis (Sharma et al., 1993). Not only many 
Salmonella serotypes can be isolated from such rattlesnake capsules (Cone et al., 1990) but it 
also seems likely that all types of folk medicine preparations generally involve poor 
conditions of hygiene during their preparation, which may be yet another factor for the 
contamination of these products. 

10. Conclusion 
Numerous authors argue that Salmonella is a normal component of the reptilian intestinal 
microbiota and that 90% or more of reptiles harbor Salmonella, however some European 
researchers do not share that opinion (Hassl & Benyr, 2003), and there is evidence in other 
continents that some serotypes may be considerably pathogenic for the snakes (Bemis et al., 
2007; Ramsay et al., 2002). 

Basic hygiene practices may be sufficient to prevent most cases of human salmonellosis 
(Mitchell, 2004), even when it is known that snakes are very likely to be infected by 
Salmonella in both domestic and natural environments (Mermin et al., 2004). 

It is vital to acknowledge Salmonella as an inhabitant of the digestive tract of reptiles, as this 
basic understanding is a solid basis to interpret the disease it may cause, to improve the life 
quality of these animals in captivity, and to take appropriate prevention and control measures. 

11. References 
Aguirre, A.A. et al. (2006). Hazards associated with the consumption of sea turtle meat and 

eggs: a review for health care workers and the general public. EcoHealth, Vol. 3, No. 
3, pp. 141-153 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

94

Andrade, J.G. et al. (1989). Estudo bacteriológico de abscessos causados por picada de 
serpentes do gênero Bothrops. Revista do Instituto de Medicina Tropical de São Paulo, 
Vol. 31, No. 6, pp. 363-367 

ARAV Special Publications. (2008). Salmonella bacteria and reptiles: client educational 
handout revised, In: Association of Reptilian and Amphibian Veterinarians, 23.04.2011, 
Available from:  

 <http://www.arav.org/ECOMARAV//timssnet/pdf/SalmonellaBacteriaandRept
iles_client_final_11apr08.pdf> 

Babu, K. et al. (1990). Isolation of salmonellae from dried rattlesnake preparations. Journal of 
Clinical Microbiology, Vol. 28, No. 2, pp. 361-362 

Barrow, P.A.; Jones, M.A. & Thomson, N. (2010). Salmonella, In: Pathogenesis of bacterial 
infections in animals, 4. ed., Gyles, C.L.; Prescott, J.F.; Songer, G. & Thoen, C.O., pp. 
231-265, Blackwell Publishing, Ames 

Bastos, H.M.; Lopes, L.F.L.; Gattamorta, M.A. & Matushima, E.R. (2008). Prevalence of 
enterobacteria in Bothrops jararaca in São Paulo State: microbiological survey and 
antimicrobial resistance standards. Acta Scientiarum. Biological Sciences, Vol. 30, No. 
3, pp. 321-326 

Bays, T.A.B. (2005). Equipping the reptile practice. Veterinary Clinics of North America Exotic 
Animal Practice, Vol. 8, No. 3, pp. 437-461 

Bemis, D.A., et al. (2007). Clonal relatedness of Salmonella isolates associated with invasive 
infections in captive and wild-caught rattlesnakes. Veterinary Microbiology, Vol. 120, 
No. 3-4, pp. 300-307 

Bradley, T. & Angulo, F.J. (2008). Salmonella and reptiles: veterinary guidelines revised, In: 
Association of Reptilian and Amphibian Veterinarians, 23.04.2011, Available from: 
<http://www.arav.org/ECOMARAV//timssnet/pdf/SalmonellaandReptiles_vet
guideline_FINAL_11apr08.pdf> 

Cahan, D. et al. (1980). New Salmonella serovar, Salmonella eingedi [61,62,7:f,g,t:1,(2),7]. Journal 
of Clinical Microbiology, Vol. 11, No. 3, pp. 292 

Carvalho, V.M. (2006). Colibacilose e salmonelose, In: Tratado de animais selvagens: medicina 
veterinária, Cubas, Z.S.; Silva J.C.R. & Catão-Dias, J.L., pp. 742-750, Roca, São Paulo 

Centers for Disease Control and Prevention (CDC). (2010). Multistate outbreak of human 
Salmonella Typhimurium infections associated with aquatic frogs - United States, 
2009. Morbidity and Mortality Weekly Report (MMWR), Vol. 58, No. 51-52, pp. 1433-
1436 

Chen, C.Y. et al. (2010). Prevalence and antimicrobial susceptibility of salmonellae isolates 
from reptiles in Taiwan. Journal of Veterinary Diagnostic Investigation, Vol. 22, No. 1, 
pp. 44-50 

Chiodini, R.J. (1982). Transovarian passage, visceral distribution, and pathogenicity of 
Salmonella in snakes. Infection and Immunity, Vol. 36, No. 2, pp. 710-713 

Chiodini, R.J. & Sundberg, J.P. (1981). Salmonellosis in reptiles: a review. American Journal of 
Epidemiology, Vol. 113, No. 5, pp. 494-499 

Cone, Lionel A.; Boughton, W.H.; Cone, Lawrence A. & Lehv, L.H. (1990). Rattlesnake 
capsule-induced Salmonella arizonae bacteremia. The Western Journal of Medicine, Vol. 
153, No. 3, pp. 315-316 

Coutinho, S.D.A. et al. (2001). Bacterial septicemia in water snakes (Helicops modestus) in 
Brazil. Arquivo Brasileiro de Medicina Veterinária e Zootecnia, Vol. 53, No. 4, pp. 1-2 

 
Salmonella Associated with Snakes (Suborder Serpentes) 

 

95 

Difco. Difco Salmonella O Antisera, Difco Salmonella H Antisera, Difco Salmonella Antiserum Vi. 
Product label, 23.04.2011, pp. 18 

Fornazari, F. & Teixeira, C.R. (2009). Salmonelose em répteis: aspectos epidemiológicos, 
clínicos e zoonóticos. Veterinária e Zootecnia, Vol. 16, No. 1, pp. 19-25 

Friedman, C.R. et al. (1998). An outbreak of salmonellosis among children attending a 
reptile exhibit at a zoo. The Journal of Pediatrics, Vol. 132, No. 5, pp. 802–807 

Fuller, C.C. et al. (2008). A multi-state Salmonella Typhimurium outbreak associated with 
frozen vacuum-packed rodents used to feed snakes. Zoonoses and Public Health, Vol. 
55, No. 8-10, pp. 481-487 

Funk, R.S. (1996). Diarrhea, In: Reptile medicine and surgery, Mader, D.R., pp. 364-365, W.B. 
Saunders, Philadelphia 

Geue, L. & Löschner, U. (2002). Salmonella enterica in reptiles of German and Austrian origin. 
Veterinary Microbiology, Vol. 84, No. 1-2, pp. 79-91 

Ghilardi, A.C.R.; Tavechio, A.T. & Fernandes, S.A. (2006). Antimicrobial susceptibility, 
phage types, and pulsetypes of Salmonella Typhimurium, in São Paulo, Brazil. 
Memórias do Instituto Oswaldo Cruz, Vol. 101, No. 3, pp. 281-286 

Goldstein, E.J.C. et al. (1979). Bacteriology of rattlesnake venom and implications for 
therapy. The Journal of Infectious Diseases, Vol. 140, No. 5, pp. 818-821 

Gopee, N.V.; Adesiyun, A.A. & Caesar, K. (2000). Retrospective and longitudinal study of 
salmonellosis in captive wildlife in Trinidad. Journal of Wildlife Diseases, Vol. 36, No. 
2, pp. 284-293 

Gray, T.Z. (2011). Update: reptiles and Salmonella. Journal of Exotic Pet Medicine, Vol. 20, No. 
1, pp. 14-17 

Grimont, P.A.D. & Weill, F.X. (2007). Antigenic formulas of the Salmonella serovars, 9. ed., 
revision, WHO Collaborating Center for Reference and Research on Salmonella, Institut 
Pasteur, Paris 

Hafez, H.M. & Jodas, S. (2000). Salmonella infections in turkeys, In: Salmonella in domestic 
animals, Wray, C. & Wray, A., pp. 133-135, CABI Publishing, Oxon 

Hassl, A. & Benyr, G. (2003). Hygienic evaluation of terraria inhabited by amphibians and 
reptiles: cryptosporidia, free-living amebas, salmonella. Wien Klin Wochenschr, Vol. 
115, Suppl. 3, pp. 68-71 

Hidalgo-Vila, J. et al. (2008). Salmonella in free-living exotic and native turtles and in pet 
exotic turtles from SW Spain. Research in Veterinary Science, Vol. 85, No. 3, pp. 449-
452 

Hinshaw, W.R. & McNeil, E. (1944). Gopher snakes as carriers of salmonellosis and 
paracolon infections. The Cornell Veterinarian, Vol. 34, pp. 248-254 

Hinshaw, W.R. & McNeil, E. (1945). Salmonella types isolated from snakes. American Journal 
of Veterinary Research, Vol. 6, pp. 264-266 

Hinshaw, W.R. & McNeil, E. (1946). Paracolon type 10 from captive rattlesnakes. Journal of 
Bacteriology, Vol. 51, No. 3, pp. 397-398 

Hinshaw, W.R. & McNeil, E. (1947). Lizards as carriers of Salmonella and paracolon bacteria. 
Journal of Bacteriology, Vol. 53, No. 6, pp. 715-718 

Hirsh, D.C. (2004). Enterobacteriacea: Salmonella, In: Veterinary microbiology, 2. ed., Hirsh, 
D.C.; MacLachlan, N.J. & Walker, R.L., pp. 69-74, Blackwell Publishing, Ames 

Hoelzer, K.; Switt, A.I.M. & Wiedmann, M. (2011). Animal contact as a source of human 
non-typhoidal salmonellosis. Veterinary Research, Vol. 42, No. 34, pp. 1-27 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

94

Andrade, J.G. et al. (1989). Estudo bacteriológico de abscessos causados por picada de 
serpentes do gênero Bothrops. Revista do Instituto de Medicina Tropical de São Paulo, 
Vol. 31, No. 6, pp. 363-367 

ARAV Special Publications. (2008). Salmonella bacteria and reptiles: client educational 
handout revised, In: Association of Reptilian and Amphibian Veterinarians, 23.04.2011, 
Available from:  

 <http://www.arav.org/ECOMARAV//timssnet/pdf/SalmonellaBacteriaandRept
iles_client_final_11apr08.pdf> 

Babu, K. et al. (1990). Isolation of salmonellae from dried rattlesnake preparations. Journal of 
Clinical Microbiology, Vol. 28, No. 2, pp. 361-362 

Barrow, P.A.; Jones, M.A. & Thomson, N. (2010). Salmonella, In: Pathogenesis of bacterial 
infections in animals, 4. ed., Gyles, C.L.; Prescott, J.F.; Songer, G. & Thoen, C.O., pp. 
231-265, Blackwell Publishing, Ames 

Bastos, H.M.; Lopes, L.F.L.; Gattamorta, M.A. & Matushima, E.R. (2008). Prevalence of 
enterobacteria in Bothrops jararaca in São Paulo State: microbiological survey and 
antimicrobial resistance standards. Acta Scientiarum. Biological Sciences, Vol. 30, No. 
3, pp. 321-326 

Bays, T.A.B. (2005). Equipping the reptile practice. Veterinary Clinics of North America Exotic 
Animal Practice, Vol. 8, No. 3, pp. 437-461 

Bemis, D.A., et al. (2007). Clonal relatedness of Salmonella isolates associated with invasive 
infections in captive and wild-caught rattlesnakes. Veterinary Microbiology, Vol. 120, 
No. 3-4, pp. 300-307 

Bradley, T. & Angulo, F.J. (2008). Salmonella and reptiles: veterinary guidelines revised, In: 
Association of Reptilian and Amphibian Veterinarians, 23.04.2011, Available from: 
<http://www.arav.org/ECOMARAV//timssnet/pdf/SalmonellaandReptiles_vet
guideline_FINAL_11apr08.pdf> 

Cahan, D. et al. (1980). New Salmonella serovar, Salmonella eingedi [61,62,7:f,g,t:1,(2),7]. Journal 
of Clinical Microbiology, Vol. 11, No. 3, pp. 292 

Carvalho, V.M. (2006). Colibacilose e salmonelose, In: Tratado de animais selvagens: medicina 
veterinária, Cubas, Z.S.; Silva J.C.R. & Catão-Dias, J.L., pp. 742-750, Roca, São Paulo 

Centers for Disease Control and Prevention (CDC). (2010). Multistate outbreak of human 
Salmonella Typhimurium infections associated with aquatic frogs - United States, 
2009. Morbidity and Mortality Weekly Report (MMWR), Vol. 58, No. 51-52, pp. 1433-
1436 

Chen, C.Y. et al. (2010). Prevalence and antimicrobial susceptibility of salmonellae isolates 
from reptiles in Taiwan. Journal of Veterinary Diagnostic Investigation, Vol. 22, No. 1, 
pp. 44-50 

Chiodini, R.J. (1982). Transovarian passage, visceral distribution, and pathogenicity of 
Salmonella in snakes. Infection and Immunity, Vol. 36, No. 2, pp. 710-713 

Chiodini, R.J. & Sundberg, J.P. (1981). Salmonellosis in reptiles: a review. American Journal of 
Epidemiology, Vol. 113, No. 5, pp. 494-499 

Cone, Lionel A.; Boughton, W.H.; Cone, Lawrence A. & Lehv, L.H. (1990). Rattlesnake 
capsule-induced Salmonella arizonae bacteremia. The Western Journal of Medicine, Vol. 
153, No. 3, pp. 315-316 

Coutinho, S.D.A. et al. (2001). Bacterial septicemia in water snakes (Helicops modestus) in 
Brazil. Arquivo Brasileiro de Medicina Veterinária e Zootecnia, Vol. 53, No. 4, pp. 1-2 

 
Salmonella Associated with Snakes (Suborder Serpentes) 

 

95 

Difco. Difco Salmonella O Antisera, Difco Salmonella H Antisera, Difco Salmonella Antiserum Vi. 
Product label, 23.04.2011, pp. 18 

Fornazari, F. & Teixeira, C.R. (2009). Salmonelose em répteis: aspectos epidemiológicos, 
clínicos e zoonóticos. Veterinária e Zootecnia, Vol. 16, No. 1, pp. 19-25 

Friedman, C.R. et al. (1998). An outbreak of salmonellosis among children attending a 
reptile exhibit at a zoo. The Journal of Pediatrics, Vol. 132, No. 5, pp. 802–807 

Fuller, C.C. et al. (2008). A multi-state Salmonella Typhimurium outbreak associated with 
frozen vacuum-packed rodents used to feed snakes. Zoonoses and Public Health, Vol. 
55, No. 8-10, pp. 481-487 

Funk, R.S. (1996). Diarrhea, In: Reptile medicine and surgery, Mader, D.R., pp. 364-365, W.B. 
Saunders, Philadelphia 

Geue, L. & Löschner, U. (2002). Salmonella enterica in reptiles of German and Austrian origin. 
Veterinary Microbiology, Vol. 84, No. 1-2, pp. 79-91 

Ghilardi, A.C.R.; Tavechio, A.T. & Fernandes, S.A. (2006). Antimicrobial susceptibility, 
phage types, and pulsetypes of Salmonella Typhimurium, in São Paulo, Brazil. 
Memórias do Instituto Oswaldo Cruz, Vol. 101, No. 3, pp. 281-286 

Goldstein, E.J.C. et al. (1979). Bacteriology of rattlesnake venom and implications for 
therapy. The Journal of Infectious Diseases, Vol. 140, No. 5, pp. 818-821 

Gopee, N.V.; Adesiyun, A.A. & Caesar, K. (2000). Retrospective and longitudinal study of 
salmonellosis in captive wildlife in Trinidad. Journal of Wildlife Diseases, Vol. 36, No. 
2, pp. 284-293 

Gray, T.Z. (2011). Update: reptiles and Salmonella. Journal of Exotic Pet Medicine, Vol. 20, No. 
1, pp. 14-17 

Grimont, P.A.D. & Weill, F.X. (2007). Antigenic formulas of the Salmonella serovars, 9. ed., 
revision, WHO Collaborating Center for Reference and Research on Salmonella, Institut 
Pasteur, Paris 

Hafez, H.M. & Jodas, S. (2000). Salmonella infections in turkeys, In: Salmonella in domestic 
animals, Wray, C. & Wray, A., pp. 133-135, CABI Publishing, Oxon 

Hassl, A. & Benyr, G. (2003). Hygienic evaluation of terraria inhabited by amphibians and 
reptiles: cryptosporidia, free-living amebas, salmonella. Wien Klin Wochenschr, Vol. 
115, Suppl. 3, pp. 68-71 

Hidalgo-Vila, J. et al. (2008). Salmonella in free-living exotic and native turtles and in pet 
exotic turtles from SW Spain. Research in Veterinary Science, Vol. 85, No. 3, pp. 449-
452 

Hinshaw, W.R. & McNeil, E. (1944). Gopher snakes as carriers of salmonellosis and 
paracolon infections. The Cornell Veterinarian, Vol. 34, pp. 248-254 

Hinshaw, W.R. & McNeil, E. (1945). Salmonella types isolated from snakes. American Journal 
of Veterinary Research, Vol. 6, pp. 264-266 

Hinshaw, W.R. & McNeil, E. (1946). Paracolon type 10 from captive rattlesnakes. Journal of 
Bacteriology, Vol. 51, No. 3, pp. 397-398 

Hinshaw, W.R. & McNeil, E. (1947). Lizards as carriers of Salmonella and paracolon bacteria. 
Journal of Bacteriology, Vol. 53, No. 6, pp. 715-718 

Hirsh, D.C. (2004). Enterobacteriacea: Salmonella, In: Veterinary microbiology, 2. ed., Hirsh, 
D.C.; MacLachlan, N.J. & Walker, R.L., pp. 69-74, Blackwell Publishing, Ames 

Hoelzer, K.; Switt, A.I.M. & Wiedmann, M. (2011). Animal contact as a source of human 
non-typhoidal salmonellosis. Veterinary Research, Vol. 42, No. 34, pp. 1-27 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

96

Holz, P.H. & Middleton, D.R. (2002). The effect of probiotic feeding on Salmonella excretion 
in carpet pythons, Morelia spilota. Journal of Herpetological Medicine and Surgery, Vol. 
12, No. 3, pp. 5-7 

Holz, P.H. & Middleton, D.R. (2005). The effect of feeding a prebiotic on Salmonella excretion 
in carpet pythons, Morelia spilota, and scrub pythons, Morelia amethystine. Journal of 
Herpetological Medicine and Surgery, Vol. 15, No. 1, pp. 4-6 

Iveson, J.B.; Mackay-Scollay, E.M. & Bamford, V. (1969). Salmonella and Arizona in reptiles 
and man in Western Australia. The Journal of Hygiene (London), Vol. 67, No. 1, pp. 
135-145 

Jafari, M. et al. (2002). Salmonella sepsis caused by a platelet transfusion from a donor with a 
pet snake. The New England Journal of Medicine, Vol. 347, No. 14, pp. 1075-1078 

Jankowski, G. (2009). Lactulose. Journal of Exotic Pet Medicine, Vol. 18, No. 2, pp. 156-159 
Jijón, S.; Wetzel, A. & LeJeune, J. (2007). Salmonella enterica isolated from wildlife at two Ohio 

rehabilitation centers. Journal of Zoo and Wildlife Medicine, Vol. 38, No. 3, pp. 409-413 
Johnson-Delaney, C.A. (2006). Reptile zoonoses and threats to public health, In: Reptile 

medicine and surgery, 2. ed., Mader, D.R., pp. 1017-1030, Saunders Elsevier, St. Louis 
Jorge, M.T. et al. (1990). Flora bacteriana da cavidade oral, presas e veneno de Bothrops 

jararaca: possível fonte de infecção no local da picada. Revista do Instituto de 
Medicina Tropical de São Paulo, Vol. 32, No. 1, pp. 6-10 

Kaufmann, A.F. & Morrison, Z.L. (1966). An epidemiologic study of salmonellosis in turtles. 
American Journal of Epidemiology, Vol. 84, No. 2, pp. 364-370 

Kaufmann, A.F. et al. (1972). Turtle-associated salmonellosis: III. The effects of 
environmental salmonellae in commercial turtle breeding ponds. American Journal 
of Epidemiology, Vol. 95, No. 6, pp. 521-528 

Lamberski, N. et al. (2002). Recovery of a pathogenic Salmonella arizona from four snakes at 
the Riverbanks Zoo. Journal of Herpetological Medicine and Surgery, Vol. 12, No. 4, pp. 
17-22 

Lima, D.C. et al. (2005). Snake venom: any clue for antibiotics and CAM? Evidence-Based 
Complementary and Alternative Medicine, Vol. 2, No. 1, pp. 39-47 

Mader, D.M. (2006). Perinatology, In: Reptile medicine and surgery, 2. ed., Mader, D.R., pp. 
365-375, Saunders Elsevier, St. Louis 

Magnino, S. et al. (2009). Biological risks associated with consumption of reptile products. 
International Journal of Food Microbiology, Vol. 134, No. 3, pp. 163-175 

Mathewson, J.J. (1979). Enterobacteriaceae isolated from iguanid lizards of west-central 
Texas. Applied and Environmental Microbiology, Vol. 38, No. 3, pp. 402-405 

Mehler, S.J. & Bennett, R.A. (2006). Upper alimentary tract disease, In: Reptile medicine and 
surgery, 2. ed., Mader, D.R., pp. 924-930, Saunders Elsevier, St. Louis 

Mermin, J. et al. (2004). Reptiles, amphibians, and human Salmonella infection: a population-
based, case-control study. Clinical Infectious Diseases, Vol. 38, Suppl. 3, pp. 253-261 

Messonnier, S.P. (1996). Common reptile diseases and treatment, Blackwell Science, Cambridge 
Minette, H.P. (1984). Epidemiologic aspects of salmonellosis in reptiles, amphibians, 

mollusks and crustaceans – a review. International Journal of Zoonoses, Vol. 11, No. 1, 
pp. 95-104 

Mitchell, M.A. (2004). Snake care and husbandry. Veterinary Clinics of North America Exotic 
Animal Practice, Vol. 7, No. 2, pp. 421-446 

 
Salmonella Associated with Snakes (Suborder Serpentes) 

 

97 

Mitchell, M.A. (2006). Salmonella: diagnostic methods for reptiles, In: Reptile medicine and 
surgery, 2. ed., Mader, D.R., pp. 900-905, Saunders Elsevier, St. Louis 

Mitchell, M.A. & Shane, S.M. (2001). Salmonella in reptiles. Seminars in Avian and Exotic Pet 
Medicine, Vol. 10, No. 1, pp. 25-35 

Moreno, G. et al. (1973). Enterobactérias isoladas de anfíbios e répteis. Revista do Instituto de 
Medicina Tropical de São Paulo, Vol. 15, No. 3, pp. 122-126 

Murray, M.J. (1996). Cardiology and circulation, In: Reptile medicine and surgery, Mader, D.R., 
pp. 95-104, W.B. Saunders, Philadelphia 

Myers, D. (2007). Probiotics. Journal of Exotic Pet Medicine, Vol. 16, No. 3, pp. 195-197 
Nair, S.; Lin, T.K.; Pang, T. & Altwegg, M. (2002). Characterization of Salmonella serovars by 

PCR–single-strand conformation polymorphism analysis. Journal of Clinical 
Microbiology, Vol. 40, No. 7, pp. 2346–2351 

Nishioka, S.A.; Jorge, M.T.; Silveira, P.V.P. & Ribeiro, L.A. (2000). South American 
rattlesnake bite and soft-tissue infection: report of a case. Revista da Sociedade 
Brasileira de Medicina Tropical, Vol. 33, No. 4, pp. 401-402 

O’Grady, K.A. & Krause, V. (1999). An outbreak of salmonellosis linked to a marine turtle. 
Southeast Asian Journal of Tropical Medicine and Public Health, Vol. 30, No. 2, pp. 324-
327 

Onderka, D.K. & Finlayson, M.C. (1985). Salmonellae and salmonellosis in captive reptiles. 
Canadian Journal of Comparative Medicine, Vol. 49, No. 3, pp. 268-270 

Orós, J. et al. (1996). Respiratory and digestive lesions caused by Salmonella arizonae in two 
snakes. Journal of Comparative Pathology, Vol. 115, No. 2, pp. 185-189 

Page, L.A. (1966). Diseases and infections of snakes: a review. Bulletin of the Wildlife Disease 
Association, Vol. 2, No. 4, pp. 111-126 

Painter, J.A. et al. (2004). Salmonella-based rodenticides and public health. Emerging Infectious 
Diseases, Vol. 10, No. 6, pp. 985-987 

Paré, J.A.; Sigler, L.; Rosenthal, K.L. & Mader, D.R. (2006). Microbiology: fungal and 
bacterial diseases of reptiles, In: Reptile medicine and surgery, 2. ed., Mader, D.R., pp. 
217-238, Saunders Elsevier, St. Louis 

Pascual, M. et al. (1999). Lactobacillus salivarius CTC2197 prevents Salmonella enteritidis 
colonization in chickens. Applied and Environmental Microbiology, Vol. 65, No. 11, pp. 
4981-4986 

Paton, J.H. & Mirfattahi, M.B. (1997). Salmonella meningitis acquired from pet snakes. 
Archives of Disease in Childhood, Vol. 77, No. 1, pp. 91 

Pedersen, K.; Lassen-Nielsen, A.M.; Nordentoft, S. & Hammer, A.S. (2009). Serovars of 
Salmonella from captive reptiles. Zoonoses and Public Health, Vol. 56, No. 5, pp. 238-
242 

Pfleger, S.; Benyr, G.; Sommer, R.; Hassl, A. (2003). Pattern of Salmonella excretion in 
amphibians and reptiles in a vivarium. International Journal of Hygiene and 
Environmental Health, Vol. 206, No. 1, pp. 53-59 

Ramsay, E.C. et al. (2002). Osteomyelitis associated with Salmonella enterica ss arizonae in a 
colony of ridgenose rattlesnakes (Crotalus willardi). Journal of Zoo and Wildlife 
Medicine, Vol. 33, No. 4, pp. 301-310 

Ribeiro, L.A. & Jorge, M.T. (1990). Epidemiologia e quadro clínico dos acidentes por 
serpentes Bothrops jararaca adultas e filhotes. Revista do Instituto de Medicina Tropical 
de São Paulo, Vol. 32, No. 6, pp. 436-442 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

96

Holz, P.H. & Middleton, D.R. (2002). The effect of probiotic feeding on Salmonella excretion 
in carpet pythons, Morelia spilota. Journal of Herpetological Medicine and Surgery, Vol. 
12, No. 3, pp. 5-7 

Holz, P.H. & Middleton, D.R. (2005). The effect of feeding a prebiotic on Salmonella excretion 
in carpet pythons, Morelia spilota, and scrub pythons, Morelia amethystine. Journal of 
Herpetological Medicine and Surgery, Vol. 15, No. 1, pp. 4-6 

Iveson, J.B.; Mackay-Scollay, E.M. & Bamford, V. (1969). Salmonella and Arizona in reptiles 
and man in Western Australia. The Journal of Hygiene (London), Vol. 67, No. 1, pp. 
135-145 

Jafari, M. et al. (2002). Salmonella sepsis caused by a platelet transfusion from a donor with a 
pet snake. The New England Journal of Medicine, Vol. 347, No. 14, pp. 1075-1078 

Jankowski, G. (2009). Lactulose. Journal of Exotic Pet Medicine, Vol. 18, No. 2, pp. 156-159 
Jijón, S.; Wetzel, A. & LeJeune, J. (2007). Salmonella enterica isolated from wildlife at two Ohio 

rehabilitation centers. Journal of Zoo and Wildlife Medicine, Vol. 38, No. 3, pp. 409-413 
Johnson-Delaney, C.A. (2006). Reptile zoonoses and threats to public health, In: Reptile 

medicine and surgery, 2. ed., Mader, D.R., pp. 1017-1030, Saunders Elsevier, St. Louis 
Jorge, M.T. et al. (1990). Flora bacteriana da cavidade oral, presas e veneno de Bothrops 

jararaca: possível fonte de infecção no local da picada. Revista do Instituto de 
Medicina Tropical de São Paulo, Vol. 32, No. 1, pp. 6-10 

Kaufmann, A.F. & Morrison, Z.L. (1966). An epidemiologic study of salmonellosis in turtles. 
American Journal of Epidemiology, Vol. 84, No. 2, pp. 364-370 

Kaufmann, A.F. et al. (1972). Turtle-associated salmonellosis: III. The effects of 
environmental salmonellae in commercial turtle breeding ponds. American Journal 
of Epidemiology, Vol. 95, No. 6, pp. 521-528 

Lamberski, N. et al. (2002). Recovery of a pathogenic Salmonella arizona from four snakes at 
the Riverbanks Zoo. Journal of Herpetological Medicine and Surgery, Vol. 12, No. 4, pp. 
17-22 

Lima, D.C. et al. (2005). Snake venom: any clue for antibiotics and CAM? Evidence-Based 
Complementary and Alternative Medicine, Vol. 2, No. 1, pp. 39-47 

Mader, D.M. (2006). Perinatology, In: Reptile medicine and surgery, 2. ed., Mader, D.R., pp. 
365-375, Saunders Elsevier, St. Louis 

Magnino, S. et al. (2009). Biological risks associated with consumption of reptile products. 
International Journal of Food Microbiology, Vol. 134, No. 3, pp. 163-175 

Mathewson, J.J. (1979). Enterobacteriaceae isolated from iguanid lizards of west-central 
Texas. Applied and Environmental Microbiology, Vol. 38, No. 3, pp. 402-405 

Mehler, S.J. & Bennett, R.A. (2006). Upper alimentary tract disease, In: Reptile medicine and 
surgery, 2. ed., Mader, D.R., pp. 924-930, Saunders Elsevier, St. Louis 

Mermin, J. et al. (2004). Reptiles, amphibians, and human Salmonella infection: a population-
based, case-control study. Clinical Infectious Diseases, Vol. 38, Suppl. 3, pp. 253-261 

Messonnier, S.P. (1996). Common reptile diseases and treatment, Blackwell Science, Cambridge 
Minette, H.P. (1984). Epidemiologic aspects of salmonellosis in reptiles, amphibians, 

mollusks and crustaceans – a review. International Journal of Zoonoses, Vol. 11, No. 1, 
pp. 95-104 

Mitchell, M.A. (2004). Snake care and husbandry. Veterinary Clinics of North America Exotic 
Animal Practice, Vol. 7, No. 2, pp. 421-446 

 
Salmonella Associated with Snakes (Suborder Serpentes) 

 

97 

Mitchell, M.A. (2006). Salmonella: diagnostic methods for reptiles, In: Reptile medicine and 
surgery, 2. ed., Mader, D.R., pp. 900-905, Saunders Elsevier, St. Louis 

Mitchell, M.A. & Shane, S.M. (2001). Salmonella in reptiles. Seminars in Avian and Exotic Pet 
Medicine, Vol. 10, No. 1, pp. 25-35 

Moreno, G. et al. (1973). Enterobactérias isoladas de anfíbios e répteis. Revista do Instituto de 
Medicina Tropical de São Paulo, Vol. 15, No. 3, pp. 122-126 

Murray, M.J. (1996). Cardiology and circulation, In: Reptile medicine and surgery, Mader, D.R., 
pp. 95-104, W.B. Saunders, Philadelphia 

Myers, D. (2007). Probiotics. Journal of Exotic Pet Medicine, Vol. 16, No. 3, pp. 195-197 
Nair, S.; Lin, T.K.; Pang, T. & Altwegg, M. (2002). Characterization of Salmonella serovars by 

PCR–single-strand conformation polymorphism analysis. Journal of Clinical 
Microbiology, Vol. 40, No. 7, pp. 2346–2351 

Nishioka, S.A.; Jorge, M.T.; Silveira, P.V.P. & Ribeiro, L.A. (2000). South American 
rattlesnake bite and soft-tissue infection: report of a case. Revista da Sociedade 
Brasileira de Medicina Tropical, Vol. 33, No. 4, pp. 401-402 

O’Grady, K.A. & Krause, V. (1999). An outbreak of salmonellosis linked to a marine turtle. 
Southeast Asian Journal of Tropical Medicine and Public Health, Vol. 30, No. 2, pp. 324-
327 

Onderka, D.K. & Finlayson, M.C. (1985). Salmonellae and salmonellosis in captive reptiles. 
Canadian Journal of Comparative Medicine, Vol. 49, No. 3, pp. 268-270 

Orós, J. et al. (1996). Respiratory and digestive lesions caused by Salmonella arizonae in two 
snakes. Journal of Comparative Pathology, Vol. 115, No. 2, pp. 185-189 

Page, L.A. (1966). Diseases and infections of snakes: a review. Bulletin of the Wildlife Disease 
Association, Vol. 2, No. 4, pp. 111-126 

Painter, J.A. et al. (2004). Salmonella-based rodenticides and public health. Emerging Infectious 
Diseases, Vol. 10, No. 6, pp. 985-987 

Paré, J.A.; Sigler, L.; Rosenthal, K.L. & Mader, D.R. (2006). Microbiology: fungal and 
bacterial diseases of reptiles, In: Reptile medicine and surgery, 2. ed., Mader, D.R., pp. 
217-238, Saunders Elsevier, St. Louis 

Pascual, M. et al. (1999). Lactobacillus salivarius CTC2197 prevents Salmonella enteritidis 
colonization in chickens. Applied and Environmental Microbiology, Vol. 65, No. 11, pp. 
4981-4986 

Paton, J.H. & Mirfattahi, M.B. (1997). Salmonella meningitis acquired from pet snakes. 
Archives of Disease in Childhood, Vol. 77, No. 1, pp. 91 

Pedersen, K.; Lassen-Nielsen, A.M.; Nordentoft, S. & Hammer, A.S. (2009). Serovars of 
Salmonella from captive reptiles. Zoonoses and Public Health, Vol. 56, No. 5, pp. 238-
242 

Pfleger, S.; Benyr, G.; Sommer, R.; Hassl, A. (2003). Pattern of Salmonella excretion in 
amphibians and reptiles in a vivarium. International Journal of Hygiene and 
Environmental Health, Vol. 206, No. 1, pp. 53-59 

Ramsay, E.C. et al. (2002). Osteomyelitis associated with Salmonella enterica ss arizonae in a 
colony of ridgenose rattlesnakes (Crotalus willardi). Journal of Zoo and Wildlife 
Medicine, Vol. 33, No. 4, pp. 301-310 

Ribeiro, L.A. & Jorge, M.T. (1990). Epidemiologia e quadro clínico dos acidentes por 
serpentes Bothrops jararaca adultas e filhotes. Revista do Instituto de Medicina Tropical 
de São Paulo, Vol. 32, No. 6, pp. 436-442 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

98

Ribeiro, L.A. & Jorge, M.T. (1997). Acidente por serpentes do gênero Bothrops: série de 3.139 
casos. Revista da Sociedade Brasileira de Medicina Tropical, Vol. 30, No. 6, pp. 475-480 

Sá, I.V.A. & Solari, C.A. (2001). Salmonella in Brazilian and imported pet reptiles. Brazilian 
Journal of Microbiology, Vol. 32, No. 4, pp. 293-297 

Salb, A.; Mitchell, M.A.; Riggs, S. & Diaz-Figueroa, O. (2002). Characterization of the aerobic 
and anaerobic intestinal flora of the green iguana (Iguana iguana), Proceedings of 
ARAV Conference, Reno, NV 

Scheelings, T.F.; Lightfoot, D. & Holz, P. (2011). Prevalence of Salmonella in Australian 
reptiles. Journal of Wildlife Diseases, Vol. 47, No. 1, pp. 1-11 

Schilliger, L.; Vanderstylen, D.; Piétrain, J. & Chetboul, V. (2003). Granulomatous 
myocarditis and coelomic effusion due to Salmonella enterica arizonae in a 
Madagascar Dumerili’s boa (Acrantophis dumerili, Jan. 1860). Journal of Veterinary 
Cardiology, Vol. 5, No. 1, pp. 43-45 

Schneitz, C. & Mead, G. (2000). Competitive exclusion, In: Salmonella in domestic animals, 
Wray, C. & Wray, A., pp. 301-322, CABI Publishing, Oxon 

Schröter, M. et al. (2004). Pet snakes as a reservoir for Salmonella enterica subsp. diarizonae 
(serogroup IIIb): a prospective study. Applied and Environmental Microbiology, Vol. 
70, No. 1, pp. 613-615 

Schröter, M.; Speicher, A.; Hofmann, J. & Roggentin, P. (2006). Analysis of the transmission 
of Salmonella spp. through generations of pet snakes. Environmental Microbiology, 
Vol. 8, No. 3, pp. 556–559 

Sharma, J.; Von Hoff, D.D. & Weiss, G.R. (1993). Salmonella arizonae peritonitis secondary to 
ingestion of rattlesnake capsules for gastric cancer. Journal of Clinical Oncology, Vol. 
11, No. 11, pp. 2288-2289 

Waltman, W.D. (2000). Methods for the cultural isolation of Salmonella, In: Salmonella in 
domestic animals, Wray, C. & Wray, A., pp. 355-372, CABI Publishing, Oxon 

Wang, Y. et al. (2008). Snake cathelicidin from Bungarus fasciatus is a potent peptide 
antibiotics. PLoS ONE, Vol. 3, No. 9, pp. 1-9 

Warwick, C.; Lambiris, A.J.L.; Westwood, D. & Steedman, C. (2001). Reptile-related 
salmonellosis. Journal of the Royal Society of Medicine, Vol. 94, No. 3, pp. 124-126 

Waterman, S.H. Juarez, G.; Carr, S.J. & Kilman, L. (1990). Salmonella arizona infections in 
Latinos associated with rattlesnake folk medicine. American Journal of Public Health, 
Vol. 80, No. 3, pp. 286-289 

5 

Salmonella Control Measures  
at Farm in Swine Production 

Héctor Argüello, Pedro Rubio and Ana Carvajal 
Animal Health Department 

University of León 
Spain 

1. Introduction 
Salmonella is one of the most important food-borne pathogens. Each year a high number of 
cases as well as outbreaks of Salmonella in humans are reported (EFSA, 2011). Despite the 
fact that Salmonella can cause disease in pigs mainly associated to infections by Salmonella 
enterica subsp. enterica serovar Cholerasuis, the importance of swine salmonellosis is 
related to human infections caused by pork products. During the nineties and the first 
years of the present century it was estimated that 10% of the human salmonellosis cases 
were attributed to pork products (Hald et al., 2004), classically categorized as the third 
most common source of human infections after poultry and turkey meat. Nevertheless 
with the implementation of control programs in avian production with the subsequent 
prevalence reduction, the role of pork products have been enhanced and nowadays it is 
the second most common source of human salmonellosis after laying hens (Pires et al., 
2011). Regarding swine salmonellosis, control programs are not compulsory at the 
moment but the EU Regulation 2160/2003 has established the need for developing proper 
and effective measures to detect and control Salmonella at all relevant stages of pork 
production chain and particularly at the primary production level in order to reduce the 
prevalence and the risk that Salmonella poses to public health (EU Regulation 2160/2003). 
From our point of view, Salmonella control should start at the end of the pork production 
chain (slaughterhouses and finishing farms) and go back to the first steps of the 
production system (breeding herds and feed suppliers). The compulsory or voluntary 
Salmonella control programmes that have already been established in several European 
countries base their Salmonella evaluation on serological and carcass microbiological 
contamination results principally (Alban et al., 2002; Nielsen et al., 2001). At the farm 
level, these control programmes include the implementation of specific measures to 
reduce the Salmonella prevalence in those herds identified as highly contaminated 
according to their serological results. 

The present chapter aims to give a view of the most relevant control measures that can be 
used to reduce Salmonella prevalence in swine farms including a deep review of scientific 
research as well as our personal experience with control strategies at swine finishing farms. 
They will be presented into three different categories: 1) measures related to feeding 
practices, 2) vaccination and 3) generic measures of hygiene and biosecurity. 
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2. Salmonella control in the pork production chain 
Focused in food safety, the control of Salmonella must be carried out taking into account the 
philosophy “from farm to fork” which implies the participation of all sectors involved 
throughout the food chain. Due to the complexity of its epidemiology and ecology, 
Salmonella control is a great challenge. As it has been proposed by Davies et al. (2004) the 
food supply should be seen as a linear series of sectors engaged in production, harvest, 
distribution and consumption and the goal of control programmes is to define the optimal 
combination of interventions at each sector that delivers the maximum risk reduction at 
minimal cost. It has been demonstrated that the risk of Salmonella contamination increases 
across the pork production chain and reaches its maximum in the slaughterhouse (Duggan 
et al., 2010; Argüello et al., 2011a; Visscher et al., 2011). Therefore, the slaughter process 
seems to be the main target to implement control measures and its importance has been 
pointed by many studies (Hurd et al., 2002, Argüello et al., 2011a). According to this, several 
countries, led by Denmark with more than twenty years of experience with a national swine 
Salmonella control program are pointing nowadays their reduction strategies towards 
slaughterhouse interventions (Alban et al., 2005; Goldbach et al., 2006). Nevertheless there 
are some aspects that make us to include pig finishing farms, together with the 
slaughterhouses, as the primary control points in the pork production chain. On the one 
hand sometimes it is difficult to implement slaughterhouse strategies due to policy 
restrictions at this level. On the other hand, it has been clearly demonstrated that infected 
pigs are the main source of Salmonella at the slaughterhouse (Argüello et al., 2011a; Visscher 
et al., 2011), thus in order to reduce the risk of Salmonella transmission in the food chain 
including feasible cost and success, finishing farms should be taken into consideration. 

Although sows have been implicated as the primary source of infection to finishers (Lettelier 
et al., 1999; Kranker et al., 2003), other studies have demonstrated that this transmission can 
be controlled or interrupted by proper handling practices (Dahl et al., 1997). Several surveys 
have also supported that vertical transmission is not the main source of Salmonella in 
finishers (Berends et al., 1996; Stege et al., 2000; Funk et al., 2001; Argüello et al., 2010a). 
According to this, finishing farms should be the main target of Salmonella control 
programmes at the primary level. 

3. Feeding practices for Salmonella control in swine farms 
The role of feed in the control of Salmonella in swine farms includes two different views. On 
the one hand, feed can be a source of Salmonella contamination while on the other hand there 
are several feeding practices that are useful tools to be used in the control of Salmonella. 
Several studies have demonstrated the relative low importance of feed as a primary source 
of infection to pigs (Harris et al., 1997). Salmonella is rarely detected after feed processing at 
the feed mills due to the thermal treatment coupled with good manufacturing practices, and 
moreover Salmonella serotypes sporadically isolated from feed are not related to those 
usually identified at the farm level (Harris et al., 1997; Davies et al., 2004; Torres et al., 2011). 
However, most researchers agree that feed can be easily contaminated at the farm level. 

Feeding practices include many strategies for the control of Salmonella. Most of them are 
based on the same principle: the modification of the intestinal environment and the 
promotion of the normal microbial flora within the gastrointestinal tract, creating a healthier 
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environment. Even when the feeding practices that are exposed in this chapter are very 
different, the main mechanisms elicited to reduce or prevent Salmonella contamination are 
shared. Briefly, these feeding control strategies reduce directly or indirectly the pH within 
the intestinal tract and create an environment which is adverse to Salmonella and favours the 
growth of other bacteria. In a second step, this beneficial gut microflora contributes to 
maintain a hostile environment to Salmonella by lowering the pH and/or producing several 
anti-Salmonella compounds and metabolites. 

3.1 Feed composition and feed physical structure 

It is well documented that feed presentation, pelletized or not, coupled with the milling 
type, coarse or fine, has an influence on the gut microflora and therefore determines the 
success in the establishment and multiplication of Salmonella in the intestinal tract of swine. 
Although, pelleting and thermal-treatment processes can reduce the Salmonella 
contamination in compound feed, it has been demonstrated that non-pelleted feed has a 
clear protective effect against Salmonella compared to the use of pelleted feed (Jørgensen et 
al., 1999; Kjeldsen & Dahl, 1999; Kranker et al., 2001; Leontides et al., 2003; Lo Fo Wong et al., 
2004; Rajik et al., 2007; García-Feliz et al., 2009). In a similar way, coarsely ground meal has 
been demonstrated to have a protective effect compared to fine grounded meal (Jørgensen et 
al., 1999; Kjeldsen & Dahl, 1999; Jørgensen et al., 2001; Mikkelsen et al., 2004). It is important 
to remark that more than defining pelleted or fined ground meal as risk factors that promote 
the presence of Salmonella at farm level, we should define non-pelleted feed or coarsely meal 
as efficient protective elements against Salmonella in swine farms. 

As we have already indicated, the anti-Salmonella activity seems to be related to the changes 
in the intestinal microflora that are associated with these types of feed. The effect of feed 
grinding and feed processing on physicochemical properties and microbial populations in 
the gastrointestinal tract of pigs were evaluated by Mikkesen et al. (2004). Those pigs fed a 
coarse non-pelleted feed showed a significant increase in the number of total anaerobic 
bacteria within the stomach as well as higher concentrations of various organic acids and 
lower pH compared to those pigs fed other diets suggesting a higher microbial fermentation 
in the stomach, fact that was also asserted by a slower gastric passage rate. These 
environmental conditions in the stomach would reduce the population of Salmonella 
populations by 1000-fold (Mikkesen et al., 2004). Other effects were also observed, to a leser 
extent, in other parts of the gastrointestinal tract with a lower number of coliform bacteria in 
the distal small intestine, in the colon and in the caecum and higher concentrations of 
butyric acid (Mikkesen et al., 2004). Apart from these findings, it is well known that the 
digestibility of non-pelleted and coarse feed is lower than that of fine pelleted feed. 
Consequently, higher amounts of carbohydrates reach the last part of the small intestine and 
the large intestine providing a source of energy for anaerobic bacteria settled there. 

3.2 Dry or liquid feed 

It is well documented that liquid feed has a protective effect against Salmonella as 
compared to dry feed (Van der Wolf et al., 2001a; Højberg et al., 2003). Basically, this 
feeding strategy can be accomplished by using non-fermented liquid feed or fermented 
feed. In the first case, water or food industry derivates such as serum from dairy industry 
are added to the mixed feed immediately before its administration while when using 
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fermentation, the feed and the water are mixed and stored at a certain temperature for a 
period of time, prior to its use. Traditionally, liquid feeding systems are much extended in 
areas where liquid co-products from the human food industry are abundant and cheap. 
Industries involved in potato, vegetable, milk and fish processing, starch and sugar 
manufacture, baking, brewing and bio-ethanol production generate co-products that can 
be valuable and cost-saving inclusions in liquid diets. 

The beneficial effects of liquid diets in the gastrointestinal tract are related to the stimulation 
of epithelial cells growth, the reduction of the intestinal pH and the increase in the lactic 
acid microbial flora. Its anti-Salmonella activity is based on the effect of the fermented feed 
against Salmonella itself since fermented liquid feed contains high concentrations of acids 
including lactic acid and short chain fatty acids and decreases the pH level in the 
gastrointestinal tract which in turn influence the ecology of the gastrointestinal microflora. 
In a study carried out in Canada, Farzan et al. (2006) compared Salmonella infection between 
20 liquid-feeding farms and 61 dry-feeding farms. The use of liquid feed was associated to a 
lower number of Salmonella positive farms by both serological and bacteriological analysis. 
Moreover, a reduced usage of antimicrobials and consequently an improved pig health 
status was reported in those farms using liquid feed. Winsen et al. (2001) carried out a 
clinical trial comparing two groups of pigs, one fed with a dry-diet and the other with a 
Lactobacillus plantarum supplemented fermented liquid diet. A reduction in the total counts 
of Enterobacteriaceae within the gastrointestinal tract was reported in those animals receiving 
the supplemented fermented liquid food and was associated with an increase in the 
concentration of undissociated lactic acid and short chain fatty acids in the stomach content. 
According to these results, many risk factor studies have also described the protective effect 
of the liquid feed in Salmonella infection in swine farms (Beloeil et al., 2004; Lo Fo Wong et al., 
2004; Poljak et al., 2008; Farzan et al., 2010; Hotes et al., 2010). 

It is important to remark that in contrast to other feeding practices, the use of liquid feed 
and particularly of fermented liquid feed has been associated with an improvement in the 
growth performance. However, this feed system is not feasible economically in all herds due 
to the investment needed for storage capacity, mixers, pumps, pipelines and computers 
(Van der Wolf et al., 2001a). 

3.3 Probiotics 

Feeding antibiotics is one of the most effective strategies of prophylactically controlling 
gastrointestinal infections but this practice is in decline because of the concern with 
antibiotic resistance in human medicine (Fairbrother et al., 2005). Even more, the European 
Union banned the use of antibiotics as growth promoters in food animals in 1999, on the 
basis of the "precautionary principle". One of the most promising and attractive alternatives to 
in-feed antibiotics is the use of probiotics and according to this, several researchers have also 
proposed their utility in the control of Salmonella infections in swine farms. 

Probiotic treatment is based on the oral administration of viable bacteria, generally non-
pathogenic anaerobic bacteria, with the objective to establish the first indigenous flora in 
newborn piglets or remove the pathogenic flora already established in growers or finishers. 
The two main actions of probiotics include the nutritional effect and the sanitary effect 
(Anadon et al., 2006). The nutritional effect is attributed to a reduction of the metabolic 
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reactions that produce toxic substances, a stimulation of the indigenous enzymes and a 
production of vitamins. The sanitary effect of probiotics is linked to several actions 
including the creation of a restrictive environment by reducing the pH at the intestinal tract, 
the competition for gut surface adhesion, the production of anti-bacterial substances such as 
bacteriocins, the competition for the nutrients, the improvement of the epithelial gut cells 
health and the stimulation of the immune system acting as bio-regulators of the gut 
microflora and reinforcing the host natural defences. 

At the moment most of the probiotics that are in use consist in a well-defined mix of 
microorganisms. The main bacterial genera used in these probiotics include Clostridium, 
Enterococcus, Bacteroides, Streptococcus, Pediococcus, Bifidobacterium or Lactobacillus as well as 
yeast such as Saccharomyces (S. cerevesiae) or Kluyveromyces. According to the guidelines from 
the EFSA, the identification of all the bacteria included in the mixture and the determination 
of the absence of antimicrobial resistance genes or plasmids and toxic metabolites are 
recommended for all probiotic products in the market (Anadon et al., 2006). 

Despite the fact that anti-Salmonella activity of several lactic acid bacteria has been already 
demonstrated using in vitro procedures (Hume et al., 2001; Harvey et al., 2002; Casey et al., 
2004), the literature regarding the efficacy of probiotics in clinical trials is scarce, above all 
in pig surveys. According to the idea that the efficiency of probiotics is strongly related to 
the host animal where they have been developed (Ozawa et al., 1983), we will focus the 
discussion on trials performed in pigs even when there is not too much data available. 
Genovese et al. (2000 and 2003) evaluated the effect of an undefined mixture of lactic acid 
bacteria of porcine origin previously developed by Harvey et al. (2002) on caecal 
colonization and faecal shedding of S. Cholerasuis in neonatal and weaned pigs. Their 
results showed a significant decrease in colonization as well as a reduced shedding after 
experimental infection with S. Cholerasuis in treated animals as compared with the 
control group. In a similar way, Fedorka-Cray et al. (1999) demonstrated the usefulness of 
a mixed and undefined culture from caecal mucosa of a 6-week-old healthy pig for the 
control of Salmonella infection. A 2- to 5-log reduction of Salmonella in the caecal content or 
ileocolic junction was observed in the pigs that received this probiotic mixture when 
compared with the controls. Moreover, 28% of the gut tissues from the treated pigs were 
positive versus 79% from the control pigs. More recently, the effect of a defined mixture of 
lactic acid bacteria of porcine origin containing Lactobacillus murinus, L. pentosus, L. 
salivarus and Pediococcus pentosaceus developed by Casey et al. (2004) was evaluated in 
weaned pigs (Casey et al., 2007). The study design included three groups of five pigs: two 
treated groups that were administered the probiotic directly or fermented prior to its use 
and a control group in which milk was used as a placebo. All the animals from the treated 
groups were administered 4x109 colony forming units (CFU) of the probiotic bacteria 
during 6 days. On day 7, all the pigs were challenged with 109 CFUs of S. Typhimurium 
and were monitored for 23 days. Probiotic treated animals showed reduced incidence, 
severity and duration of diarrhoea as well as a lower concentration of Salmonella in faeces. 
In contrast Zsabo et al. (2009) did not find differences in clinical symptoms after a 
probiotic treatment based on Enterococcus faecium and subsequent challenge with S. 
Typhimurium DT104. Moreover the invasiveness was greater in the treated group than in 
the control one, showing that not all the potential probiotic bacteria offer protection 
against Salmonella. 
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Our research group has evaluated hundreds of lactic acid bacteria recovered from faeces, 
intestinal content or intestinal mucosa of healthy pigs and selected according to their 
potential probiotic properties including their anti-Salmonella effect. Among those with high 
anti-bacterial activity against Salmonella we found isolates from the Streptococcus and 
Lactobacillus genera, including L. reuteri, S. gallolyticus subsp. gallolyticus, L. delbrueckii, S. 
alactolyticus, L. animalis, L. salivarius, L ruminis and L. murinus (Collazos et al., 2008a). In 
general, L. reuteri and L. animalis isolates are particularly resistant to the gastrointestinal 
environment of swine. Although L. delbrueckii isolates exhibited a strong anti-Salmonella 
activity, they were particularly sensitive to gastric conditions. When a defined probiotic 
mixture of five lactobacilli containing L. reuteri, L. delbrueckii, L. animalis, L. murinus and L. 
ruminis was administered to 5-weeks old piglets for 7 days before the challenge with S. 
Typhimurium (109 CFU) a significant reduction in the pathogen shedding and its 
dissemination to different organs and tissues as well as an alleviation of the clinical signs of 
the infection as compared with the pigs from the control group was demonstrated (Collazos 
et al., 2008b). Similar results were previously reported by Casey et al. (2007). 

In spite of all these promising results from experimental trials, there is very little experience 
regarding the effect of such probiotic treatments in Salmonella infected swine farms. 
Moreover, at least two relevant questions regarding the probiotic use in the real practice still 
arise: (1) how can or should be administered the probiotic and (2) at which growth stage 
should it be used in order to reduce Salmonella contamination at the time of the slaughtering. 
Regarding the first question, two main possibilities should be considered. On the one hand, 
direct administration of the probiotic bacteria should be very effective and consequently 
high ratios of viable bacteria would reach the gastrointestinal tract. However it is almost 
impossible to use this administration in field conditions at farm level, particularly if the 
product is going to be used in growers or finishers. On the other hand, probiotic bacteria 
could be mixed with feed or drinking water allowing a very easy administration that could 
be extended for large periods of time. According to this, De Angelis et al. (2006) proposed 
that one of the main prerequisites for the selection of probiotic bacteria in swine is that these 
bacteria should be able to survive and maintain their health-promoting properties during 
feed manufacturing and storage. Our research group have evaluated the survival of five 
lactic acid bacteria of porcine origin incorporated into pelleted feed and stored for 24 days at 
farm conditions. Although one of the evaluated isolates was not included because its 
performance in the previous steps of fermentation and lyophilisation, was not satisfactory, 
stable numbers of the other four bacteria were recovered from pelleted feed stored in the 
farm until the end of the experiment allowing us to conclude that pelleted feed can 
apparently be used as a vehicle to administer probiotics in swine. Regarding the second 
question elicited, the moment of administration of the probiotic in a Salmonella control 
strategy in a swine farm, to our knowledge there is no field study in a Salmonella infected farm 
that can be used to give a well-grounded answer. In general, probiotics can be used to 
establish the flora in a newborn piglet, strengthen colonization resistance to pathogenic 
bacteria, or to compete with potential pathogenic bacteria already established in the 
gastrointestinal tract. Hence, the administration of probiotics is recommended during critical 
periods such as weaning (3 or 4 age-weeks) or at the beginning of the fattening period, when 
intestinal disorders are common. Focusing on the control of Salmonella infection in swine 
farms, both periods seem to be also suitable to establish a health intestinal status which would 
increase the resistance to Salmonella colonization. However, special attention should be paid in 
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order to avoid infections by Salmonella during the fattening period. Other option would be the 
administration of the probiotic during this fattening period or even at the end of the fattening 
period to reduce the risk of Salmonella transmission in the food chain. 

3.4 Acids 

A well studied strategy for the control of Salmonella infection on swine farms is the addition 
of acidic compounds to feed or drinking water. The main idea is not new and acids have 
been evaluated to replace growth promoters and to improve the hygiene and quality of the 
gut microflora since the 1980’s (Giesting & Easter, 1985). It has been demonstrated that the 
un-dissociated form of various acids can freely cross the bacterial cell membrane and enter 
the bacterial cell, causing cell death (Van Immersel et al., 2006). Moreover, acids decrease the 
pH at the gastrointestinal tract and they could serve as carbon source, taking part in several 
bacterial metabolic routes. 

The anti-Salmonella effect of many acids have been tested and evaluated in several 
experimental and field studies. The fact that short chain volatile fatty acids are produced by 
anaerobic bacteria of the gut microflora has focused many studies on their effectiveness 
against Salmonella. Propionic acid has shown satisfactory results against Salmonella in 
poultry (Hume et al., 1993). To our knowledge, there is no reported clinical trial based on the 
use of butyric acid, nevertheless its activity against Salmonella has been documented in vitro. 
The increase of butyric acid concentration in the gut has been associated with a decrease in 
Enterobacteriaceae and Salmonella populations (Van Immerseel et al., 2006) and an inhibition 
of the pathogenicity island I of Salmonella, involved in the gut cells invasion, after exposure 
to butyric acid has been reported (Gantois et al., 2005). Acetic acid is probably the most 
evaluated short chain volatile fatty acid in clinical trials. However, several studies have 
concluded that this acid does not show a relevant anti-Salmonella activity (Dahl et al., 1996; 
Van Immerseel et al., 2006) and further, it increases the development of resistance against 
acids by the mechanisms defined as acid tolerance response (Known et al., 1998). The anti-
Salmonella effect of lactic and propionic acids have also been evaluated in several studies 
with promising results (Tsiloyiannis et al., 2001; Wingstrand et al., 1996; Creus et al., 2007). 
Apart from these five acids described here, many other studies have been carried out using 
other products such as citric acid, fumaric acid, malic acid and many other acid products 
that can be found in the market. At the same time, some of these acids have been coated in 
an attempt to avoid an early absorption in the small intestine. The most relevant results of 
clinical trials evaluating the use of acids in the control of Salmonella infection in swine farms 
are summarized in Table 1 (Dahl et al., 1996; Wolf et al., 2001b; Tsiloyiannis et al., 2001; 
Anderson et al., 2004; Creus et al., 2007; Boyen et al., 2008; De Busser et al., 2008; Argüello et 
al., 2010b). 

Our research group carried out an interventional study in a pig fattening unit infected by 
Salmonella to assess the effectiveness of an acid treatment administered in drinking water for 
the control of salmonellosis (Argüello et al., 2011b). Animals from the experimental group 
were administered a commercial acid, composed of lactic acid (56%), formic acid (23%), 
propionic acid (13%) and acetic acid (5%), that was added to drinking water during the last 
40 days of the fattening period at a concentration of 0.035%. This treatment was able to 
reduce the number of Salmonella shedders as well as the number of Salmonella seropositive 
animals at the end of the fattening period. 
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Our research group has evaluated hundreds of lactic acid bacteria recovered from faeces, 
intestinal content or intestinal mucosa of healthy pigs and selected according to their 
potential probiotic properties including their anti-Salmonella effect. Among those with high 
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Typhimurium (109 CFU) a significant reduction in the pathogen shedding and its 
dissemination to different organs and tissues as well as an alleviation of the clinical signs of 
the infection as compared with the pigs from the control group was demonstrated (Collazos 
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gastrointestinal tract. Hence, the administration of probiotics is recommended during critical 
periods such as weaning (3 or 4 age-weeks) or at the beginning of the fattening period, when 
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order to avoid infections by Salmonella during the fattening period. Other option would be the 
administration of the probiotic during this fattening period or even at the end of the fattening 
period to reduce the risk of Salmonella transmission in the food chain. 

3.4 Acids 

A well studied strategy for the control of Salmonella infection on swine farms is the addition 
of acidic compounds to feed or drinking water. The main idea is not new and acids have 
been evaluated to replace growth promoters and to improve the hygiene and quality of the 
gut microflora since the 1980’s (Giesting & Easter, 1985). It has been demonstrated that the 
un-dissociated form of various acids can freely cross the bacterial cell membrane and enter 
the bacterial cell, causing cell death (Van Immersel et al., 2006). Moreover, acids decrease the 
pH at the gastrointestinal tract and they could serve as carbon source, taking part in several 
bacterial metabolic routes. 
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poultry (Hume et al., 1993). To our knowledge, there is no reported clinical trial based on the 
use of butyric acid, nevertheless its activity against Salmonella has been documented in vitro. 
The increase of butyric acid concentration in the gut has been associated with a decrease in 
Enterobacteriaceae and Salmonella populations (Van Immerseel et al., 2006) and an inhibition 
of the pathogenicity island I of Salmonella, involved in the gut cells invasion, after exposure 
to butyric acid has been reported (Gantois et al., 2005). Acetic acid is probably the most 
evaluated short chain volatile fatty acid in clinical trials. However, several studies have 
concluded that this acid does not show a relevant anti-Salmonella activity (Dahl et al., 1996; 
Van Immerseel et al., 2006) and further, it increases the development of resistance against 
acids by the mechanisms defined as acid tolerance response (Known et al., 1998). The anti-
Salmonella effect of lactic and propionic acids have also been evaluated in several studies 
with promising results (Tsiloyiannis et al., 2001; Wingstrand et al., 1996; Creus et al., 2007). 
Apart from these five acids described here, many other studies have been carried out using 
other products such as citric acid, fumaric acid, malic acid and many other acid products 
that can be found in the market. At the same time, some of these acids have been coated in 
an attempt to avoid an early absorption in the small intestine. The most relevant results of 
clinical trials evaluating the use of acids in the control of Salmonella infection in swine farms 
are summarized in Table 1 (Dahl et al., 1996; Wolf et al., 2001b; Tsiloyiannis et al., 2001; 
Anderson et al., 2004; Creus et al., 2007; Boyen et al., 2008; De Busser et al., 2008; Argüello et 
al., 2010b). 

Our research group carried out an interventional study in a pig fattening unit infected by 
Salmonella to assess the effectiveness of an acid treatment administered in drinking water for 
the control of salmonellosis (Argüello et al., 2011b). Animals from the experimental group 
were administered a commercial acid, composed of lactic acid (56%), formic acid (23%), 
propionic acid (13%) and acetic acid (5%), that was added to drinking water during the last 
40 days of the fattening period at a concentration of 0.035%. This treatment was able to 
reduce the number of Salmonella shedders as well as the number of Salmonella seropositive 
animals at the end of the fattening period. 
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Study Trial 
type 

Produc-
tion 

Stage 
Acid selected Vehicle

Concen-
tration 
used 

Treat-
ment
dura-
tion 

Results and discussion 

Ander-
son, 
2004 

Clini-
cal 
trial 

Weaning 
and 

fattening
Sodium chlorate Water 

30-80 
mg/kg 

bw 
36 h.

24 h. of administration in weaned 
pigs are enough to reduce the 
qualitatively recovery of Salmonella 
from gut and rectum. Proportions of 
Salmonella positive pigs were not 
significant reduced in finishers 

Arguel-
lo, 2011 

Field 
trial 

Fat-
tening 

Mixture of Lactic (56 %), 
formic (23 %) propionic 
(13 %) and acetic acid  
(5 %). 

Water 0.035 %1 60 
days

Reduction at farm in bacteriological 
(faces) and serological results at the 
end of the fattening period. Reduced 
positive lymph nodes and cecal 
samples at the slaughterhouse (no 
reach significance). 

Boyen, 
2008 

Clini-
cal 
trial 

6-week 
old 

piglets 

1-. Coated butyric 
2-. Coated caprilyc 
3- Uncoated butyric 
4-. Uncoated caprilyc 

Feed 

1-. Butyric 
0.02% 
2-. 
Caprylic 
0.03% 
3-. Butyric 
0.01% 
4-. 
Caprylic 
0.017% 

12 
days

Treatment with coated butyric acid 
decreased the intestinal Salmonella 
load and shedding. (the concentration 
of butyric acid used in the uncoated 
treatment was half the coated). 

Creus, 
2007 

Field 
trial Finishers Formic-propionic 

(50:50) Feed a) 1.2 % 
b) 0.8 % 

a) 14 
weeks
b) 8 
weeks

a) Reduction of percentage of 
Salmonella carriage in lymph nodes. 
b) Clear serological reduction and 
partial reduction of carriers in lymph 
nodes or cecal content. 

Dahl, 
1996 

Field 
trial Finishers

Formic, propionic, 
ammoniumformiate 
ammoniumpropionate 

Feed 0.4% 14 
days

No differences in shedding or 
serological prevalence. The treatment 
was not effective in previously 
infected pigs. 

De 
Busser, 

2008 

Field 
trial Finishers - Water - 14 

days

No beneficial effect in samples 
collected (carcass, lymph nodes or 
rectum) 

Tsilo-
yiannis, 

2001 

Field 
trial Weaners

Separately diets of: 
- Propionic acid (1 %) / 
Malic acid ( 1.2 %) / 
Formic acid (1.2 %) / 
Lactic acid (1.6 %) / 
Citric acid (1.5 %) / 
Fumaric acid (1.5 %) 

Feed 
Cited in 

acids 
colums 

14 
days

Thse study was carried out in a famr 
with clinical post-weaning diarrhoea 
syndrome caused by ECET. All the 
treatments reduced the numbers of 
ECET and showed ain improved 
growing specially the lactic acid 
group. 

Wolf, 
2000 

Field 
trial Finishers

Acid mixture: 
Lactic (8 %), formic  
(23 %), ammonium 
formiat (28 %), acetic   
(4 %), propionic (3 %) 
sorbic (1 %). 

Water 0.2 % 12 
weeks

The overall prevalence  in control 
group was three times the treated 
groups, but just in a situation with 
clinical problems would justify the 
use of acids to the authors. 

Table 1. Summary of experimental and field trials carried out using acid treatments to 
control Salmonella. 

In summary and taking into account all the information provided by the different studies, 
it seems that the success in the control of Salmonella infection by using acids is related to 
several factors. The concentration given must be related to the pH value (Boyen et al., 
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2008) and the duration of the treatment should be higher than a few weeks. No differences 
have been demonstrated between their administration in the feed or water. While the 
incorporation of the acids in the drinking water allows an easy regulation of the 
concentration and duration of the treatment, it has been associated with damages in the 
supply water circuits (Van der Wolf et al., 2001b). Moreover, it has been proposed that the 
success of these acid treatments administered at the end of the fattening period is related 
to the establishment of the Salmonella infection before the acid addition (Dahl et al, 1996; 
Creus et al., 2007). 

3.5 Other feed strategies 

Other products such as prebiotics, mainly fructo-oligosacharides that cannot be digested by 
the animal but serve as carbon source for intestinal bacteria, or herbal extracts with 
significant anti-Salmonella activities have been proposed as potential options in the control of 
Salmonella infection in swine farms. However, further studies evaluating their usefulness in 
Salmonella infected swine units are required. 

4. Vaccination 
Immune response stimulation by vaccines has been a useful mechanism to battle against 
pathogens. In this subheading of the chapter, vaccinology to control Salmonella in pigs will 
be reviewed including the different types of vaccines tested against Salmonella in swine, 
discussing their efficacy, advantages and disadvantages. In order to develop a useful 
vaccine against Salmonella, the mechanisms involved in the defence of the host as well as 
those by which the bacteria is able to establish the infection in the host have to be taken into 
consideration. Hence, a brief revision of the Salmonella transmission, pathogenesis and host 
immune response will be included to improve the reader comprehension about vaccination 
theories. 

4.1 Salmonella transmission, pathogenesis and immune response 

The fecal-oral route is the typical mode of transmission of Salmonella. Once it is ingested, 
Salmonella is able to resist the acid environment in the stomach and the bactericidal effect of 
compounds such as bile salts in the first part of the small intestine (Fedorka-Cray et al., 
1994). In the ileum, the peristalsis together with the indigenous microflora are the main 
difficulties that Salmonella has to overcome to reach its main target, the gut associated 
lymphoid tissue forming the Peyer’s patches in the ileum wall and more exactly the 
microfold or ‘M’ cells of this tissue. The virulence genes encoded in the Salmonella 
pathogenicity island I allow the bacteria to trigger macropinocytosis (a form of endocytosis 
of large particles such as bacteria) in these M cells and also in enterocytes and goblet cells 
(Frances et al., 1993; Ginocchio et al., 1994). After intestinal wall colonization Salmonella is 
presented to macrophages where it is able to survive by inhibiting the endosome-lysosome 
fusion through virulence genes encoded in the Salmonella pathogenicity island II (Hensel, 
2004; Gal-Mor & Finlay, 2006). This allows the bacteria to reach the reticulloendothelial 
system as previous stage prior to systemic infection. Most of the swine infections caused by 
Salmonella serotypes different from the host-specific serotype S. Cholerasuis are restricted to 
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2008) and the duration of the treatment should be higher than a few weeks. No differences 
have been demonstrated between their administration in the feed or water. While the 
incorporation of the acids in the drinking water allows an easy regulation of the 
concentration and duration of the treatment, it has been associated with damages in the 
supply water circuits (Van der Wolf et al., 2001b). Moreover, it has been proposed that the 
success of these acid treatments administered at the end of the fattening period is related 
to the establishment of the Salmonella infection before the acid addition (Dahl et al, 1996; 
Creus et al., 2007). 

3.5 Other feed strategies 

Other products such as prebiotics, mainly fructo-oligosacharides that cannot be digested by 
the animal but serve as carbon source for intestinal bacteria, or herbal extracts with 
significant anti-Salmonella activities have been proposed as potential options in the control of 
Salmonella infection in swine farms. However, further studies evaluating their usefulness in 
Salmonella infected swine units are required. 

4. Vaccination 
Immune response stimulation by vaccines has been a useful mechanism to battle against 
pathogens. In this subheading of the chapter, vaccinology to control Salmonella in pigs will 
be reviewed including the different types of vaccines tested against Salmonella in swine, 
discussing their efficacy, advantages and disadvantages. In order to develop a useful 
vaccine against Salmonella, the mechanisms involved in the defence of the host as well as 
those by which the bacteria is able to establish the infection in the host have to be taken into 
consideration. Hence, a brief revision of the Salmonella transmission, pathogenesis and host 
immune response will be included to improve the reader comprehension about vaccination 
theories. 

4.1 Salmonella transmission, pathogenesis and immune response 

The fecal-oral route is the typical mode of transmission of Salmonella. Once it is ingested, 
Salmonella is able to resist the acid environment in the stomach and the bactericidal effect of 
compounds such as bile salts in the first part of the small intestine (Fedorka-Cray et al., 
1994). In the ileum, the peristalsis together with the indigenous microflora are the main 
difficulties that Salmonella has to overcome to reach its main target, the gut associated 
lymphoid tissue forming the Peyer’s patches in the ileum wall and more exactly the 
microfold or ‘M’ cells of this tissue. The virulence genes encoded in the Salmonella 
pathogenicity island I allow the bacteria to trigger macropinocytosis (a form of endocytosis 
of large particles such as bacteria) in these M cells and also in enterocytes and goblet cells 
(Frances et al., 1993; Ginocchio et al., 1994). After intestinal wall colonization Salmonella is 
presented to macrophages where it is able to survive by inhibiting the endosome-lysosome 
fusion through virulence genes encoded in the Salmonella pathogenicity island II (Hensel, 
2004; Gal-Mor & Finlay, 2006). This allows the bacteria to reach the reticulloendothelial 
system as previous stage prior to systemic infection. Most of the swine infections caused by 
Salmonella serotypes different from the host-specific serotype S. Cholerasuis are restricted to 
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the follicle associated epithelium that surrounds the intestine. That is why we will focus this 
description of the immune response elicited by the host in this first stage of the infection to 
the gut and lymphoid tissue associated thereof. 

Immediately after entering in the gastrointestinal tract, a complex and concerted immune 
response involving epithelial cells and both innate and adaptive immune response is 
mounted against pathogenic Salmonella. Although the microfold or M cells aforementioned 
are the main target to cross the intestinal wall, it has been described that Salmonella is also 
able to disrupt tight junctions between epithelial cells allowing paracellular transit into 
gastrointestinal tract tissue (Boile et al., 2006). The approach that Salmonella uses to cross the 
epithelial cell barrier is a critical step in the immune responses generated. Those invasive 
bacteria that cross through the M cells activate particularly the secretion of IgA in the lamina 
propia; in contrast those non-invasive Salmonella that use mainly the paracellular transport 
do not induce the secretion of IgA. 

Once the epithelial barrier is breached, the innate immune cells stimulate the pattern 
recognition receptors. Macrophages localized in the interfollicular region, neutrophils and 
monocytes (which will be differentiated in dendritic cells or macrophages) accumulated in 
the gut associated lymphoid tissue induce the classic T helper 1 immune response and 
provide the first cellular defence against invasion. Interleukins such as IL-12, IL-1 or those 
more recently found participating in the immune response to Salmonella such as IL-23, IL-22 
(Schulz et al., 2008; Godinez et al., 2009) and IL-17 (Raffatelu et al., 2008) as well as TNFα and 
IFNγ take part in the organism defence. 

In later stages of the infection, Salmonella clearance is mediated by the specific immune 
response. Humoral response can be detected one week after the infection of the pigs (Gray et 
al., 1996a; 1996b), firstly represented by IgM and followed by IgG and IgA (Hasan et al., 
1991). The levels of IgM and IgA decrease gradually while IgG persist during extended 
periods of time, being detected at the time of slaughtering in finisher pigs. Cell immune 
response is principally represented by CD4+ T lymphocytes (Hess et al., 1996). The exact 
mechanism by which CD4+ T-cells are able to control bacterial growth is unknown and 
seems not to be related to the production of TNFα and IFNγ. The antibody production 
against various Salmonella antigens also plays a role in the Salmonella clearance from 
systemic sites. This antibody production is stimulated by T-cells and the CD8+ cytotoxic 
lymphocytes (Mastroeni et al., 2009) and is directed against antigens such as the 
lipopolysaccharides, the capsular Vi polysaccharide or flagelins. 

Salmonella is a potential intra-cellular pathogen. Its ability to survive and replicate in the 
macrophages and the reticulloendothelial system let it to avoid, at least partially, the 
immune response (Hormaeche et al., 1993). Nevertheless it has been described that control 
and clearance of Salmonella rely in the cell immune response mediated by CD4+ and CD8+. 
(Mastroeni et al., 1997). The specific humoral immune response, except for the IgA presented 
in the intestinal mucosa, is at least partially avoided by the fact that Salmonella is “protected” 
by the cells which infects and also the innate response (mediated by neutrophils and 
macrophages) even being the first barrier and also participating in antigens presentation, 
does not offer protection against Salmonella. So to summarize it seems that vaccines should 
stimulate the cell immune response to protect pigs against Salmonella infection. 
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4.2 Vaccination in pigs against Salmonella 

The stimulation of the immune system by vaccines against Salmonella in swine aims to 
prevent gut colonization and faecal shedding as well as the development of a carrier state; in 
a word, bring to end the infection cycle at the farm level (Haesebrouck et al., 2004). The 
disappearance of clinical symptoms is not the goal of this vaccination since most of the 
infections by Salmonella are not associated with clinical disease in pigs. 

Several vaccines have been tested against Salmonella including live vaccines, attenuated or 
genetically modified, inactivated vaccines and also subunit vaccines. Live vaccines have 
the ability to arouse the best immune response; they stimulate the production of IgA in 
the intestinal mucosa since they can be used by oral administration and on the other hand 
they are theoretically able to produce a strong cell-mediated immune response (Lindberg 
& Robbertson, 1983). Besides, antibody titres seem to be lower than those induced by 
inactivated vaccines (Springer et al., 2001; Husa et al., 2008) and this fact is relevant if the 
vaccine is going to be used in the course of control programmes based on serological 
detection and quantification of the infection. Live vaccines against Salmonella included (i) 
attenuated vaccines obtained by the dwindling of at least one of the virulence 
mechanisms of the bacteria without localizing or characterizing the molecular basis of 
attenuation; and (ii) genetically modified vaccines which in contrast to attenuated 
vaccines are those in which identified genes for the bacterial metabolism such as aroA 
(Lumsden et al., 1991), global regulator genes or virulence genes such as spv genes located 
in Salmonella virulence plasmid (Kramer et al., 1992) have suffered induced mutations to 
attenuate the bacteria. 

Many studies have tested live vaccines in both challenge and clinical trials. We will focus 
our attention on those studies that have reported bacteriological results and therefore 
have measured the impact of vaccination in the Salmonella shedding and Salmonella 
infection in the gut or the associated lymphoid tissue. Several live vaccines including 
those based on modifications of their genome such as aroA mutants, Δcya-Δcrp, gyrA-cpxA-
rpoB or adenine-histidine auxotrophy organisms (Lumsden et al., 1991; Lumsden et al., 1992; 
Springer et al., 2001; Denagamage et al., 2007; Selke et al., 2007; Husa et al., 2008) have 
demonstrated a reduction in the faecal shedding and isolation of Salmonella from the gut 
and lymphoid tissues. When piglets were vaccinated with these vaccines and challenged 
with the bacteria, a diminution in the infection pressure based on a reduction of the 
Salmonella faecal shedding and isolation from the gut and the lymphoid tissue associated 
was demonstrated. Nevertheless in most of these challenge experiments, the monitoring 
of the piglets was only carried out during the subsequent days or weeks after the 
experimental infection and therefore there are doubts regarding the duration of this 
protection. The experience from field trials has provided scarce but very interesting data; 
an adenine-histidine auxotrophy S. Typhimurium vaccine was tested for a period of six 
months in a farrow-to-finish farm. The prevalence of Salmonella infection in the unit 
decreased from 65% to 23% in 6 weeks. Unfortunately, this study does not include a 
control group and comparison was made using historical data. More recently, Farzan & 
Frienship (2009) have evaluated a commercial S. Cholerasuis live vaccine in a clinical field 
trial. The prevalence of Salmonella shedding animals decreased as immunized pigs aged 
but the results were not conclusive since this fact was also reported to a lesser degree in 
the control pigs. The point that the pigs were probably infected before their vaccination 
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the follicle associated epithelium that surrounds the intestine. That is why we will focus this 
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4.2 Vaccination in pigs against Salmonella 

The stimulation of the immune system by vaccines against Salmonella in swine aims to 
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together with the coexistence of three different serotypes of Salmonella involved in the 
infection at the farm could explain at least part of the low efficacy of vaccination against 
Salmonella found in this study. Finally another study using a S. Cholerasuis live vaccine 
(Maes et al., 2001) showed a reduction in the positive ileocaecal lymph nodes (ILN) in the 
vaccinated group, 0.6%, compared to the control 7.2% while 24% and 9% of the vaccinated 
and control animals were positive in serology at 24 weeks (cut-off > 10). 

Although theoretically live vaccines offer the best protection, they have also several 
disadvantages; firstly they are not as secure as inactivated vaccines since reversion to 
virulence can theoretically occur. Besides, transport and storage conditions are more 
demanding and finally if they are going to be administered orally several factors such as 
handling, withdrawal of antimicrobial treatments during administration or negative effects 
such pyrexia or reduced daily gain have to be taken into consideration (Husa et al., 2008). 
For these reasons, there is still interest in Salmonella inactivated vaccines, which are easier to 
administer, more secure and also cheaper than attenuated life vaccines. In general, 
inactivated vaccines are useful against extracellular or toxin producer bacteria because 
humoral immune response can easily and effectively protects the host. It could be expected 
that no protective or a very limited effect would be seen with intracellular bacteria since the 
cell-mediated response is not stimulated directly. However, it is important to take into 
account that at least part of the infection cycle of Salmonella takes place in the extracellular 
space being vulnerable to the action of specific antibodies. 

Inactivated vaccines are easy to produce and there are a number of clinical field and 
experimental trials to evaluate their effectiveness against Salmonella in different stages of the 
swine production including breeding herds, nursery pigs and finishers. A homologous 
inactivated S. Typhimurium vaccine was applied to sows in a research performed by 
Roesler et al. (2006). The results of this vaccination were measured in the offspring and 
revealed a decreased in the prevalence of Salmonella shedders as well as in the prevalence of 
seropositive piglets. According to these results, vaccination with an inactivated vaccine 
could be a proper tool to control Salmonella transmission from the sows to their progeny, 
easy to apply and cheap. On the contrary, Farzan & Friendship (2009) failed to demonstrate 
a clear protection in piglets after vaccination with an autogenous S. Typhimurium bacterin 
probably because the vaccine failed to elicit cross-protection against other serovars and 
piglets were suffering a multiple-serovar infection. The effectiveness of vaccination of 
finishers at the beginning of the fattening period with a whole-cell inactivated S. 
Typhimurium bacterin was tested in a field trial carried out by our research group (Argüello 
et al., 2010c). Vaccinated pigs showed lower faecal shedding throughout the fattening period 
as well as lower serological response at the slaughter time. Moreover Salmonella prevalence 
in caecal content and mesenteric lymph nodes were also lower in vaccinated pigs as 
compared with control animals. However, the undesirable effect of vaccination was the 
strong humoral immune response which would interfere with a serological surveillance on 
the farm since more than a forty percent of the vaccinated pigs were seropositive (OD cut-
off >40%) at the end of the fattening period. 

In spite of their limitations, inactivated vaccines as well as subunit vaccines can increase in 
usefulness by taking advantage of the improvements in DIVA vaccines (Differenciating 
Infected from Vaccinated Animals) which have already been tested (Selke et al., 2006; 
Leyman et al., 2011) and also in adjuvants which should be able to increase the 
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immunostimulation boost of these vaccines (Leclerc, 2003). The application of such 
technology in conjunction with the ongoing developments in identifying new virulence 
determinants such as purified recombinant proteins, synthetic peptides or plasmid DNA 
could induce protective immunity by the selective activation of immune effectors 
mechanisms. The next generation of Salmonella vaccines could be based on these premises, 
to overcome the problems discussed above and improve the protections elicited by vaccines 
against Salmonella. 

Despite the fact that the vaccine field has been the target of many surveys since decades, 
there are still many gaps. Most of the investigations regarding Salmonella immunity have 
been done in a murine model without taking account that S. Typhimurium is the host-
specific pathogen for this specie. Moreover, most of the challenge trials carried out in piglets 
do not perform an extended monitoring of the animals until the market-weigh. Further 
research should be done to increase the knowledge in the immune response against 
Salmonella in production animal species and to non-host specific serotypes as well as in 
vaccine field trials in both finishers and sows (transmission of the immunity to the piglet). 

5. Hygiene, handling practices and biosecurity 
At farm level there are many factors that can modify the epidemiology of the infection 
determining the success of Salmonella colonization. Throughout this chapter we have 
mentioned that Salmonella needs to overcome the hostile environment of the gastrointestinal 
tract of the host as well as the immune response mechanisms elicited in order to establish an 
infection. In the pig, Salmonella can survive in the gut associated lymphoid tissue with 
reactivation of infection and shedding in favourable conditions, a fact which implies that 
infected animals are always a risk of infecting other animals throughout their lives. 
Moreover, Salmonella is perfectly adapted to the external environment and is able to survive 
outside the host for extended periods of time. These two premises, the carriage of Salmonella 
by apparently healthy animals and the ability of these bacteria to survive in the 
environment, determine the importance of hygiene and biosecurity practices in the control 
of the infection. None of the control measures aforementioned will be successful if they are 
not accompanied by adequate hygiene and biosecurity practices on the farm. 

Hygiene standards are based on cleaning and disinfection procedures. All-in/all-out 
systems, where each room or building is completely emptied and sanitized between groups 
of pigs, are used frequently in finishing units in swine production and it is during the period 
of time comprised between two consecutive batches when the effort must be paid in order to 
prevent the infection of the incoming pigs. Salmonella can survive in the environment for 
long periods of time, for instance 14 days on smooth metallic surfaces, one year in wet soil 
or even up to two and four years in dry excrements and dust respectively (Murray, 2000). Its 
ability to persist in the environment enhances its transmission capacity. Apart from the 
direct transmission from pig to pig, the environment is the most important source of 
Salmonella infection in finishing units, being more relevant than contaminated sows at 
breeding herds (Berends et al., 1996). As was demonstrated by Dahl et al. (1997) pigs coming 
from infected breeding herds, allocated in an environment perfectly cleaned and free of 
Salmonella, can arrive at the slaughterhouse without any positivity in bacteriological or 
serological samples. Hence, special attention should be paid to avoid the presence of 
Salmonella in the environment. 
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An effective cleaning protocol should cover the following premises: (i) clean the facilities 
with pressured water to remove the organic matter with special attention to holes and 
corners where it can be accumulated, (ii) apply detergents together with the pressured water 
to enhance the organic matter removal and finally (iii) apply a disinfectant after the proper 
cleaning protocol. Regarding useful disinfectants, it can be said that Salmonella is susceptible 
to most of the disinfectants used, such chlorine, iodine derivates, phenols, peroxides or 
quaternary ammonium compounds. However it is surprising that being susceptible to most 
disinfectants it can be found after cleaning and disinfection protocols routinely applied at 
farm level (Argüello et al., 2011b). 

We have evaluated the effectiveness of routinely cleaning and disinfection procedures 
against Salmonella in swine farms (Argüello et al., 2011). A total number of thirty-six pig 
finishing farms performing a strict all-in/all-out management (AI/AO) were studied by 
collecting twelve samples within each farm including samples from pen floors (5 
samples), pen walls (5 samples), corridors (1 sample) and dust (1 sample). All the farms 
were studied after cleaning and disinfection procedures, just before the entrance of a new 
batch of animals. Despite the fact that cleaning procedures were classified as satisfactory 
by clinicians and a phenol derivate disinfectant was used, Salmonella was still detected in 
one of each five investigated farms (22.2%). Salmonella was recovered mainly from floor 
samples (6 out of 8 positive farms were positive in floor samples) followed by pen walls 
(three farms). It is remarkable that in two of the positive farms the contamination was 
only detected in corridors. In contrast, Salmonella was not isolated from dust samples in 
any of the farms. In a similar farm environmental study performed in Germany, Gotter et 
al. (2011) reported Salmonella positive results in 22% of the pens floors, 28% of the pen 
walls and 32% of the central hallway. Gebrelles et al. (1999) also found that 80% of the 
pens were contaminated after cleaning and disinfection procedures in swine farms. 
Moreover, Salmonella serotypes isolated were related to new infections in the incoming 
pigs. Regarding these results, it is important to note that it has been described that holes 
in floors and walls make difficult the penetration of disinfectant solutions along with the 
biofilm formation by Salmonella can make the action of the disinfectants difficult (Marin et 
al., 2009). Surprisingly, it has been reported that farms using cleaning protocols without 
disinfectants had lower Salmonella levels than those using disinfectants (Van der Wolf et 
al., 2001a). This fact indicates that disinfection protocols are sometimes not carried out 
properly and points towards the importance of performing adequate cleaning protocols if 
we want to achieve an effective disinfection. Moreover, particular attention should be 
paid not only to pens but also to corridors in order to prevent infections between batches 
and also to the instruments employed at farm level since they can constitute a source of 
Salmonella contamination. Gotter et al. (2011) found that elements such as driving boards, 
pig toys or boots, presented the higher contamination values, showing that the farm 
equipment can be a source of contamination that sometimes is underestimated. These 
results together with the risk factors studies in which not beneficial effects were found in 
AI/AO systems (Nollet et al., 2004; Rajic et al,. 2007; García-Feliz et al., 2010) show that 
cleaning protocols carried out routinely at farm sometimes do not reach their goal and so 
special attention should be paid in the cleaning and disinfection carried out between 
batches removing the organic matter present, cleaning not only the surfaces visible to the 
naked eye but also equipments, corners, and other surfaces in which dust and 
contamination can be stored. 
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Regarding management and handling by farmers the main premises that should be taken 
into consideration are as follows; large facilities are usually supplied by several breeding 
origins and then Salmonella-free pigs can be mixed with infected pigs at the fattening unit. 
Thus, in order to avoid the risk of contamination by potentially infected pigs, the origin 
status of the piglets should be confirmed, above all in low Salmonella contaminated farms 
included in control programmes. Moreover, it is believed that mixing animals with different 
ages increases the risk of Salmonella transmission, so pig handling is also important in 
avoiding or minimizing Salmonella infections at the farm. Adequate handling and caring of 
the animals is also necessary to diminish the stress, which is related to an increase in pig 
susceptibility to Salmonella infection as well as to an increase in faecal shedding by carriers 
(Verbrugghe et al., 2011). 

Biosecurity is essential at farm level to avoid the entrance of infectious diseases and most of 
the swine farms fulfil the basic biosecurity measures. General biosecurity measures such as 
double external fence, footbaths, changing rooms with showers and farm clothes to staff and 
visitors, external access to feed and dead animal trucks are essential in farms and several 
risk factor studies have associated them to a lower Salmonella prevalence (Amass et al., 2000; 
Lo Fo Wong et al., 2004). 

Apart from infected animals, which constitute the main source of Salmonella infection, the 
indirect transmission of disease by feed or wild animals present at the farm can be also 
relevant. The importance of feed as Salmonella vehicle has been already discussed in the 
feeding strategies subheading. As it was pointed out if feed transport or storage in the farm 
are not carried out under strict isolation conditions, feed can be easily contaminated by 
Salmonella. Water supply can also be a significant vehicle to indirect Salmonella transmission. 
The ability of Salmonella to survive in water supply depends on the nature of the water and 
factors such as the presence of protozoa, the concentration of organic matter, toxins, heavy 
metals, and several physicochemical properties. Fish & Petiborne (1995) estimated that 
Salmonella can survive at least 56 days in water. Farmers should pay attention to water 
quality and also to guarantee a supply of potable water on their farms. At the same time, 
wild birds or rodents can also contaminate the feed if they can access to the places where it 
is stored. Feed and water are effective vehicles to Salmonella transmission because they are 
supplied to all the animals and bring Salmonella directly to the gastrointestinal tract. So 
appropriate production and feed handling as well as water treatment has to be done in 
order to avoid contamination by Salmonella from these two sources. 

Probably one of the main factors implied in the spreading of Salmonella is its ability to 
colonize a wide range of animal species including warm or cold blooded animals; this fact 
implies that most of the animals, birds or insects present in an environment with Salmonella 
will be infected or will carry Salmonella. This fact implies that all domestic and wild animals 
that get in touch with the farm can constitute a source of Salmonella for pigs. Salmonella has 
been isolated from rodents in several studies (Healing, 1991) and their faecal pellets can 
contain up to 105 CFU of Salmonella (Henzler & Opitz, 1992). Although wild birds have been 
recognised as carriers of Salmonella, evidence suggests that infected birds are rarely 
identified. It seems that birds are infected by their feeding environment with a short term 
carriage (Murray, 2000). Salmonella has been also isolated from insects including 
cockroaches, flies, and beetles (Benett, 1993; Davies & Wray 1995; Olsen & Hammack, 2000). 
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Lo Fo Wong et al., 2004). 
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feeding strategies subheading. As it was pointed out if feed transport or storage in the farm 
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colonize a wide range of animal species including warm or cold blooded animals; this fact 
implies that most of the animals, birds or insects present in an environment with Salmonella 
will be infected or will carry Salmonella. This fact implies that all domestic and wild animals 
that get in touch with the farm can constitute a source of Salmonella for pigs. Salmonella has 
been isolated from rodents in several studies (Healing, 1991) and their faecal pellets can 
contain up to 105 CFU of Salmonella (Henzler & Opitz, 1992). Although wild birds have been 
recognised as carriers of Salmonella, evidence suggests that infected birds are rarely 
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Other wild animals are more related with the maintenance and perpetuation of the infection 
in the farm more than with the introduction of Salmonella thereof; finding positive mice or 
rats or cats for instance in the farm proves that Salmonella is distributed in the environment 
and the elimination of these animals is crucial if other efforts are taken at the same time to 
reduce the Salmonella prevalence. 

Hygiene, handling practices or biosecurity are not sometimes taken into account to battle 
against a pathogen but in facultative environmental pathogens such Salmonella, they can 
play a crucial role in its maintenance and perpetuation and must be included in the 
practices to reduce the prevalence at farm level if practitioners want to have success 
reducing Salmonella. 

6. Conclusions 
The main objective of this chapter was to identify the main potential control strategies 
applicable in swine production to reduce Salmonella prevalence. Fortunately there is enough 
background to discern which measures seem to be most efficient in general, but we must 
stress that Salmonella epidemiology is not completely understood and that there are many 
factors that can influence its presence at farm level. The achievement of success in a 
reduction programme will depend in which measures, of those described here, may be 
feasible applied taking into account the serotype involved in the infection, its prevalence, 
type of farm etc, and also factors such economical resources.  
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1. Introduction 
Salmonella remains an important concern in food processing environments as it causes 
salmonellosis, a major public health problem throughout the world (Anonymous, 2004; 
Mead et al., 1999). This review deals with the ability of Salmonella to survive and adapt to 
the antimicrobial stresses encountered in food processing environments. It illustrates how 
bacteria can develop greater tolerance to these stresses and cross-protection with other 
environmental stresses, thus increasing their persistence throughout the food chain. Two 
types of antimicrobial agents are primarily encountered in food-processing environments, 
food preservatives and disinfectants. 

Food preservatives are directly included in food products. Their use is the most common 
method to guarantee microbial food safety until the end of shelf-life. Among these 
substances, traditional chemical preservatives should be distinguished from naturally-
occurring antimicrobial compounds. The former group includes officially approved 
compounds such as organic acids (lactic, acetic, sorbic, benzoic acids) and their salts, nitrites 
and nitrates, or sulfites (Roller, 2003). The latter group includes compounds which come 
from a natural source: whether they are produced by a microorganism, e.g. several weak 
acids or bacteriocins, or whether they are extracted from a plant or animal product, e.g. 
essential oil compounds, lactoperoxidase or lactoferrin (Roller, 2003). In most cases, these 
natural antimicrobials are used in foods for their acidifying or flavoring properties, but they 
also play an important role in maintaining microbiological food safety. Indeed, it has been 
long recognized that numerous natural compounds have antimicrobial properties (Naidu, 
2000; Roller, 2003), among them, weak organic acids (Doores, 2005) and essential oil 
compounds (Burt, 2004). The inhibition of Gram-negative bacteria by bacteriocins produced 
by lactic acid bacteria is limited because of the impermeability of the outer membrane (Abee 
et al., 1995), even though treatment with EDTA (which permeabilizes the membrane) can 
render these bacteria sensitive to nisin but not to pediocin (Schved et al., 1994). 
Nevertheless, microcin L, a bacteriocin produced by E. coli, is highly efficient against S. 
Typhimurium (Morin et al., 2011).  

Disinfectants are chemical agents used on inanimate surfaces to inactivate all recognized 
pathogenic microorganisms (Centers for Disease Control and Prevention, USA). They are 
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applied regularly in food processing environments in order to control surface 
biocontamination, and must be officially approved (Anonymous, 1998). Numerous 
disinfectants with different mechanism of action are widely employed by the food industry, 
such as peroxygens, quaternary ammonium compounds, halogen-realizing agents or 
aldehydes (McDonnell & Russell, 1999). But regulations are currently being revised (Reach, 
biocide directive) and some of these molecules would no longer be permitted in the future 
years (Anonymous, 2006; Anonymous, 2009). 

Antimicrobial properties of a compound can be characterized with respect to its 
bacteriostatic and/or bactericidal activities. The bacteriostatic activity of an antimicrobial is 
determined by its minimum inhibitory concentration (MIC); i.e. the minimum concentration 
that can completely inhibit growth of the target pathogen. The bactericidal activity can be 
evaluated using a survival curve (a single concentration is applied and survivors are 
enumerated over time) or by establishing the Minimum Bactericidal Concentration (MBC: a 
range of concentrations are applied for a specific period of time and survivors are then 
numbered). Food antimicrobials are intended to eradicate or inhibit the growth of 
pathogenic microorganisms, whereas disinfectants are only designed to kill the microbial 
population rapidly. 

Although bacterial resistance can be characterized regularly using one of these 
techniques, it is important to know that, like in numerous pathogens, the resistance of 
Salmonella to antimicrobials can evolve as a function of its living conditions. If bacteria are 
subjected to stressful conditions, they can increase their survivability under conditions 
that would normally be lethal. Induced tolerance was first demonstrated in Salmonella 
after a heat pre-shock at 48°C which induced an increase in the further thermotolerance of 
the strain (Mackey & Derrick, 1986). Preservative factors can impose non-lethal stresses 
upon bacteria in foods, potentially eliciting stress tolerance. Moreover, consumers today 
are looking for additive-free, fresh and more natural foodstuffs. In this context, 
combinations of treatments may be a way to enable their use at low doses while 
maintaining microbial food safety. The term “hurdle technology” is widely employed to 
describe these combinations of technologies with preservative effects (Leistner, 1995) and, 
because these treatments are often applied at the same time, the term multifactorial 
preservation has been proposed as being more appropriate (Roller, 2003). However, 
because these cumulative processes are all applied at sub-inhibitory concentrations, they 
may promulgate an adaptive stress response and enable the survival of a greater fraction 
of the bacterial population.  

Moreover, in food processing or farming environments, Salmonella biofilms can settle on 
surfaces, despite disinfection procedures (Vestby et al., 2009). A biofilm is a bacterial 
community that adheres to a surface and is embedded in a matrix of microbial extracellular 
polymeric substances (Costerton et al., 1995; Hoiby et al., 2010). Protected by this matrix, 
Salmonella cells in the deeper layers of the biofilm thus become less accessible to the 
disinfectant because of diffusion limitations and can develop adaptive stress responses to 
sub-lethal concentrations of disinfectant. 

The ability of the pathogen to respond to stressful conditions has been described as bacterial 
stress adaptation, stress adaptive response, habituation, induced tolerance, acclimatization 
or stress hardening (Yousef & Courtney, 2003). Numerous physiological responses are 
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implicated in this increase in bacterial survival and tolerance in harsh environments 
(Wesche et al., 2009). Many physiological modifications occur concomitantly in the cell, 
including protein up- or down-regulation, modifications to the cell membrane composition 
and altered morphology. In addition, these physiological changes following stressful 
conditions can induce cross resistance to other stressful environmental conditions, 
modifications to colonization or virulence (Figure 1). In all cases, bacterial stress will exert a 
considerable impact on the persistence of Salmonella throughout the food chain because of 
the modifications they induce to cell physiology, reactivity and tolerance. This is therefore a 
major concern in the area of food microbiology because it may constitute an emergent 
microbiological hazard. 

 
Fig. 1. Adaptation of Salmonella to antimicrobial stresses in food processing environments 
and consequences 

Adaptation of Salmonella to both food antimicrobials and disinfectants will be discussed in 
the next three parts. Among the former group, we will focus on the two main groups of 
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This section reviews the ability of Salmonella to grow and survive under acidic conditions. 
We will also discuss its capacity to develop acid adaptation and the consequences relative to 
its cross resistance to other stresses and virulence.  

Salmonella may encounter a variety of acidic stress situations in both natural and industrial 
environments, as well as during pathogenesis. In foodstuffs, weak organic acids (e.g. acetic, 
lactic, citric acids, etc.) are either present naturally as constituents of the food, are produced 
by fermentation or are added during food formulation in order to protect against 
deterioration. For example, acetic acid is widely employed as a food acidulant to inhibit 
microbial growth and extend the shelf-life of food. Within the human digestive system, 
Salmonella must endure an extreme pH in the stomach and survive in the presence of weak 
acids in the intestinal environment before reaching the epithelial cells (Baik et al., 1996). 
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2.1 Growth or survival under acidic conditions 

The optimum pH for Salmonella growth is generally said to be between 6.5 and 7.5, but the 
minimum pH value depends on many factors such as the strain and type of acid. For 
example, Salmonella Typhimurium can grow at 25-37°C at pH 4.5 when the pH is adjusted 
with citric acid, while it has to be over 5.4 with lactic acid and 6.4 with acetic acid 
(Alvarez-Ordonez et al., 2010a). These findings can be explained because the 
undissociated form is that which is primarily responsible for antimicrobial activity, as it is 
able to penetrate into the cell and reduce the cytoplasmic pH by intracellular dissociation. 
For a given acid, the lower the pH, the higher the proportion of the undissociated form 
(Dziezak, 1986). However, the activity of each acid will depend on its pKa; the higher the 
pKa, the higher is the proportion of undissociated form at a given pH. For example, at pH 
5, 34.9% of acetic acid is undissociated, as opposed to 0.41% of citric acid at the same pH. 
Inhibitory efficiency, thus, decreases as follows: acetic acid (pKa 4.75) > lactic acid (pKa 
3.08) > citric acid (pKa1 3.14; pKa2 4.77; pKa3 6.39) (Doores, 2005). Acid preservatives are 
therefore more efficient in acid or acidified foods. Lactic, acetic, and benzoic acids are 
authorized in foodstuffs at quantum satis concentrations (“the amount which is needed”). 
They are generally added to foodstuffs at a rate of 1% or higher. Above the pH mode of 
action, some acids exert specific toxicity; for example propionic, sorbic or benzoic acids, 
which should therefore be used at lower concentrations such as 0.05% to 0.2% (Mescle & 
Zucca, 1996).  

The minimum growth pH of Salmonella is also temperature-dependent. The minimum 
growth pH is increased by about 1 pH unit at high (45°C) or low (10°C) temperatures, 
compared to the minimum pH at 25-37°C (Alvarez-Ordonez et al., 2010a). 

Above the minimum pH level, growth kinetics can be characterized by modeling the growth 
rate versus the concentration of acid (Guillier et al., 2007). Inhibitory activity will depend on 
the type of acid, its concentration and the pH. Beyond the MIC determination, one 
parameter is particularly useful for characterizing acid inhibition: the Non-Inhibitory 
Concentration (NIC) which is the higher concentration at which no inhibition is observed. 
Different models can be utilized in this respect, including a square-root model based on the 
Lambert and Pearson model (Lambert & Pearson, 2000). The growth rate (µmax) as a 
function of acid concentration (c) is expressed as follows, where MIC, NIC and µmax(c=0) 
are the model parameters (Guillier et al., 2007): 
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Depending on the acid, different growth rate inhibition profiles have been generated while 
acid concentration increases in the medium (Figure 2). There was no pH adjustment. For 
example, the inhibitory effect of lactic acid on S. Typhimurium starts above 36.6 mM, while 
citric acid is effective up to 9.9 mM. The MIC values for citric, lactic and acetic acids in these 
conditions are respectively 30 mM, 40 mM and 52 mM (Guillier et al., 2007). In addition to 
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the MIC, determining the NIC is of great importance because for some compounds, the 
difference between NIC and MIC values is very small. Thus a small error made when 
adjusting the concentration in a food product can lead to a level that is the wrong side of the 
growth-no growth limit.  

 
Fig. 2. S. Typhimurium growth rate inhibition versus concentration of citric acid or lactic 
acid (data from Guillier et al., 2007). 

Below the minimum growth pH, Salmonella can nevertheless survive. The minimum 
survival pH has usually been stated to be at about 3.0 for Salmonella, unlike E. coli or 
Shigella that can survive at pH 2 or 2.5 in complex media (Lin et al., 1995). However, 
different strains of Salmonella have been shown to survive at pH 2.5 for prolonged periods 
of time (de Jonge et al., 2003). The emergence of these acid-resistant strains suggests a 
preconditioning in acidic conditions, most probably within the intestinal tract of 
ruminants fed with a carbohydrate-rich diet (de Jonge et al., 2003) as it will be described 
in the next paragraph.  

Furthermore, acid compounds can also have a bactericidal activity against Salmonella. This 
can be evaluated in the same way as other inactivation treatments, using a survival curve or 
by determining D-values (number of minutes required to reduce the number of viable 
organisms by a factor of 10).  

2.2 Onset of acid tolerance response (ATR)  

Some early studies showed that the exposure of Salmonella to mild acidic conditions could 
protect it against extreme acid conditions (Huhtanen, 1975). When log-phase cells grown 
at pH 7.6 were shifted to mildly acidic conditions (pH 5.8) for one generation, they were 
able to develop 100- to 1,000-fold higher tolerance to extreme acid conditions (pH 3.3) 
than non-adapted cells shifted directly from pH 7.6 to 3.3 (Foster & Hall, 1990). The 
increased tolerance to a low pH following acid habituation was referred to as the Acid 
Tolerance Response (ATR) (Foster & Hall, 1990). Even if the majority of studies 
investigating acid resistance of Salmonella were first conducted with inorganic acids, it 
was later shown that organic acids also have the ability to induce resistance to many other 
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The optimum pH for Salmonella growth is generally said to be between 6.5 and 7.5, but the 
minimum pH value depends on many factors such as the strain and type of acid. For 
example, Salmonella Typhimurium can grow at 25-37°C at pH 4.5 when the pH is adjusted 
with citric acid, while it has to be over 5.4 with lactic acid and 6.4 with acetic acid 
(Alvarez-Ordonez et al., 2010a). These findings can be explained because the 
undissociated form is that which is primarily responsible for antimicrobial activity, as it is 
able to penetrate into the cell and reduce the cytoplasmic pH by intracellular dissociation. 
For a given acid, the lower the pH, the higher the proportion of the undissociated form 
(Dziezak, 1986). However, the activity of each acid will depend on its pKa; the higher the 
pKa, the higher is the proportion of undissociated form at a given pH. For example, at pH 
5, 34.9% of acetic acid is undissociated, as opposed to 0.41% of citric acid at the same pH. 
Inhibitory efficiency, thus, decreases as follows: acetic acid (pKa 4.75) > lactic acid (pKa 
3.08) > citric acid (pKa1 3.14; pKa2 4.77; pKa3 6.39) (Doores, 2005). Acid preservatives are 
therefore more efficient in acid or acidified foods. Lactic, acetic, and benzoic acids are 
authorized in foodstuffs at quantum satis concentrations (“the amount which is needed”). 
They are generally added to foodstuffs at a rate of 1% or higher. Above the pH mode of 
action, some acids exert specific toxicity; for example propionic, sorbic or benzoic acids, 
which should therefore be used at lower concentrations such as 0.05% to 0.2% (Mescle & 
Zucca, 1996).  

The minimum growth pH of Salmonella is also temperature-dependent. The minimum 
growth pH is increased by about 1 pH unit at high (45°C) or low (10°C) temperatures, 
compared to the minimum pH at 25-37°C (Alvarez-Ordonez et al., 2010a). 

Above the minimum pH level, growth kinetics can be characterized by modeling the growth 
rate versus the concentration of acid (Guillier et al., 2007). Inhibitory activity will depend on 
the type of acid, its concentration and the pH. Beyond the MIC determination, one 
parameter is particularly useful for characterizing acid inhibition: the Non-Inhibitory 
Concentration (NIC) which is the higher concentration at which no inhibition is observed. 
Different models can be utilized in this respect, including a square-root model based on the 
Lambert and Pearson model (Lambert & Pearson, 2000). The growth rate (µmax) as a 
function of acid concentration (c) is expressed as follows, where MIC, NIC and µmax(c=0) 
are the model parameters (Guillier et al., 2007): 
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Depending on the acid, different growth rate inhibition profiles have been generated while 
acid concentration increases in the medium (Figure 2). There was no pH adjustment. For 
example, the inhibitory effect of lactic acid on S. Typhimurium starts above 36.6 mM, while 
citric acid is effective up to 9.9 mM. The MIC values for citric, lactic and acetic acids in these 
conditions are respectively 30 mM, 40 mM and 52 mM (Guillier et al., 2007). In addition to 
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the MIC, determining the NIC is of great importance because for some compounds, the 
difference between NIC and MIC values is very small. Thus a small error made when 
adjusting the concentration in a food product can lead to a level that is the wrong side of the 
growth-no growth limit.  

 
Fig. 2. S. Typhimurium growth rate inhibition versus concentration of citric acid or lactic 
acid (data from Guillier et al., 2007). 

Below the minimum growth pH, Salmonella can nevertheless survive. The minimum 
survival pH has usually been stated to be at about 3.0 for Salmonella, unlike E. coli or 
Shigella that can survive at pH 2 or 2.5 in complex media (Lin et al., 1995). However, 
different strains of Salmonella have been shown to survive at pH 2.5 for prolonged periods 
of time (de Jonge et al., 2003). The emergence of these acid-resistant strains suggests a 
preconditioning in acidic conditions, most probably within the intestinal tract of 
ruminants fed with a carbohydrate-rich diet (de Jonge et al., 2003) as it will be described 
in the next paragraph.  

Furthermore, acid compounds can also have a bactericidal activity against Salmonella. This 
can be evaluated in the same way as other inactivation treatments, using a survival curve or 
by determining D-values (number of minutes required to reduce the number of viable 
organisms by a factor of 10).  

2.2 Onset of acid tolerance response (ATR)  

Some early studies showed that the exposure of Salmonella to mild acidic conditions could 
protect it against extreme acid conditions (Huhtanen, 1975). When log-phase cells grown 
at pH 7.6 were shifted to mildly acidic conditions (pH 5.8) for one generation, they were 
able to develop 100- to 1,000-fold higher tolerance to extreme acid conditions (pH 3.3) 
than non-adapted cells shifted directly from pH 7.6 to 3.3 (Foster & Hall, 1990). The 
increased tolerance to a low pH following acid habituation was referred to as the Acid 
Tolerance Response (ATR) (Foster & Hall, 1990). Even if the majority of studies 
investigating acid resistance of Salmonella were first conducted with inorganic acids, it 
was later shown that organic acids also have the ability to induce resistance to many other 
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stresses. Acid shock confers protection on Salmonella against the lethal effect of a low pH 
under different conditions (see some examples in Table 1) obtained with different types of 
acids (citric, lactic, malic, acetic acids, HCl, etc.), challenge media (laboratory media or 
foodstuffs), or growth conditions during adaptation. More than just the pH value, it has 
been shown that the type of acid can influence the amplitude of the ATR. For S. 
Typhimurium, higher ATR values are obtained in order using citric, acetic, lactic, malic 
acids (Alvarez-Ordonez et al., 2009). Moreover, food composition can influence the stress 
responses and subsequent tolerance properties of adapted cells. For example, acid-
adapted S. Typhimurium was more resistant to extreme acidic conditions when meat 
extract was used as a challenge medium rather than BHI (Alvarez-Ordonez et al., 2009). 
Recently, growth temperature has also been shown to be an important factor affecting the 
Salmonella ATR. Acid tolerance was increased 2-fold in cells grown at 10°C while it 
increased more than 3.5-fold at a temperature higher than 25°C (Alvarez-Ordonez et al., 
2010a). Moreover, higher ATR obtained with citric acid occurred only at 25-37°C but not 
at 10°C or 45°C (Alvarez-Ordonez et al., 2010a). More than preventing growth, 
maintaining a low temperature may therefore constitute a means of limiting induction of 
the Salmonella ATR. In addition, the ATR may emerge with some strains more than others. 
For example, S. Typhimurium demonstrated a higher degree of acid tolerance than S. 
Typhi (Arvizu-Medrano & Escartin, 2005).  

The acid tolerance response is a major concern in terms of food safety as it could permit 
Salmonella survival in acidic environments such as fermented foods, following acid cleaning 
treatments of industrial surfaces or the gastrointestinal tract. For example, acid-adapted cells 
were able to survive for a period of two months in cheddar, Swiss and mozzarella cheeses 
stored at 5°C (Leyer & Johnson, 1992). 

2.3 ATR mechanism  

The ATR mechanism of Salmonella has been widely described (Bearson et al., 1997; Foster, 
1991; Foster & Hall, 1990; Lee et al., 1994). Salmonella possesses both log-phase and 
stationary-phase ATR systems. The log-phase ATR appears to be a two-stage inducible 
system (Foster, 1991) with complex regulation systems detailed below. The higher level of 
acid tolerance provided in stationary-phase appears to differ from log-phase ATR. It has 
been attributed to a pH-dependant system called stationary-phase ATR, together with a 
generalized stress response (Lee et al., 1994).  

The two-stage system of log-phase ATR consists of pre-acid and post-acid shocks. Pre-
acid shock, activated at pH 6, involves an emergency pH homeostatic system, designed to 
maintain the intracellular pH higher than 5. It induces several amino acid decarboxylases, 
such as lysine decarboxylase, which decarboxylates intracellular lysine to cadaverine 
while consuming a proton. Cadaverine is then exchanged for another lysine from the 
medium via a CadB antiporter (Bearson et al., 1997). A higher relative expression of the 
lysine and arginine decarboxylase systems was demonstrated in acid-adapted Salmonella 
Typhimurium (Alvarez-Ordonez et al., 2010b). The existence of these homeostatic 
systems, that can use the extracellular amino acids present in foodstuffs such as meat 
extract, explains the higher acid tolerance observed in these media. However, prolonged 
exposure (6h) to mild acid stress causes a loss of homeostasis, resulting in more 
susceptibility to lethal stress (Greenacre et al., 2003). 
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Post-acid shock is induced when the pH falls below 4.5. Acid shock proteins (ASP) are 
required for the adaptive acid tolerance response. Their synthesis is dependent on several 
regulatory genes: the alternative sigma factor S encoded by rpoS, the iron regulator Fur and 
the two-component signal transduction system PhoPQ (Baik et al., 1996; Bearson et al., 1997; 
Foster, 1991; Foster, 1999). The alternative sigma factor S has been recognized as a key 
factor in increasing the stress resistance of Salmonella cells in stationary phase but it can also 
be induced by stresses that bacteria may encounter during processing, such as acid stress 
(Dodd & Aldsworth, 2002). It controls the expression of about 40 genes/operons involved in 
generating the physiological changes associated with survival processes, among them ASP 
synthesis. For example, S. Typhimurium produces forty-three ASPs at pH 4.5 (Foster, 1993). 
At pH values lower than 2.6, the addition of chloramphenicol (which inhibits protein 
synthesis) has been found to reduce subsequent acid resistance, although the cells were not 
as sensitive as control cultures grown at pH 7.0 (Humphrey et al., 1993). Some ASPs are 
chaperon proteins which may protect internal proteins from denaturation (Foster, 1991). The 
pre-acid shock stage offers the cell an enhanced ability to synthesize APSs following 
acidification of the medium. The long-term adaptation of S. Enteritidis to propionate acid 
induces the differential expression of over twenty proteins. Of the five over-expressed 
proteins, two were clearly found to be implicated in acid induced resistance: Dps, a DNA-
binding protein from starved cells and CpxR, a transcriptional regulatory protein (Calhoun 
et al., 2010). These two proteins are normally associated with virulence and pathogenesis. 

Moreover, acid adaptation in log-phase has been shown to induce increased production of 
specific outer membrane proteins and enhanced surface hydrophobicity without 
lipopolysaccharide alteration (Leyer & Johnson, 1993). These surface modifications may be 
of considerable concern because they may affect the ability of Salmonella to adhere to inert 
surfaces in food processing environments, and then to form biofilms. Alongside proteome 
modifications, some other physiological modifications appear following acid adaptation, 
such as modifications of fatty acid profiles. The proportions of membrane cyclopropane 
fatty acid (CFA) in S. Typhimurium were found to be higher at a pH lower than 6 when 
compared with those of cells grown at pH 7.5 (de Jonge et al., 2003). CFA levels were also 
found to be 1.5-fold higher in acid-adapted cells (grown in the presence of acids at pH 
values of 6.4, 5.4, or 4.5 in BHI) than in non-adapted cells (Alvarez-Ordonez et al., 2008). It 
could be speculated that acid-induced RpoS in the exponential phase might increase CFA 
synthase activity in S. Typhimurium (Kim et al., 2005). CFAs are produced by the addition 
of a methyl group from S-adenosyl methionine across a cis-double bond of unsaturated 
fatty acids (UFAs). They are generally known to be preferentially synthesized when cells 
enter the stationary phase in Salmonella, as in numerous other bacteria (Kim et al., 2005). 
The conversion of UFAs into CFAs induces a decrease in membrane fluidity. This may be 
a way for stressed cells to limit exchanges with the external medium and conserve energy. 
The membrane fluidity of Salmonella adapted to citric acid was measured by fluorescence 
anisotropy of a fluorescent probe (DPH) and the results showed that it was lower than 
that of control cells (Alonso-Hernando et al., 2010). The over-synthesis of CFA is 
considered to be a major factor in the acid resistance of Gram-negative bacteria (Brown et 
al., 1997; Chang & Cronan, 1999). 

Another concern is that, following acid adaptation, some injured cells may shift into a 
viable but non-cultivable (VBNC) state, which is one of the current mechanisms that 
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2010a). Moreover, higher ATR obtained with citric acid occurred only at 25-37°C but not 
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1991; Foster & Hall, 1990; Lee et al., 1994). Salmonella possesses both log-phase and 
stationary-phase ATR systems. The log-phase ATR appears to be a two-stage inducible 
system (Foster, 1991) with complex regulation systems detailed below. The higher level of 
acid tolerance provided in stationary-phase appears to differ from log-phase ATR. It has 
been attributed to a pH-dependant system called stationary-phase ATR, together with a 
generalized stress response (Lee et al., 1994).  

The two-stage system of log-phase ATR consists of pre-acid and post-acid shocks. Pre-
acid shock, activated at pH 6, involves an emergency pH homeostatic system, designed to 
maintain the intracellular pH higher than 5. It induces several amino acid decarboxylases, 
such as lysine decarboxylase, which decarboxylates intracellular lysine to cadaverine 
while consuming a proton. Cadaverine is then exchanged for another lysine from the 
medium via a CadB antiporter (Bearson et al., 1997). A higher relative expression of the 
lysine and arginine decarboxylase systems was demonstrated in acid-adapted Salmonella 
Typhimurium (Alvarez-Ordonez et al., 2010b). The existence of these homeostatic 
systems, that can use the extracellular amino acids present in foodstuffs such as meat 
extract, explains the higher acid tolerance observed in these media. However, prolonged 
exposure (6h) to mild acid stress causes a loss of homeostasis, resulting in more 
susceptibility to lethal stress (Greenacre et al., 2003). 
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allows non-sporulating cells to survive. These cells cannot grow on the selective media 
used to detect pathogens in foods, typically xylose lysine desoxycholate agar for 
Salmonella. They can escape the microbiological controls, but can slowly repair themselves 
and then re-grow in foodstuffs while being able to maintain their metabolic activity and 
pathogenicity (Xu et al., 2008). 

Acid adaptation appears to be a multiple adaptive response related to the synthesis of 
several regulatory systems and leading to major modifications of cytoplasmic proteins, 
together with modifications to membrane protein and fatty acid contents. It is essential to 
understand these physiological adaptations as they can induce bacterial resistance and 
hence the persistence of pathogens in the food chain. 

2.4 Cross resistance in acid-adapted Salmonella  

In foods or food processing environments, Salmonella can encounter multiple subsequent 
stressor treatments. Numerous studies have demonstrated that acid adaptation can ensure 
cross-resistance (or cross-protection) to stresses other than acid stress, such as heat, biocide 
damage or high osmolarity.  

Heat tolerance was the first cross-protection which was demonstrated after Salmonella was 
exposed to acid. For example, a 10-fold difference in survivors was seen between acid-
adapted or non-adapted populations after a 20 min challenge at 50°C (Leyer & Johnson, 
1993). Heat tolerance was also shown after acid adaptation in orange or watermelon juices 
(Mazzotta, 2001; Sharma et al., 2005). Several acid shock proteins, including chaperon 
proteins, are similar to those induced by heat shock, such as GroEL or Dnak (Foster, 1993). 
This may be one explanation for the cross resistance observed. 

Acid adaptation has also been described to enhance tolerance towards osmotic stress (Leyer 
& Johnson, 1993; Tosun & Gönül, 2003) but it was dependent upon the acid used for 
adaptation. Acetic acid adaptation provided cells with protection against both NaCl and 
KCl stresses, while lactic acid adaptation did not protect against osmotic stressors 
(Greenacre and Brocklehurst, 2006). In the same way, S. Enteritidis adapted to acid in 
marinades did not display any increased resistance to drying processes (Calicioglu et al., 
2003). 

Acid adaptation provoked dramatic sensitization (~10,000-fold) of Salmonella to halogen-
based sanitizers including chlorine and iodine (Leyer & Johnson, 1997). This was explained 
because hypochlorous acid oxidized a higher percentage of cell surface sulfhydryl groups in 
acid-adapted cells than in non-adapted cells, and sulfhydryl oxidation was correlated to cell 
inactivation. In the same way, Salmonella adapted with lactic acid displays sensitivity to 
hydrogen peroxide which is concomitant with down-regulation of the OxyR regulon 
(Greenacre et al., 2006). These results could have an interesting application in maintaining 
microbial food safety. The weakening of Salmonella defenses by acid shock could constitute a 
potential strategy to enhance the action of halogen-based sanitizers. However, it has been 
shown that the long-term adaptation of Salmonella to propionate induces strong tolerance to 
the in vitro oxidative and nitrosative stresses that may be encountered in mammalian hosts 
(Calhoun & Kwon, 2010).  
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2.5 Virulence of acid-adapted Salmonella  

The infectivity of Salmonella is based on its ability to overcome numerous lethal 
environments in order to reach the site of infection. These include the acid barrier of the 
stomach, the physical barrier of epithelial cells and various immune defenses. To survive in 
these acidic environments, Salmonella has developed elaborate systems to sense stresses and 
adaptive response to acid stresses. The connection between ATR and virulence is a matter of 
debate. On the one hand, an acid tolerant S. Enteritidis isolate was found to be more virulent 
in mice than an acid-sensitive isolate (Humphrey et al., 1996). ATR is known to be regulated 
by RpoS, which also influences the expression of specific virulence factors (Fang et al., 1992; 
Gahan & Hill, 1999). Mutations in the rpoS gene of virulent S. Typhimurium strains render 
them incapable of developing a full ATR and significantly reduce their virulence potential 
(Fang et al., 1992; Lee et al., 1995). On the other hand, one study demonstrated that low pH 
environments could select persistent phenotypes of Salmonella with increased acid tolerance, 
but these were less virulent (Karatzas et al., 2008a). Similarly, the long-term adaptation of 
Salmonella to propionate reduced the overall infectivity of the adapted cells by inhibiting the 
colonization ability of the organism (Calhoun & Kwon, 2010). Moreover, flagella motility, 
which is fundamental to the virulence process, was shown to be repressed at a low pH in 
order to allow the conservation of ATP for survival processes (Adams et al., 2001). 

3. Adaptation of Salmonella to plant-derived antimicrobials  
Among naturally occurring antimicrobials that can be used in foods, we will focus here on 
phyto-antimicrobials which have seen a considerable resurgence of interest during the past 
10 years among both consumers and industry. Essential oils and their compounds are 
known to have antimicrobial properties against numerous bacteria and fungi, including 
Salmonella (Burt, 2004; Kim et al., 1995b). Most of these compounds are “generally 
recognized as safe” (GRAS) and have been registered by the European Commission for their 
use as flavoring compounds in food products.  

3.1 Growth inhibition of Salmonella by plant-derived antimicrobials 

The antibacterial activity of essential oils and their components is due to the 
permeabilization of the cytoplasmic membrane that leads to a loss of cellular constituents 
(Burt, 2004; Helander et al., 1998). Its characterization has been widely reported in 
laboratory media. As previously described, the mimimum inhibitory concentration (MIC) 
and non-inhibitory concentration (NIC) can be determined by modeling growth rate as a 
function of the antimicrobial concentration (Guillier et al., 2007). As for acid compounds, the 
growth rate curves versus concentrations have different profiles depending on the 
compound. For example, menthol is efficient above 0.91 mM for a MIC of 3.3 mM, while the 
inhibitory effect of carvacrol starts at 0.73 mM for a MIC at 0.90 mM (Guillier et al., 2007). 
Among 14 natural antimicrobials, phenolic compounds were shown to be the most efficient 
in inhibiting the growth of S. Typhimurium. The MICs of carvacrol, thymol, eugenol, 
geraniol, menthol, -terpineol and trans-cinnamaldehyde in BHI at 37°C after 24h were 
respectively 0.9, 0.9, 3.0, 2.9, 3.3, 4.1 and 3.7 (Guillier et al., 2007). Similar MICs have been 
found in various media for thymol and carvacrol (Cosentino et al., 1999; Helander et al., 
1998; Kim et al., 1995a; Olasupo et al., 2003).  
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Plant-derived compounds have also been shown to retain a degree of efficacy in foods, but 
they generally need to be used at higher concentrations to achieve the same level of 
inhibition. Carvacrol at 3% succeeded in eradicating Salmonella in fish cubes after 4 days at 
4°C while citral and geraniol were less efficient (Kim et al., 1995b). Basil oil at 50 ppm 
reduced the number of bacteria in food from 5 to 2 log cfu/g after storage for 3 days 
(Rattanachaikunsopon & Phumkhachorn, 2010). The susceptibility of bacteria to the 
antimicrobial effect of essential oils appears to be dependent on the composition and pH of 
the food, and the storage temperature (Juven et al., 1994; Tassou et al., 1995). Proteins and 
lipids, among other food constituents, can interact with essential oils, thus limiting their 
activity. For example, neutralization of the antibacterial effect of thymol was demonstrated 
by the addition of bovine serum albumin, which probably binds thymol and thus prevents it 
from penetrating through the bacterial membrane (Juven et al., 1994). Moreover, the activity 
of thymol on Salmonella is greater under anaerobic conditions (Juven et al., 1994). 

The concentrations used in food products are to a great extent governed by their effect on 
the organoleptic properties. The concentrations thus needed to inhibit bacteria often 
exceed the flavor threshold acceptable to consumers. In that context, multifactorial 
preservation is highly appropriate for these compounds. Characterization of the synergy 
between two compounds can be achieved using the isobologram method or by calculating 
the fractional inhibitory concentration (Najjar et al., 2007), but different experimental 
designs are necessary if the combinations involve numerous compounds. Some 
combinations have been shown to be highly effective against the growth of Salmonella, 
such as the use of two plant-derived compounds (cinnamaldehyde-thymol, 
cinnamaldehyde-carvacrol, thymol-carvacrol) (Zhou et al., 2007b), three compounds 
(thymol-carvacrol-citral) (Nazer et al., 2005), or plant-derived compounds associated with 
EDTA, acetic or citric acid (Zhou et al., 2007a). 

Some of these compounds can be also used in the vapor phase. For example, allyl 
isothiocyanate (8.3 µL/liter of air), carvacrol (41.5 µL/liter) or cinnamaldehyde (41.5 
µL/liter) were able to inactivate Salmonella (decrease of population > 5 log) on sliced 
tomatoes at 4°C in 10 days (Obaidat & Frank, 2009). 

3.2 The tolerance response of Salmonella to plant-derived compounds 

In the context of multifactor preservation, when bacteria are subjected to sub-inhibitory 
concentrations of antimicrobials, attention should be paid to the potential for bacterial 
adaptation and the induction of cross-resistance to other treatments. Little is known today 
about bacterial adaptation to plant-derived compounds, notably in the case of Salmonella. 
Nevertheless, the presence of thymol during the growth of S. Thompson induced the up- or 
down-regulation of many proteins (Di Pasqua et al., 2010). Different chaperon proteins were 
up-regulated or de novo synthesized, such as GroEL and Dnak which are key proteins in 
protecting cells against stress. Outer membrane proteins were also up-regulated in the 
presence of thymol (Di Pasqua et al., 2010). Moreover, the membrane fatty acid composition 
was markedly modified during growth in the presence of plant-derived terpenes such as 
carvacrol, thymol, citral or eugenol (Dubois-Brissonnet et al., 2011). The saturated fatty acids 
became more abundant in the cell membrane of Salmonella grown in the presence of these 
terpenes. Membrane saturation appears to be a primary response of bacteria in order to 
maintain both membrane integrity and functionality. Moreover, compared with control 
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2.5 Virulence of acid-adapted Salmonella  

The infectivity of Salmonella is based on its ability to overcome numerous lethal 
environments in order to reach the site of infection. These include the acid barrier of the 
stomach, the physical barrier of epithelial cells and various immune defenses. To survive in 
these acidic environments, Salmonella has developed elaborate systems to sense stresses and 
adaptive response to acid stresses. The connection between ATR and virulence is a matter of 
debate. On the one hand, an acid tolerant S. Enteritidis isolate was found to be more virulent 
in mice than an acid-sensitive isolate (Humphrey et al., 1996). ATR is known to be regulated 
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Gahan & Hill, 1999). Mutations in the rpoS gene of virulent S. Typhimurium strains render 
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colonization ability of the organism (Calhoun & Kwon, 2010). Moreover, flagella motility, 
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order to allow the conservation of ATP for survival processes (Adams et al., 2001). 

3. Adaptation of Salmonella to plant-derived antimicrobials  
Among naturally occurring antimicrobials that can be used in foods, we will focus here on 
phyto-antimicrobials which have seen a considerable resurgence of interest during the past 
10 years among both consumers and industry. Essential oils and their compounds are 
known to have antimicrobial properties against numerous bacteria and fungi, including 
Salmonella (Burt, 2004; Kim et al., 1995b). Most of these compounds are “generally 
recognized as safe” (GRAS) and have been registered by the European Commission for their 
use as flavoring compounds in food products.  

3.1 Growth inhibition of Salmonella by plant-derived antimicrobials 

The antibacterial activity of essential oils and their components is due to the 
permeabilization of the cytoplasmic membrane that leads to a loss of cellular constituents 
(Burt, 2004; Helander et al., 1998). Its characterization has been widely reported in 
laboratory media. As previously described, the mimimum inhibitory concentration (MIC) 
and non-inhibitory concentration (NIC) can be determined by modeling growth rate as a 
function of the antimicrobial concentration (Guillier et al., 2007). As for acid compounds, the 
growth rate curves versus concentrations have different profiles depending on the 
compound. For example, menthol is efficient above 0.91 mM for a MIC of 3.3 mM, while the 
inhibitory effect of carvacrol starts at 0.73 mM for a MIC at 0.90 mM (Guillier et al., 2007). 
Among 14 natural antimicrobials, phenolic compounds were shown to be the most efficient 
in inhibiting the growth of S. Typhimurium. The MICs of carvacrol, thymol, eugenol, 
geraniol, menthol, -terpineol and trans-cinnamaldehyde in BHI at 37°C after 24h were 
respectively 0.9, 0.9, 3.0, 2.9, 3.3, 4.1 and 3.7 (Guillier et al., 2007). Similar MICs have been 
found in various media for thymol and carvacrol (Cosentino et al., 1999; Helander et al., 
1998; Kim et al., 1995a; Olasupo et al., 2003).  
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Plant-derived compounds have also been shown to retain a degree of efficacy in foods, but 
they generally need to be used at higher concentrations to achieve the same level of 
inhibition. Carvacrol at 3% succeeded in eradicating Salmonella in fish cubes after 4 days at 
4°C while citral and geraniol were less efficient (Kim et al., 1995b). Basil oil at 50 ppm 
reduced the number of bacteria in food from 5 to 2 log cfu/g after storage for 3 days 
(Rattanachaikunsopon & Phumkhachorn, 2010). The susceptibility of bacteria to the 
antimicrobial effect of essential oils appears to be dependent on the composition and pH of 
the food, and the storage temperature (Juven et al., 1994; Tassou et al., 1995). Proteins and 
lipids, among other food constituents, can interact with essential oils, thus limiting their 
activity. For example, neutralization of the antibacterial effect of thymol was demonstrated 
by the addition of bovine serum albumin, which probably binds thymol and thus prevents it 
from penetrating through the bacterial membrane (Juven et al., 1994). Moreover, the activity 
of thymol on Salmonella is greater under anaerobic conditions (Juven et al., 1994). 

The concentrations used in food products are to a great extent governed by their effect on 
the organoleptic properties. The concentrations thus needed to inhibit bacteria often 
exceed the flavor threshold acceptable to consumers. In that context, multifactorial 
preservation is highly appropriate for these compounds. Characterization of the synergy 
between two compounds can be achieved using the isobologram method or by calculating 
the fractional inhibitory concentration (Najjar et al., 2007), but different experimental 
designs are necessary if the combinations involve numerous compounds. Some 
combinations have been shown to be highly effective against the growth of Salmonella, 
such as the use of two plant-derived compounds (cinnamaldehyde-thymol, 
cinnamaldehyde-carvacrol, thymol-carvacrol) (Zhou et al., 2007b), three compounds 
(thymol-carvacrol-citral) (Nazer et al., 2005), or plant-derived compounds associated with 
EDTA, acetic or citric acid (Zhou et al., 2007a). 

Some of these compounds can be also used in the vapor phase. For example, allyl 
isothiocyanate (8.3 µL/liter of air), carvacrol (41.5 µL/liter) or cinnamaldehyde (41.5 
µL/liter) were able to inactivate Salmonella (decrease of population > 5 log) on sliced 
tomatoes at 4°C in 10 days (Obaidat & Frank, 2009). 

3.2 The tolerance response of Salmonella to plant-derived compounds 

In the context of multifactor preservation, when bacteria are subjected to sub-inhibitory 
concentrations of antimicrobials, attention should be paid to the potential for bacterial 
adaptation and the induction of cross-resistance to other treatments. Little is known today 
about bacterial adaptation to plant-derived compounds, notably in the case of Salmonella. 
Nevertheless, the presence of thymol during the growth of S. Thompson induced the up- or 
down-regulation of many proteins (Di Pasqua et al., 2010). Different chaperon proteins were 
up-regulated or de novo synthesized, such as GroEL and Dnak which are key proteins in 
protecting cells against stress. Outer membrane proteins were also up-regulated in the 
presence of thymol (Di Pasqua et al., 2010). Moreover, the membrane fatty acid composition 
was markedly modified during growth in the presence of plant-derived terpenes such as 
carvacrol, thymol, citral or eugenol (Dubois-Brissonnet et al., 2011). The saturated fatty acids 
became more abundant in the cell membrane of Salmonella grown in the presence of these 
terpenes. Membrane saturation appears to be a primary response of bacteria in order to 
maintain both membrane integrity and functionality. Moreover, compared with control 
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cells, the cyclization of unsaturated fatty acids (UFA) to cyclopropane fatty acids (CFA) was 
markedly reduced when cells entered the stationary phase. It was hypothesized that 
terpenes, that have log Po/w values of about 3, probably accumulate between the acyl chains 
of fatty acids, thus limiting the accessibility of S-adenosylmethionine to the UFA cis-double 
bond (Dubois-Brissonnet et al., 2011).  

A few studies have demonstrated cross-resistance induced by plant-derived compounds. 
Salmonella exposed to sublethal concentrations of tea tree oil displayed reduced 
susceptibility to a range of antibiotics when compared to non-habituated cultures 
(McMahon et al., 2007). For example, with a MIC of mupirocin of 64 mg/L in control S. 
Enteritidis, 1024 mg/L was not efficient against adapted cells (McMahon et al., 2007). S. 
Typhimurium cells adapted to carvacrol, thymol, citral or eugenol have all displayed higher 
tolerance to the bactericidal activity of two disinfectants used in industrial and medical 
environments, peracetic acid and didecyl dimethyl ammonium bromide (Dubois-Brissonnet 
et al., 2011). Because these two antimicrobials have different modes of action, it was 
hypothesized that this induced tolerance could be a general response to the stress induced 
by slow growth rates and by the reduction in membrane permeability caused by membrane 
saturation and terpene intercalation (Dubois-Brissonnet et al., 2011).  

4. Salmonella adaptation to disinfectants – The biofilm implication 
Disinfectants are chemical agents used to decontaminate inanimate surfaces. Several groups 
of disinfectants are regularly used in food processing environments; e.g. halogen-realizing 
agents, aldehydes, peroxygens or quaternary ammonium compounds (McDonnell & 
Russell, 1999). The mode of action of these disinfectants has been described extensively in 
numerous reviews (McDonnell & Russell, 1999; Russell, 2003). Unlike antibiotics, they have 
a broad spectrum of antimicrobial activity and generally act on several targets in microbial 
cells, such as outer and cytoplasmic membranes, functional and structural proteins, DNA, 
RNA and other cytosolic constituents (Russell, 2003). 

4.1 Salmonella tolerance response to disinfectants 

As disinfectants are intended to inactivate rapidly the biocontamination of surfaces, 
bacterial resistance to a disinfectant is generally evaluated by determining the minimum 
bactericidal concentration. The MBCs of Salmonella to three widely used disinfectants 
(peracetic acid, benzalkonium chloride and ortho-phthalaldehyde) were evaluated 
comparative to those of seven other bacterial species (Bridier et al., 2011a). The MBCs, 
defined here as the concentrations enabling a 5-log reduction in the initial population within 
5 minutes at 20°C, were 8.2, 42 and 175 mg/L for the three disinfectants, respectively. 
Compared with other species, Salmonella did not display a remarkable resistance to these 
three disinfectants. There were only slight intra-specie variations among the ten different 
Salmonella strains, whatever their serotype (Bridier et al., 2011a).  

Nevertheless, Salmonella is frequently isolated from food-processing environments. For 
example, Salmonella was isolated in 5.3% of 3485 samples of pork and 13.8% of 3573 
environmental samples from seven slaughterhouses in four European countries (Hald et 
al., 2003). In Canada, 37.5% of the 1295 samples collected from 65 abattoirs were positive 
for Salmonella (Bohaychuk et al., 2009). The link between a persistence of Salmonella in the 
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food-processing environment and its adaptation to the disinfectants used in that 
environment has been discussed. On the one hand, some authors have demonstrated that 
there was no obvious association between the susceptibility of isolates to disinfectants, 
their tendencies to persist and the previous use of biocides (Gradel et al., 2005). A few 
serotypes isolated from Danish broiler houses tended to have higher MICs to some 
disinfectants, but not necessarily those they had encountered previously (Gradel et al., 
2005). Similarly, some Norwegian isolates found to be persistent in fish feed factories 
were no more resistant to nine disinfectants used in these than isolates from other sources 
(Moretro et al., 2003). On the other hand, Salmonella is known to be able to adapt itself to 
some disinfectants and to demonstrate increased resistance to disinfection procedures. For 
example, the benzalkonium chloride (BKC) MIC of S. Virchow was shown to rise from 
4 to 256 µg/mL after repeated exposure to sublethal concentrations (Braoudaki & Hilton, 
2004). This strain was also able to adapt to chlorhexidine. Moreover, the benzalkonium 
adapted-strain displayed elevated tolerance to both BKC and chlorhexidine; however, the 
chlorhexidine-adapted strain did not display reciprocal cross-resistance to benzalkonium 
chloride, suggesting specific resistance mechanisms (Braoudaki & Hilton, 2004). Growth 
in the presence of increasing sub-inhibitory concentrations of tri-sodium phosphate or 
acidified sodium chlorite also caused a significant increase in their MICs for Salmonella 
(Alonso-Hernando et al., 2009). Furthermore, 7-day passages of S. Typhimurium in sub-
inhibitory concentrations of an ammonium quaternary compound containing 
formaldehyde and glutaraldehyde (AQCFG) selected variants with reduced susceptibility 
to antibiotics (Karatzas et al., 2007).  

Cross resistance to other environmental stresses was also demonstrated following 
disinfectant adaptation. Significant increase in thermotolerance and resistance to high pH 
occurred after 1h shock with 1.5% tri-sodium phosphate (TSP) (Sampathkumar et al., 2004). 
But sensitivity to acid and hydrogen peroxide concomitantly increased.  

The impact of disinfectant adaptation on virulence is dependent on the type of biocide 
and conditions of stress. AQCFG-adapted variants displayed an altered expression of 
several virulence proteins and reduced invasiveness in an epithelial cell line (Karatzas et 
al., 2008b). Conversely, S. Typhimurium LT2 retained its adhesive and invasive abilities 
after treatment with 5 mg/L peracetic acid for 1h in sewage effluent (Jolivet-Gougeon et 
al., 2003). 

Like for many other stresses, differential protein expression seems concomitant to increased 
tolerance. In AQCFG-variants, it has been demonstrated higher levels of the different 
proteins that protect against stressors such as oxidants or peroxides (Karatzas et al., 2008b). 
Following chlorine shock, Salmonella genes that were associated with stress response, 
biofilm formation or energy metabolism were also over-expressed (>1.5-fold) (Wang et al., 
2010) and hydrogen peroxide treatment induced the synthesis of 30 proteins in Salmonella, 
including that of Dnak, a chaperon protein (Morgan et al., 1986). Moreover, the resistance of 
BKC-adapted Salmonella is related to the up-regulation of an active efflux system (Braoudaki 
& Hilton, 2005). Similarly, in pre-mentioned variants, bacterial adaptation to disinfectants 
coincides with the up-regulation of the AcrAB efflux pump, which is responsible for 
producing the multiple-antibiotic-resistance mar strains that are resistant to many agents 
(Karatzas et al., 2007).  
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cells, the cyclization of unsaturated fatty acids (UFA) to cyclopropane fatty acids (CFA) was 
markedly reduced when cells entered the stationary phase. It was hypothesized that 
terpenes, that have log Po/w values of about 3, probably accumulate between the acyl chains 
of fatty acids, thus limiting the accessibility of S-adenosylmethionine to the UFA cis-double 
bond (Dubois-Brissonnet et al., 2011).  

A few studies have demonstrated cross-resistance induced by plant-derived compounds. 
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susceptibility to a range of antibiotics when compared to non-habituated cultures 
(McMahon et al., 2007). For example, with a MIC of mupirocin of 64 mg/L in control S. 
Enteritidis, 1024 mg/L was not efficient against adapted cells (McMahon et al., 2007). S. 
Typhimurium cells adapted to carvacrol, thymol, citral or eugenol have all displayed higher 
tolerance to the bactericidal activity of two disinfectants used in industrial and medical 
environments, peracetic acid and didecyl dimethyl ammonium bromide (Dubois-Brissonnet 
et al., 2011). Because these two antimicrobials have different modes of action, it was 
hypothesized that this induced tolerance could be a general response to the stress induced 
by slow growth rates and by the reduction in membrane permeability caused by membrane 
saturation and terpene intercalation (Dubois-Brissonnet et al., 2011).  

4. Salmonella adaptation to disinfectants – The biofilm implication 
Disinfectants are chemical agents used to decontaminate inanimate surfaces. Several groups 
of disinfectants are regularly used in food processing environments; e.g. halogen-realizing 
agents, aldehydes, peroxygens or quaternary ammonium compounds (McDonnell & 
Russell, 1999). The mode of action of these disinfectants has been described extensively in 
numerous reviews (McDonnell & Russell, 1999; Russell, 2003). Unlike antibiotics, they have 
a broad spectrum of antimicrobial activity and generally act on several targets in microbial 
cells, such as outer and cytoplasmic membranes, functional and structural proteins, DNA, 
RNA and other cytosolic constituents (Russell, 2003). 

4.1 Salmonella tolerance response to disinfectants 

As disinfectants are intended to inactivate rapidly the biocontamination of surfaces, 
bacterial resistance to a disinfectant is generally evaluated by determining the minimum 
bactericidal concentration. The MBCs of Salmonella to three widely used disinfectants 
(peracetic acid, benzalkonium chloride and ortho-phthalaldehyde) were evaluated 
comparative to those of seven other bacterial species (Bridier et al., 2011a). The MBCs, 
defined here as the concentrations enabling a 5-log reduction in the initial population within 
5 minutes at 20°C, were 8.2, 42 and 175 mg/L for the three disinfectants, respectively. 
Compared with other species, Salmonella did not display a remarkable resistance to these 
three disinfectants. There were only slight intra-specie variations among the ten different 
Salmonella strains, whatever their serotype (Bridier et al., 2011a).  

Nevertheless, Salmonella is frequently isolated from food-processing environments. For 
example, Salmonella was isolated in 5.3% of 3485 samples of pork and 13.8% of 3573 
environmental samples from seven slaughterhouses in four European countries (Hald et 
al., 2003). In Canada, 37.5% of the 1295 samples collected from 65 abattoirs were positive 
for Salmonella (Bohaychuk et al., 2009). The link between a persistence of Salmonella in the 
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food-processing environment and its adaptation to the disinfectants used in that 
environment has been discussed. On the one hand, some authors have demonstrated that 
there was no obvious association between the susceptibility of isolates to disinfectants, 
their tendencies to persist and the previous use of biocides (Gradel et al., 2005). A few 
serotypes isolated from Danish broiler houses tended to have higher MICs to some 
disinfectants, but not necessarily those they had encountered previously (Gradel et al., 
2005). Similarly, some Norwegian isolates found to be persistent in fish feed factories 
were no more resistant to nine disinfectants used in these than isolates from other sources 
(Moretro et al., 2003). On the other hand, Salmonella is known to be able to adapt itself to 
some disinfectants and to demonstrate increased resistance to disinfection procedures. For 
example, the benzalkonium chloride (BKC) MIC of S. Virchow was shown to rise from 
4 to 256 µg/mL after repeated exposure to sublethal concentrations (Braoudaki & Hilton, 
2004). This strain was also able to adapt to chlorhexidine. Moreover, the benzalkonium 
adapted-strain displayed elevated tolerance to both BKC and chlorhexidine; however, the 
chlorhexidine-adapted strain did not display reciprocal cross-resistance to benzalkonium 
chloride, suggesting specific resistance mechanisms (Braoudaki & Hilton, 2004). Growth 
in the presence of increasing sub-inhibitory concentrations of tri-sodium phosphate or 
acidified sodium chlorite also caused a significant increase in their MICs for Salmonella 
(Alonso-Hernando et al., 2009). Furthermore, 7-day passages of S. Typhimurium in sub-
inhibitory concentrations of an ammonium quaternary compound containing 
formaldehyde and glutaraldehyde (AQCFG) selected variants with reduced susceptibility 
to antibiotics (Karatzas et al., 2007).  

Cross resistance to other environmental stresses was also demonstrated following 
disinfectant adaptation. Significant increase in thermotolerance and resistance to high pH 
occurred after 1h shock with 1.5% tri-sodium phosphate (TSP) (Sampathkumar et al., 2004). 
But sensitivity to acid and hydrogen peroxide concomitantly increased.  

The impact of disinfectant adaptation on virulence is dependent on the type of biocide 
and conditions of stress. AQCFG-adapted variants displayed an altered expression of 
several virulence proteins and reduced invasiveness in an epithelial cell line (Karatzas et 
al., 2008b). Conversely, S. Typhimurium LT2 retained its adhesive and invasive abilities 
after treatment with 5 mg/L peracetic acid for 1h in sewage effluent (Jolivet-Gougeon et 
al., 2003). 

Like for many other stresses, differential protein expression seems concomitant to increased 
tolerance. In AQCFG-variants, it has been demonstrated higher levels of the different 
proteins that protect against stressors such as oxidants or peroxides (Karatzas et al., 2008b). 
Following chlorine shock, Salmonella genes that were associated with stress response, 
biofilm formation or energy metabolism were also over-expressed (>1.5-fold) (Wang et al., 
2010) and hydrogen peroxide treatment induced the synthesis of 30 proteins in Salmonella, 
including that of Dnak, a chaperon protein (Morgan et al., 1986). Moreover, the resistance of 
BKC-adapted Salmonella is related to the up-regulation of an active efflux system (Braoudaki 
& Hilton, 2005). Similarly, in pre-mentioned variants, bacterial adaptation to disinfectants 
coincides with the up-regulation of the AcrAB efflux pump, which is responsible for 
producing the multiple-antibiotic-resistance mar strains that are resistant to many agents 
(Karatzas et al., 2007).  
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In addition, membrane composition can sometimes be altered with disinfectant adaptation. 
S. Enteritidis grown in the presence of three sanitizers, including a chlorinated product, an 
alkaline cleaner and a phenolic solution, was shown to increase its short-chain 
polysaccharide fractions of the LPS (Venter et al., 2006). A reduction in cell hydrophobicity 
was induced following the adaptation of S. Enteritidis to BKC at sub-inhibitory 
concentrations, although no change to the LPS or outer membrane composition was noticed 
(Braoudaki & Hilton, 2005). When Salmonella cells were exposed to 1.5% TSP for 1 h, 
significant changes were seen to affect the membrane fatty acid composition: the saturated 
and cyclic to unsaturated fatty acid ratio increases which leads to a increase in membrane 
saturation (Sampathkumar et al., 2004). But modifications to membrane fluidity were not 
related with the induction of resistance following growth in increasing sub-inhibitory 
concentrations of tri-sodium phosphate (TSP) (Alonso-Hernando et al., 2010).  

Because the mechanisms of Salmonella adaptation to disinfectants are not fully understood, it 
is wise to continue the widely accepted practice of rotating the use of disinfectants in the 
food industry to prevent the development of adaptation and increased resistance. 

4.2 Implication of biofilms in the tolerance response of Salmonella to disinfectants 

The persistence of Salmonella in food processing environments is often related to their 
survival on the surface of equipment. For example, an S. Enteritidis strain isolated from 
an egg conveyor belt was found to be a source of persistent infection in poultry (Stocki et 
al., 2007). Similarly, Salmonella was able to persist in food bowls that had contained raw 
meat contaminated by this pathogen (Weese & Rousseau, 2006). The survival of 
microorganisms in food-processing environments is frequently linked to the presence of 
three-dimensional biofilm structures on surfaces. Salmonella produces a biofilm matrix 
that is mainly composed of fimbriae (curli) and cellulose (Solomon et al., 2005). A study of 
111 Salmonella strains isolated in Norwegian feed and fish meal factories demonstrated 
that persistent strains were those that could produce more biofilm than presumably non-
persisting strains (Vestby et al., 2009). Images of Salmonella biofilms (Figure 3) were 
acquired using scanning electron microscopy at the MIMA2 microscopy platform 
(http://voxel.jouy.inra.fr/mima2).  

   
Fig. 3. Images of Salmonella biofilms obtained by scanning electron microscopy  

Like many other biofilms, Salmonella biofilms display specific properties that include 
increased resistance to biocide treatment (Wong et al., 2010). Reductions in surface-attached 
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Salmonella using 256 ppm of sodium hypochlorite and BKC were respectively decreased 2.1 
and 3-fold compared to the planktonic population (Riazi & Matthews, 2011). Sodium 
hypochlorite was shown to be more efficient than BKC and hydrogen peroxide against 
Salmonella biofilms formed in the Calgary Biofilm Device (Rodrigues et al., 2011). S. 
Typhimurium is more resistant to chlorine treatments when associated with Pseudomonas 
fluorescens in a mixed biofilm (Leriche & Carpentier, 1995). 

Rather than a true resistance, biofilm insusceptibility is sometimes referred to as a tolerance 
because it is mainly induced by physiological adaptation to the biofilm mode of life (Russell, 
1999). Biofilm resistance is multifactorial, resulting from the addition of different 
mechanisms such as diffusion and/or reaction problems affecting the sanitizers in the 
structure, the appearance of resistant biofilm-specific phenotypes (persister cells), of 
physiological and genetic heterogeneity, and adaptation to sanitizers (Bridier et al., 2011b). 
In deeper regions of the three-dimensional structures of biofilms, Salmonella may be 
protected against biocide activity because of the limited reaction-diffusion penetration of 
antimicrobial agents (Figure 4). Only sub-lethal concentrations of disinfectants can reach the 
bacteria which may thus develop adaptation mechanisms.  

 
Fig. 4. Limited penetration of antimicrobial agents within the biofilm architecture due to 
diffusion-reaction problems (black cells can survive and adapt themselves to sub-lethal 
concentrations of disinfectants) 

A few studies have described the adaptation of biofilm cells to disinfectants.  One early 
study showed that when S. Typhimurium biofilm was disinfected daily, the proportion of 
viable but nonculturable cells increased in a 4-day biofilm (Leriche & Carpentier, 1995). 
Chlorine consumption of such biofilm was increased, suggesting that adaptation to chlorine 
stress induces a hyper-production of exopolymeric substances that can protect the viable 
cells. Salmonella biofilm cells were also reported to display a greater adaptation than their 
planktonic counterparts to BCK after continuous exposure to 1 µg/mL of this disinfectant 
(Mangalappalli-Illathu & Korber, 2006). Specific proteins involved in energy metabolism, 
protein biosynthesis, nutrient binding, cold shock and detoxification were up-regulated. 
Conversely, proteins involved in proteolysis, cell envelope formation, universal stress, heat 
shock response (Dnak) and broad regulatory functions (Hns) were down-regulated 
following adaptation (Mangalappalli-Illathu & Korber, 2006). 

However, surface-attached Salmonella exposed sequentially to 100 ppm chlorhexidine 
digluconate remained susceptible to the action of the sanitizer. The bacteria were not able to 
adapt neither develop induced resistance (Riazi & Matthews, 2011). During this experiment, 
the disinfectant is applied at a much higher concentration than that used by Mangalappali-

Disinfectant Disinfectant
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In addition, membrane composition can sometimes be altered with disinfectant adaptation. 
S. Enteritidis grown in the presence of three sanitizers, including a chlorinated product, an 
alkaline cleaner and a phenolic solution, was shown to increase its short-chain 
polysaccharide fractions of the LPS (Venter et al., 2006). A reduction in cell hydrophobicity 
was induced following the adaptation of S. Enteritidis to BKC at sub-inhibitory 
concentrations, although no change to the LPS or outer membrane composition was noticed 
(Braoudaki & Hilton, 2005). When Salmonella cells were exposed to 1.5% TSP for 1 h, 
significant changes were seen to affect the membrane fatty acid composition: the saturated 
and cyclic to unsaturated fatty acid ratio increases which leads to a increase in membrane 
saturation (Sampathkumar et al., 2004). But modifications to membrane fluidity were not 
related with the induction of resistance following growth in increasing sub-inhibitory 
concentrations of tri-sodium phosphate (TSP) (Alonso-Hernando et al., 2010).  

Because the mechanisms of Salmonella adaptation to disinfectants are not fully understood, it 
is wise to continue the widely accepted practice of rotating the use of disinfectants in the 
food industry to prevent the development of adaptation and increased resistance. 

4.2 Implication of biofilms in the tolerance response of Salmonella to disinfectants 

The persistence of Salmonella in food processing environments is often related to their 
survival on the surface of equipment. For example, an S. Enteritidis strain isolated from 
an egg conveyor belt was found to be a source of persistent infection in poultry (Stocki et 
al., 2007). Similarly, Salmonella was able to persist in food bowls that had contained raw 
meat contaminated by this pathogen (Weese & Rousseau, 2006). The survival of 
microorganisms in food-processing environments is frequently linked to the presence of 
three-dimensional biofilm structures on surfaces. Salmonella produces a biofilm matrix 
that is mainly composed of fimbriae (curli) and cellulose (Solomon et al., 2005). A study of 
111 Salmonella strains isolated in Norwegian feed and fish meal factories demonstrated 
that persistent strains were those that could produce more biofilm than presumably non-
persisting strains (Vestby et al., 2009). Images of Salmonella biofilms (Figure 3) were 
acquired using scanning electron microscopy at the MIMA2 microscopy platform 
(http://voxel.jouy.inra.fr/mima2).  

   
Fig. 3. Images of Salmonella biofilms obtained by scanning electron microscopy  

Like many other biofilms, Salmonella biofilms display specific properties that include 
increased resistance to biocide treatment (Wong et al., 2010). Reductions in surface-attached 
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Salmonella using 256 ppm of sodium hypochlorite and BKC were respectively decreased 2.1 
and 3-fold compared to the planktonic population (Riazi & Matthews, 2011). Sodium 
hypochlorite was shown to be more efficient than BKC and hydrogen peroxide against 
Salmonella biofilms formed in the Calgary Biofilm Device (Rodrigues et al., 2011). S. 
Typhimurium is more resistant to chlorine treatments when associated with Pseudomonas 
fluorescens in a mixed biofilm (Leriche & Carpentier, 1995). 

Rather than a true resistance, biofilm insusceptibility is sometimes referred to as a tolerance 
because it is mainly induced by physiological adaptation to the biofilm mode of life (Russell, 
1999). Biofilm resistance is multifactorial, resulting from the addition of different 
mechanisms such as diffusion and/or reaction problems affecting the sanitizers in the 
structure, the appearance of resistant biofilm-specific phenotypes (persister cells), of 
physiological and genetic heterogeneity, and adaptation to sanitizers (Bridier et al., 2011b). 
In deeper regions of the three-dimensional structures of biofilms, Salmonella may be 
protected against biocide activity because of the limited reaction-diffusion penetration of 
antimicrobial agents (Figure 4). Only sub-lethal concentrations of disinfectants can reach the 
bacteria which may thus develop adaptation mechanisms.  

 
Fig. 4. Limited penetration of antimicrobial agents within the biofilm architecture due to 
diffusion-reaction problems (black cells can survive and adapt themselves to sub-lethal 
concentrations of disinfectants) 

A few studies have described the adaptation of biofilm cells to disinfectants.  One early 
study showed that when S. Typhimurium biofilm was disinfected daily, the proportion of 
viable but nonculturable cells increased in a 4-day biofilm (Leriche & Carpentier, 1995). 
Chlorine consumption of such biofilm was increased, suggesting that adaptation to chlorine 
stress induces a hyper-production of exopolymeric substances that can protect the viable 
cells. Salmonella biofilm cells were also reported to display a greater adaptation than their 
planktonic counterparts to BCK after continuous exposure to 1 µg/mL of this disinfectant 
(Mangalappalli-Illathu & Korber, 2006). Specific proteins involved in energy metabolism, 
protein biosynthesis, nutrient binding, cold shock and detoxification were up-regulated. 
Conversely, proteins involved in proteolysis, cell envelope formation, universal stress, heat 
shock response (Dnak) and broad regulatory functions (Hns) were down-regulated 
following adaptation (Mangalappalli-Illathu & Korber, 2006). 

However, surface-attached Salmonella exposed sequentially to 100 ppm chlorhexidine 
digluconate remained susceptible to the action of the sanitizer. The bacteria were not able to 
adapt neither develop induced resistance (Riazi & Matthews, 2011). During this experiment, 
the disinfectant is applied at a much higher concentration than that used by Mangalappali-
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Illathu et al., and it can more easily reach the surface-attached cells which are not embedded 
in an exopolymeric matrix. This therefore can explain why, in this case, the attached cells 
were not able to adapt and develop increased resistance. 

Very little is known about cross-resistance and virulence abilities of biofilm cells adapted 
to disinfectant. A recent study has shown that following a disinfection treatment, 
surviving biofilm Salmonella cells demonstrated significantly up-regulated virulence genes 
(Rodrigues et al., 2011).  

Therefore, in order to guarantee microbial food safety, cleaning procedures must be applied 
regularly in order to prevent biofilm formation, and the concentrations used should be high 
enough to eradicate surface-attached bacteria. Under these conditions, biofilm formation 
and adaptation to disinfectants should be limited.  

5. Conclusion 
Because antimicrobials are currently used to ensure microbiological food safety, the 
potential for the development of bacterial adaptation and induced tolerance to antimicrobial 
stresses must be taken into account. Although the mechanisms of acid adaptation are now 
well understood, knowledge on the adaptation of Salmonella to naturally occurring 
compounds and disinfectants needs to be improved. Research must be carried out to 
monitor the evolution of stress-tolerant pathogens in foods and to generate appropriate 
methods to detect and control them. Studies should focus on food matrix systems or food-
processing plants because these should be considered as highly stressful environments. The 
ultimate purpose should be to predict and control the behavior of Salmonella in terms of its 
stress tolerance, cross resistance to other stresses, persistence in the environment and 
virulence in the host.   
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1. Introduction 
Combating Salmonella in the environment is a difficult problem for those involved in 
livestock and food production. Table poultry are one of the main reservoirs of Salmonella. 
Contamination with Salmonella of up to 7% has been found in slaughter chickens 
immediately after stunning, while this figure has been observed to rise even to 48% in 
chickens prior to chilling (Mikolajczyk & Radkowski 2002a, 2002b).   Despite numerous 
attempts to avoid secondary contamination by Salmonella on the slaughter line and during 
processing, there is an ongoing search for methods of rendering these bacteria harmless.  

The number of chemical additives used in food processing is limited because of human 
health concerns, limits to solubility and governmental regulatory approval for direct 
application to foods. Further, consumers are demanding more “all natural”, “organic”, and 
“additive-free” foods, which limits the use of many chemical compounds. 

In the search for methods of rendering Salmonella harmless, phosphates are worth 
considering. They are used by the poultry industry in many countries.  Internationally, in-
depth research on the safe use of additives and their effects, suitability, and harmlessness to 
health is being done by the UNO through the Joint FAO/WHO Expert Committee on Food 
Additives (JECFA). Advanced legislative work is also being done, independently of the 
JECFA, within the European Union. Within the EU, it is obligatory to use additives defined 
according to the EU numerical designation system, using the symbol E and an appropriate 
number. The same numbers are often used in many non-European countries, without the 
letter E. 

In line with the numerical designation system of the European Union, sodium phosphates 
are distinguished by the symbol E 339, while trisodium phosphate is designated E 339 (E 339 
iii) (Official Journal of the European Communities, 1995; Official Journal of the European 
Union, 2008). 

On the basis of Union legislation, in Poland a Directive of the Ministry of Health (Directive 
of the Ministry of Health, 18 September 2005) allows the use of sodium phosphates (E 339) 
in foods for babies and small children. The maximum input of sodium phosphates used in 
production of food preparations intended for initial and further feeding of healthy babies is 
1g/l in terms of P2O5. 
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The lists of the International Food Additive Numbering System (INS), drawn up by the 
Codex Committee on Food Additives and Contaminants (CCFAC) feature synonyms and 
groups of additives. Some additives are multifunctional. Despite the international character 
of these lists, not all the additives are permitted to be used in individual countries. 
Individual country lists are subject to constant modification through removal, in other 
words, the introduction of prohibition of certain additives, and the addition of new ones. 
Sometimes substances previously denied approval are added to approved lists, following 
further research validation, as safe for health. 

The Food Safety and Inspection Service (FSIS) of the U.S. Department of Agriculture 
(USDA) publishes, in the Federal Register, regulations defining the process of approving 
the use of food product ingredients and sources of radiation in meat products, with the 
aim of enabling parallel control, carried out by the FSIS and the Food and Drug 
Administration (FDA), of applications to introduce new procedures and new additives 
and colourings to  food items generally recognized as safe. The FDA publishes among its 
regulations a list (21 CFR - Code of Federal Regulations) of additives to food products and 
sources of radiation which are safe and appropriate for the production of meat and 
poultry products. The FDA regulations allow producers of ingredients and food products 
to determine, independently and using their own experts, whether a given substance is 
generally recognised as safe (GRAS – Generally Recognised as Safe). Substances with the 
statutory designation GRAS granted by internal experts are not included on the FDA list 
in CFR 21. The FDA sets out GRAS notifications for meat and poultry products in the 
GRAS Notification List, which it publishes on its own internet site. Substances permitted 
by the FDA regulations are approved for general use in food products (CFR 21, parts 172-
180) or designated as substances generally safe for use in food products (CFR 21, parts 182 
and 184). 

Trisodium phosphate (TSP) is listed as approved in the CFR 21 and in the GRAS 
Notification, and may be used in meat and poultry production. “Trisodium phosphate is 
listed by the FDA as GRAS when used in accordance with good manufacturing practice.” 
[Anon., 2005]. 

Trisodium phosphate is approved by the FDA as a food additive and is thus in the register 
entitled “Everything Added to Food in the United States” (EAFUS) [Anon., 2009].  

2. The Influence of Solutions of Trisodium Phosphate (E 339 iii) 
Concentrations on Salmonella spp. in Microbiological Media and on Turkey 
Carcasses and Duration of Storage upon the Survival Rate of Salmonella in 
Turkey Carcasses 
In the published literature, significant amounts of data relate to the widely accepted use of 
trisodium phosphate within the food industry and meat processing, justifying a study of the 
effects of trisodium phosphate on Salmonella during storage of carcasses. Hence the initiation 
of research aimed at determining the influence of trisodium phosphate on Salmonella present 
in microbiological media, on turkey carcasses and in samples from turkey carcasses kept for 
a period of 6 days, the maximum length of time before the meat reaches the consumer, may 
lead to an improved level of food hygiene and human health. 
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2.1 The Influence of Solutions of Trisodium Phosphate (E 339 iii) Concentrations on 
Salmonella spp. in Microbiological Media 

2.1.1 Materials and methods 

During stage one of the study, the influence of trisodium phosphate (E 339 iii) on Salmonella 
spp. was investigated in microbiological media. The following concentrations of analytically 
pure trisodium phosphate (E 339 iii) (Na3Po4) were added to nutritive agar were applied:  
0.01%, 0.02%, 0.03%, 0.05%, 0.1%, 0.25%, 0.5%, 1%, 1.5%, 2.0%. Salmonella serovars studies 
included Enteritidis no. 33/66, Salmonella Anatum No. 30/93 and Salmonella Typhimurium 
No. 227/84, obtained from the Museum of bacterial strains of the National Veterinary 
Research Institute in Puławy in Poland. 

The trisodium phosphate (E 339 iii) was sterilised using the Millipore filter (Millex 9P, 022µ, 
Bedford), and added at appropriate concentrations to the medium at the temperature of 
50°C. The Salmonella strains were inoculated into 9 ml of nutritive agar incubated for 24 
hours at 37°C.  This bacterial suspension was then used as an inoculum for further studies. 
Next, a ten-fold dilution of the culture was made and each serovar at each dilution was 
inoculated by spread plating on the nutritive agar without the TSP (negative control) as well 
as and on the nutritive agar supplemented with different quantities of trisodium phosphate 
(E 339 iii). Surface inoculation was applied. Plates were incubated at 37°C for 24 to 48 hours. 
Trials were replicated ten times and populations were averaged. 

2.1.1 The Research Results 

Table 1 and figure 1 detail results of the influence of various quantities of solutions of 
trisodium phosphate (E 339 iii) on Salmonella spp. in microbiological media. The average 
number of bacteria in control samples not supplemented with trisodium phosphate (E 339 
iii) was 2.3  108 for S. Enteritidis, 7.25  107 for S. Anatum, and 2.6  108 for S. 
Typhimurium. Trisodium phosphate in agar medium at 1% concentration inhibited growth 
of Salmonella strains entirely. In the case of 0.5% concentration, the number of S. Anatum 
compared to the controls decreased by 3 logarithmic cycles, while S. Enteritidis and S. 
Typhimurium decreased by 4 logarithmic cycles. It was established that the addition of a 
concentration of up to 0.25% of sodium orthophosphate to an agar substrate had no 
substantial influence on the quantitative growth of any of the Salmonella examined. With a 
concentration of 1% trisodium phosphate, no increase in Salmonella in the substrate could be 
established.  
 

Type of 
Salmonella 
spp. 

Number of colonies [CFU/ml] 
Concentration of trisodium phosphate  [%] 

0.00 0.01 0.02 0.03 0.05 0.1 0.25 0.5 1 1.5 2 
S. Anatum 7.25107 1.8107 6.0106 8.0106 8.7106 1.2107 8.9106 2.0104 0 0 0 
S. Enteritidis 2.3108 2.5107 2.2107 2.4107 2.4107 2.5107 2.6107 3.0104 0 0 0 
S. 
Typhimurium 2.6108 2.6107 1.9107 2.6107 2.8107 2.3107 1.9107 2.5104 0 0 0 

Table 1. The growth of Salmonella spp. on agar substrate with an addition of trisodium 
phosphate  (n=10) 
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Fig. 1. The growth of Salmonella spp. on agar substrate with an addition of varying 
concentrations of trisodium phosphate   

On the basis of the results displayed in table 1 and figure 1, it can be concluded that the 
addition of sodium orthophosphate had an influence on the survival of Salmonella in agar 
substrates. While the inhibiting influence of sodium orthophosphate in bacterial substrates 
was high, this compound may prove useful for destruction of Salmonella on poultry carcasses. 

2.2 The Influence of Trisodium Phosphate (E 339 iii) on Salmonella Enteritidis on 
Turkey Carcasses  

2.2.1 Materials and methods 

This stage of the studies concerned analysis of the influence of trisodium phosphate (E 339 
iii) on Salmonella Enteritidis present in elements of turkey carcasses. 

Tests were conducted on 236 samples of turkey breast purchased from poultry processing 
plants. After delivery to the laboratory, the material was kept in a refrigerator at 4°C, and 
next used for preparation of 25 g samples for further analysis.  No Salmonella spp. was 
detected when random samples (20% of all turkey breasts purchased) were examined for 
Salmonella spp.). Salmonella Enteritidis No. 33/66 was first inoculated in nutritive broth and 
incubated at 37°C for 24 hours.  Turkey breast samples were then  inoculated with 0.05 ml of 
the 24-hour broth culture of S. Enteritidis diluted to from 10-4 to 10-8 and initial inoculum of 
test samples was determined for each test series. The bacterial suspension was delicately 
spread with a special wide loop over the widest area possible. After inoculation with the 
bacteria, each sample was held for 20 minutes in a refrigerator at 4°C to fully dry the 
suspension. Next, each sample was transferred to a sterile beaker with 250 ml of a 1%, 2.5%, 
5% or 10% trisodium phosphate (E 339 iii) solution for 15 minutes. Among the methods 
recommended for detection of Salmonella spp. on poultry carcasses, pluck and products the 
method given in ISO 6579, 1993; PN-ISO 6579, 1998 was applied. 

Following 15 minutes of treatment in a trisodium phosphate (E 339 iii) solution, each sample 
was moved to a sterile beaker and covered with 225 ml of buffered peptone water (BPW, 
CM 509, Oxoid Basingstoke Hampshire, UK), and incubated at 37°C for 20 hours. Selective 
growth was achieved on SC medium (SC, 0 687–17-1, Difco Laboratories Detroit MI, USA), 
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Müller-Kauffman medium (MK, CM 343, Oxoid Basingstoke Hampshire, UK) and 
Rappaport-Vassiliadis medium (RV, CM 669, Oxoid Basingstoke Hampshire, UK) while the 
further culturing was done on brilliant green and phenol red agars  (BGA, CM 329, Oxoid 
Basingstoke Hampshire, UK) on BSA medium (BSA, 00 73-01-1, Difco Laboratories Detroit 
MI, USA) and on XLD agar (XLD, CM 469 Oxoid Basingstoke Hampshire, UK). Colonies 
typical and suspected of belonging to Salmonella spp. were identified by serological and 
biochemical methods. Biochemical characteristics of Salmonella spp. were determined using 
API Test 20 E. Serological types were determined on the basis of the Kauffmann-White 
classification scheme as proposed by Popoff and Le Minor (1997)  using the sera produced 
by the National Salmonella Centre. 

Turkey breast samples inoculated with Salmonella spp. immersed in sterile water for 15 
minutes were used as positive controls. Each variant of the experiment was done in ten 
repetitions. 

2.2.2 Research results 

Table 2 clearly demonstrates that inactivation of Salmonella on turkey carcasses is inversely 
proportional to the population of the original inoculum.   

When 10 colony-forming units of Salmonella were inoculated onto the surface of a turkey 
carcass parts and   treated for 15 minutes in 1%, 2.5%, 5% and 10% sodium orthophosphate, 
or either treated at 5% and 10% for 15 min., no Salmonella was detected. When 1% and 2.5% 
of sodium orthophosphate was used, there was a reduction in the number of samples in 
which Salmonella were found in relation to the control samples at both times as well as at a 
surface contamination of 10³ colony-forming units  and treatment for 15 minutes, , in a 5% or 
10% solution. Where a surface contamination with 104 colony-forming units was applied to 
turkey meat immersed in the water solutions of the chemical substances in the study, their 
influence on detectability of Salmonella could not be confirmed (table 2). 
 

Concentra-
tion 
[%] 

Treatment 
time 

[minutes] 

Salmonella Enteritidis nr 33/66 
dilutions (inoculum) 

4 5 6 7 8 
Number of positive results 

0 15 10 10 10 9 0 
45 10 10 10 9 0 

1 15 10 10 9 0 0 
45 10 10 5 0 0 

2.5
 

15 10 10 4 0 0 
45 10 10 2 0 0 

5 15 10 9 0 0 0 
45 10 7 0 0 0 

10 15 10 5 0 0 0 
45 0 0 0 0 0 

Table 2. Number of samples from elements of turkey carcasses treated with trisodium 
phosphate, in which Salmonella Enteritidis was detected (n=10) 
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Müller-Kauffman medium (MK, CM 343, Oxoid Basingstoke Hampshire, UK) and 
Rappaport-Vassiliadis medium (RV, CM 669, Oxoid Basingstoke Hampshire, UK) while the 
further culturing was done on brilliant green and phenol red agars  (BGA, CM 329, Oxoid 
Basingstoke Hampshire, UK) on BSA medium (BSA, 00 73-01-1, Difco Laboratories Detroit 
MI, USA) and on XLD agar (XLD, CM 469 Oxoid Basingstoke Hampshire, UK). Colonies 
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biochemical methods. Biochemical characteristics of Salmonella spp. were determined using 
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classification scheme as proposed by Popoff and Le Minor (1997)  using the sera produced 
by the National Salmonella Centre. 
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proportional to the population of the original inoculum.   
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carcass parts and   treated for 15 minutes in 1%, 2.5%, 5% and 10% sodium orthophosphate, 
or either treated at 5% and 10% for 15 min., no Salmonella was detected. When 1% and 2.5% 
of sodium orthophosphate was used, there was a reduction in the number of samples in 
which Salmonella were found in relation to the control samples at both times as well as at a 
surface contamination of 10³ colony-forming units  and treatment for 15 minutes, , in a 5% or 
10% solution. Where a surface contamination with 104 colony-forming units was applied to 
turkey meat immersed in the water solutions of the chemical substances in the study, their 
influence on detectability of Salmonella could not be confirmed (table 2). 
 

Concentra-
tion 
[%] 

Treatment 
time 

[minutes] 

Salmonella Enteritidis nr 33/66 
dilutions (inoculum) 

4 5 6 7 8 
Number of positive results 

0 15 10 10 10 9 0 
45 10 10 10 9 0 

1 15 10 10 9 0 0 
45 10 10 5 0 0 

2.5
 

15 10 10 4 0 0 
45 10 10 2 0 0 

5 15 10 9 0 0 0 
45 10 7 0 0 0 

10 15 10 5 0 0 0 
45 0 0 0 0 0 

Table 2. Number of samples from elements of turkey carcasses treated with trisodium 
phosphate, in which Salmonella Enteritidis was detected (n=10) 
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This study confirms the efficacy of the inhibiting influence of sodium orthophosphate on 
Salmonella on poultry carcasses. The unfavorable effect of this compound in relation to 
Salmonella was greater in bacterial substrates than on poultry carcasses. 

2.3. The Influence of Trisodium Phosphate (E 339 iii) on survival of Salmonella 
Enteritidis on Turkey meat stored at a temperature of 4°C for 2, 4 & 6 Days 

2.3.1 Materials and methods 

Research was carried out on 192 samples of turkey breast purchased from poultry 
processing plants. Each sample was divided into two parts. One part was checked for the 
natural occurrence of Salmonella, while the other was inoculated with the relevant strain. 

S. Enteritidis strain no. 33/66  was stored on agar strips in a refrigerator at a 4ºC, then 
seeded into a nutrient broth and incubated at 37ºC for 24 hours. After incubation, 10 ml of 
the broth were decanted into 4l of diluent consisting of: 1g peptone, 8.5% sodium chloride 
NaCl, and 1,000 ml distilled water, in which the turkey breast samples were immersed. 
After 5 minutes, the samples were extracted, drained for 2 minutes, placed on specially 
prepared sterile trays with drainage grids, and kept in a refrigerator at a temperature of 4ºC 
for 20 minutes. The initial inoculum level of control samples was determined in each series 
of investigations. The samples were then transferred to sterile beakers containing 250ml of 
1%, 2.5%, and 5% solutions of analytically pure (E 339 iii) trisodium phosphate (Na3PO4) for 
15 minutes. The control material in this experiment consisted of breast samples inoculated 
with Salmonella and immersed in sterile water for 15 minutes. These were examined directly 
without decontamination, the number of bacteria being taken as the inoculum.  

Swabs were taken from the exterior and interior surface of the turkey breasts using sterile 
tampons and templates. A stainless-steel template with a 25cm² aperture was applied to 
each surface examined. Two swabs were taken, one from the exterior, the other from the 
interior surface, the total surface area being 50 cm². The tampons with the swabs were 
placed in flasks with glass beads in 50ml of diluting fluid and shaken energetically for about 
2 minutes. This achieved an initial dilution in which 1ml of fluid corresponded to 1cm² of 
surface examined. The fluid was then diluted tenfold and the level of Salmonella determined 
using the Most Probable Number method (ISO 7218, 1996). To achieve this, 1ml each of the 
initial suspension and its subsequent tenfold dilutions were decanted into 3 parallel test-
tubes of buffered peptone water (BPW, CM 509, Oxoid, Basingstoke, Hampshire, UK). These 
were incubated at 37ºC for 20 hours and then re-decanted onto a selenite cystine substrate 
(SC broth), a Müller-Kaufman substrate, and a Rappaport-Vassiliadis substrate. After 24 
hour incubation at 41.5ºC (RV) and 37ºC (MK & SC), an inoculation was made into an agar 
substrate with brilliant green and phenol red (BGA, CM 329, Oxoid, Basingstoke, 
Hampshire, UK), a bismuth-sulphite substrate (BSA 00 71-01-1, Difco Laboratories, Detroit 
Mi., USA), and a substrate with xylose, lysine, and deoxycholane (XLD, CM 469, Oxoid, 
Basingstoke, Hampshire, UK). A reading of the most probable number of Salmonella was 
made using the Hoskins table. 

The research was carried out in line with methods set out in PN-ISO 6579, 1998; PN-A-
82055-3, 1994; ISO 6579, 1993; ISO 7218, 1996. Each turkey breast was quantitatively 
examined for Salmonella immediately and after 2, 4, and 6 days of refrigerated storage at 4ºC. 
This process was repeated six fold for each experimental variant. 
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The numerical material collected in the experiment was processed statistically using 
Student’s T – test and correlation analysis. Correlation analysis was carried out on numbers 
expressed as logarithms. 

2.3.2 Results and discussion 

Table 3 and figure 2 show the changing numbers of Salmonella during storage of turkey meat 
samples at 4ºC. The average initial contamination of the turkey samples amounted to 2.3x 
10³ Salmonella. Following immersion in water, an average of 4.3x 10² Salmonella were 
recovered, which was used as the inoculum.  The initial inoculum of Salmonella Enteritidis 
amounted to 10² colony-forming units per 1 cm² surface area of the turkey meat sample. 
Directly after application of the selected concentrations of trisodium phosphate (E 339 iii) 
solutions, it was possible to confirm their influence on the number of Salmonella, reflected by 
a substantial decrease in the number of colonies.  

A concentration of 2.5% and 5% solution of (E 339 iii) trisodium phosphate caused a 
reduction of Salmonella on a poultry meat sample by 1 logarithmic cycle. It was also 
established that during storage in a refrigerator at a temperature of 4ºC the number of 
Salmonella in the meat samples decreased. After 6 days, this reduction was greatest where a 
5% solution of trisodium phosphate (E 339 iii) was used, amounting to 2 logarithmic cycles. 
A similar reduction of 2 log cycles was observed in the case of meat samples immersed in 
sterile water after 2 days of storage treated with a 5% solution. In the remaining variants of 
the experiment where a 5% solution of trisodium phosphate (E 339 iii) was used, S. 
Enteritidis was reduced by 1 logarithmic cycle. A 2.5% solution of trisodium phosphate (E 
339 iii) , in the case of samples immersed in sterile water,  reduced Salmonella on the meat 
samples by 1 logarithmic cycle both directly after contamination and after 2 and 6 days of 
storage. Nevertheless, after 4 days of storage, S. Enteritidis increased in numbers within the 
same logarithmic range. Where a 1% solution of trisodiumphosphate(E 339 iii) was used, S. 
Enteritidis increased in numbers within the same logarithmic range both directly after 
contamination and after 2 days of storage. During the remaining days of storage, the 
number of bacteria rose by 1 logarithmic cycle in the case of samples immersed in sterile 
water. 
 

Substances 
examined 

 
Concen-
tration 

[%] 

Days’ storage 
Dependence of number  

of bacteria on duration of 
storage 

Directly after 
contami-

nation 
2 4 6 Correlation 

coefficient           
r 

Level of 
significance                

p Number of bacteria 
Control 0 2.3×103 4.3×102 2.3×102 2.3×102 - 0.89 > 0.10 
Water 0 4.3×102 2.4×102 9.3×101 4.3×101 - 0.99 0.01 

Na3PO4 

1 1.2 ×102 1.2 ×102 2.4 ×102 2.3 ×102 0.88 > 0.10 
2.5 9.3 ×101 4.1 ×101 9.3 ×101 2.3×100 - 0.76 > 0.10 
5 2.3×101 2.3×100 2.3×100 3.6×10-1 - 0.94 0.05 

Table 3. The influence of trisodium phosphate on survival  of Salmonella Enteritidis on 
turkey carcass elements stored at 4°C for 2, 4 & 6 days (n=6) 
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Fig. 2. The influence of sodium phosphate  on survival of Salmonella Enteritidis  bacteria on  
elements of turkey carcasses stored at 4°C for 2, 4, & 6 days 
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After slaughter, poultry carcasses with an internal muscle temperature of around 40ºC must 
be subjected to chilling to reach a temperature of 4ºC within approximately 2 hours or less, 
in order to extend the meat’s keeping period and inhibit the growth of microorganisms. If 
poultry carcasses are contaminated with Salmonella during this production cycle, current 
technologies are not sufficient to render the pathogen harmless. Air temperatures in the 
range of 0ºC to -1ºC do not render Salmonella harmless and carcasses contaminated with 
them may be delivered for sale. The time before a carcass reaches the consumer after chilling 
is variable and depends on many factors. The producer, on the basis of research into storage, 
defines the date up to which fresh poultry is fit for consumption. 

In the author’s research, the influence of various concentrations of solutions of trisodium 
phosphate (E 339 iii) upon Salmonella was determined in conditions as near to natural as 
possible, in other words, using poultry meat originating directly from poultry processing 
plants, not subjected to any processes intended to eliminate accompanying microflora in the 
laboratory, and stored in conditions with a constant temperature of 4ºC. 

Hwang and Beuchat (1995), studying the effectiveness of reduction in the number of 
Salmonella on chicken skins under the infuence of trisodium phosphate (E 339 iii), confirmed 
a reduction in the number of these microorganisms only following immersion for 30 
minutes at a temperature of 25ºC in a 1% solution of NA3PO4 . Bender and Brodsky (1990) 
observed that neutralization of the bacteria under the influence of a 10% solution of 
potassium phosphate for 15 minutes was incomplete, probably because of the formation of a 
coating of fat on the poultry skin. According to Giese (1992) this observation should enable 
the removal of bacteria from the surface of carcasses.  

The mechanism by which trisodium phosphate (E 339 iii) kills Salmonella is not fully known. 
As indicated by Giese (1992 &1993), the effectiveness of using this medium is linked not 
only with its strong antibacterial properties but also with the possibility of removing the 
thin lipid layer from the surface of poultry skin. 

Benedict et al. (1991) confirmed that the high index of the bacterial suspension’s adhesion to 
the skin is achieved thanks to immersion of the carcasses in it. The serotype of the Salmonella 
and the temperature of the bacterial suspension do not influence the adhesion of 
microorganisms on the skin (Conner & Bilgili, 1994). Cell structures such as fimbriae or cilia 
are essential in the mechanism of adhesion to the skin (Dickson, 1992; De Graft-Hanson & 
Heath, 1990).  A very important role is played by the duration of contact between the 
bacterial suspension and the skin (Conner & Bilgili, 1994). Directly after applying the 
relevant bacterial culture to the skin, samples should be kept for an appropriate period with 
the aim of obtaining better adhesion of bacteria to the skin of the carcasses. According to 
Conner and Bilgili (1994), the optimal time needed for Salmonella to settle and attach 
themselves on the skin is 10 minutes if an inoculum of 104 is used. Where a lower inoculum 
is used, the time should be extended to 20 minutes with an inoculum of 10³ and 30 minutes 
with one of 10². 

Salmonella which are firmly attached to the skin (“firmly attached cells”) are significantly 
more resistant to the effect of chemical media than those which have not succeeded in 
settling firmly but are loosely attached to the skin (“loosely attached cells”) (Lillard, 1989a, 
1989b; Tamblyn et al., 1997). Bailey et al. (1986) observed a 90-96% reduction in S. 
Typhimurium as a result of a 3.5-second spray using sodium hypochlorite at 20-40 ppm. 
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Such methods often reduce but seldom eliminate Salmonella on poultry carcasses because 
they are ineffective in relation to bacterial cells settled on or firmly attached to the skin. 
Hence, there is a need to test media which neutralises Salmonella that are firmly attached to 
the skin (Tamblyn & Conner, 1997; Conner & Bilgili, 1994). 

 The critical point in research on neutralisation of Salmonella is the fact that these bacteria can 
be firmly attached to the skin, especially when carcasses are in the initial phase of the 
production process. It can even be the case that Salmonella become irreversibly attached to 
the skin. In view of this, it might be the case that no currently utilized antimicrobial will be 
fully effective (Conner & Bilgili, 1994). 

The next problem in assessing the effectiveness of media inactivating Salmonella is the fact 
that despite the use of various techniques in rinsing, washing, and multiple re-rinsing of 
carcasses, not all bacteria can be removed (Izat et al., 1991). Lillard (1989b) confirmed that 
removal of bacteria attached to poultry skin is very difficult, though repeated rinsing can 
lead to removal of large numbers. In many publications (Conner & Bilgili, 1994; Izat et al. 
1991) it is stated that the removal of Salmonella is based on multiple rinsing; nevertheless, it 
is apparent that not all cells can successfully be removed. 

3. Conclusion 
1. The inhibiting influence of sodium orthophosphate in bacterial substrates was high. The 

unfavorable effect of this compound in relation to Salmonella can also be applied to 
poultry carcasses.  

2. Among the various concentrations of solution used for neutralizing Salmonella on 
elements of turkey carcasses stored at a temperature of 4ºC for 6 days, the greatest effect 
was shown by a 5% solution of trisodium phosphate. 

3. With samples treated with a 1% solution of trisodium phosphate (E 339 iii), stored for 6 
days, the number of Salmonella did not undergo any substantial changes, still remaining 
at the same level. 

4. In the case of 2.5% and 5% solutions of trisodium phosphate (E 339 iii), it was noticed 
that, along with an extension of the storage period, their limiting influence on the 
number of Salmonella in turkey carcasses increased. 
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1. Introduction  
Salmonella enterica subsp. enterica serovar Typhi (hereafter referred to as Salmonella Typhi) is 
a Gram-negative enteric bacillus belonging to the family Enterobacteriaceae. It is a facultative 
anaerobe that is motile by peritrichous flagella. The bacterium is catalase positive, oxidase 
negative. It produces no gas when grown in Triple Sugar Iron (TSI) broth, which is used to 
differentiate it from other Enterobacteriaceae (Murray, 1994). 

The bacterium is restricted to humans and is not known to have a reservoir in animals. 
Thus, the transmission of S. Typhi has only been shown to occur from person to person via 
fecal-oral route. Infection of S. Typhi leads to the development of typhoid, or enteric fever. 
This disease is characterized by the sudden onset of a sustained and systemic fever, severe 
headache, nausea, and loss of appetite. Other symptoms include constipation or diarrhea, 
enlargement of the spleen, possible development of meningitis, and/or general malaise. The 
disease has caused many deaths in developing countries where sanitation is poor and is 
spread through contamination of water and undercooked food (Murray, 1994).  

Treatment of typhoid fever relies mainly on such antibiotics as chloramphenicol, ampicillin 
and trimethoprim-sulfamethoxazole (Rowe et al., 1997; Trung et al., 2007); however, the 
success of the antibiotic based therapeutic approach has currently been limited because of 
the emergence of multidrug resistant strains of S. Typhi. Owing to the development of 
bacterial resistance to chloramphenicol during the 1970s and 1980s, treatment with this drug 
was widely replaced by ampicillin and trimethoprim-sulfamethoxazole; however, by the 
1980s and 1990s, S. Typhi developed resistance simultaneously to all drugs used for first-
line treatment, namely, chloramphenicol, ampicillin and trimethoprim-sulfamethoxazole 
(Trung et al., 2007). These multidrug resistant S.Typhi strains have been found to be 
responsible for numerous outbreaks in many countries in the Indian subcontinent, Southeast 
Asia, and Africa (Rowe et al., 1997). In light of the evidence of the rapid global spread of 
drug resistant S. Typhi strains, the need to find new antibiotics to treat diseases caused by 
the bacteria is of paramount importance. However, the past record of rapid emergence of 
resistance to newly introduced antibiotics indicates that even new families of antibiotics will 
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have a short life expectancy (Coates et al., 2002). For this reason, researchers are increasingly 
turning their attention to alternative therapeutic approaches to combat drug resistant S. 
Typhi. One of the promising approaches is bacteriophage therapy or phage therapy. 

Bacteriophages or phages are viruses that infect bacteria. Lytic or virulent bacteriophages 
have been considered to be a new class of antibacterial agents because they undergo rapid 
growth, disrupt bacterial metabolism and reproduction, and lyse the bacterial cells. They 
have been used for therapeutic purposes since the 1920s. Several studies have shown that 
bacteriophages could be used successfully for therapeutic purposes both in humans and 
animals (Bruttin & Brussow, 2005; Chhibber et al., 2008; Deresinski, 2009; Nakai & Park, 
2002). In addition, there have been several reports showing the ability of lytic 
bacteriophages to kill drug resistant bacteria (Capparelli et al., 2007; Thamniamton et al., 
2010; Vinodkumar et al., 2005). Therefore, it is of interest to find a bacteriophage for use as a 
therapeutic agent to control drug resistant S. Typhi. 

In this study, a bacteriophage specific to drug resistant S. Typhi was isolated from hospital 
wastewater. It was also characterized with respect to host range, adsorption, thermal and 
pH sensitivity, one step growth, and morphology, genome and protein composition. The 
bacteriophage from this study may be useful as a potential therapeutic agent for controlling 
drug resistant S. Typhi infections.   

2. Materials and methods 
2.1 Bacterial strains and culture conditions 

The bacterial strain used as the indicator strain for the isolation, propagation, and 
characterization of the bacteriophage named PPST1 was drug resistant Salmonella enterica 
subsp. enterica serovar Typhi strain SSH1 (hereafter referred to as S. Typhi SSH1) which was 
kindly donated by Sappasitiprasong Hospital, Ubon Ratchathani, Thailand. The bacterial 
strain was confirmed as S. Typhi by the API 20 E test kit (bioMerieux Industry, Hazelwood, 
MO, USA). Antibiotic susceptibility testing by Kirby-Bauer’s method revealed that S. Typhi 
SSH1 was resistant to most of the commonly-used drugs including chloramphenicol, 
ampicillin, trimethoprim, tetracycline, streptomycin, sulfanilamideand ciprofloxacin. 
Bacterial strains used to test the host range of the bacteriophage PPST1 are listed in Table 1. 
All of them were obtained from the American Type Culture Collection (ATCC). 

All bacteria were maintained on Brain Heart Infusion (BHI) agar (Oxoid, Wesel, Germany). 
Fresh colonies were cultured and subcultured in BHI broth at 37°C. Stock cultures of all 
bacteria were stored as a frozen culture at -80ºC in BHI broth containing 20% glycerol 
(vol/vol). 

2.2 Bacteriophage isolation and purification 

The water sample for bacteriophage isolation was collected from wastewater treatment tank 
located at Sappasitiprasong Hospital, Ubon Ratchathani, Thailand. The sample was stored at 
4°C overnight to allow larger suspended sediments to settle out. The crudely clarified 
sample was centrifuged at 4,500 xg for 10 min to remove bacterial cells and debris. The 
supernatant was passed through a 0.22-μm-pore-size membrane filter (SartoriusAG, 
Gottingen, Germany). For bacteriophage enrichment, the filtrate was added to an equal 
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volume of double strength BHI broth containing log phase S. Typhi SSH1 cells (final 
concentration of 106 CFU/ml). After incubation at 37°C overnight, the culture was 
centrifuged at 4,500 xg for 10 min and the supernatant was filtered through a 0.22-μm-pore-
size membrane filter. The presence of a lytic phage in the filtrate was examined by using the 
double layer method with some modifications (Paterson et al., 1969). One hundred μl of the 
filtrate was mixed with 400 μl of a log phase culture of S. Typhi SSH1 and incubated at 37°C 
for 30 min. The mixture was added into 4.5 ml of molten BHI soft agar (0.7% agar) which 
was already cooled down to 50°C, mixed gently, and poured onto a BHI agar plate (1.5% 
agar). The plate was left to stand at room temperature for 30 min to allow the top agar to 
solidify. The presence of a lytic bacteriophage in the form of plaques was detected after 
incubation of the plate at 37°C overnight. 

For bacteriophage purification, a single plaque was picked with a sterile glass Pasteur pipette, 
and put into a log phase culture of S. Typhi SSH1. After incubated at 37°C overnight, the 
bacteriophage-host mixture was centrifuged at 4,500 xg for 10 min and filtered through a 0.22-
μm-pore-size membrane filter. The filtrate was subjected to the double layer method as 
mentioned above. Three repeated rounds of single plaque isolation and re-inoculation were 
performed. The bacteriophage was eluted from the final resulting plate by adding 5 ml of SM 
buffer (50 mM Tris-HCl, pH 7.5, 99 mM NaCl, 8 mM MgSO4, 0.01% gelatin) on top of the plate 
and incubated at room temperature for 4 h with shaking. The bacteriophage containing buffer 
retrieved from the plate was centrifuged at 4,500 xg for 10 min and filtered through a 0.22-μm-
pore-size membrane filter. The resulting filtrate was called bacteriophage suspension. 

2.3 Bacteriophage titer determination 

The bacteriophage containing solution was serially diluted in SM buffer. Each dilution was 
subjected to plaque assay using the double layer method as mentioned earlier. Plaques were 
counted in the plate containing 50-300 plaques and expressed as plaque forming unit per 
milliliter (PFU/ml). 

2.4 Bacteriophage host range determination 

The spot test method described by Chang et al. (2005) was used for bacteriophage host range 
determination using the bacteria listed in the Table 1 as hosts. Each bacterial strain was 
grown overnight in BHI broth. One hundred μl of the culture was mixed well with 4 ml of 
BHI soft agar (0.7% agar) and then overlaid on the surface of the BHI agar (1.5% agar). After 
solidication, 10 μl of the bacteriophage suspension was spotted onto the top agar layer, 
which was then incubated at 37°C overnight. Bacterial sensitivity to the bacteriophage was 
notified by a clear zone at the spot where the phage suspension was deposited.  

2.5 Bacteriophage adsorption study 

The bacteriophage adsorption was studied according to the protocol of Lu et al. (2003) with 
some modifications. A S. Typhi SSH1 culture with the concentration of 108 CFU/ml was 
infected with the bacteriophage suspension to give a multiplicity of infection (MOI) of 0.01 
and incubated at 37C. Aliquots were taken at 5 min intervals (up to 30 min) after infection 
and immediately centrifuged at 4,500 xg for 10 min to sediment the bacteriophage-adsorbed 
cells. filtered through a 0.22-μm-pore-size membrane filter. Filtrates were subjected to 
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determination of titer of unadsorbed bacteriophages (residual titer) by the double layer 
method as mentioned earlier. BHI broth containing only bacteriophage was used as a 
control. The percentage of adsorption was calculated as follows: [(control titer-residual 
titer)/control titer] x 100%. 

2.6 Thermal and pH sensitivity test 

The sensitivity of bacteriophage PPST1 to temperature was examined as follows. Nine 
hundred μl of sterile deionized water was preheated to a desirable temperature, ranging 
from 50°C to 90°C. One hundred μl of the bacteriophage suspension was added to the 
preheated water to obtain the final bacteriophage concentration of about at 106 PFU/ml. 
After heating at the assigned temperatures for 30 min, the solutions were placed in an ice 
bath. Surviving bacteriophage titer was assayed by the double layer method. 

The sensitivity of bacteriophage PPST1 to pH was also examined. The bacteriophage (at the 
final concentration of 106 PFU/ml) was incubated overnight at 37°C in phosphate buffered 
saline (135 mM NaCl, 1.3 mM KCl, 0.5 mM KH2PO4, 3.2 mM Na2HPO4, pH 7.4), adjusted in 
steps of 1 pH unit from pH 2 to 12 using HCl or NaOH as required. Upon re-adjustment to 
pH 7, the double layer method was performed to determine bacteriophage titer.  

2.7 Study of one-step growth kinetics 

One step growth experiment was performed as described by (Caso et al., 1995) with some 
modifications. Briefly, 10 ml of log phase culture of S. Typhi SSH1 was harvested by 
centrifugation at 4,500 xg for 10 min and resuspended in 5 ml of fresh BHI broth in order to 
obtain a final concentration of 108 CFU/ml. To this suspension, 5 ml of the bacteriophage 
suspension was added in order to have a MOI of 0.01 and the bacteriophage was allowed to 
adsorb for 30 min at 37°C. The mixture was centrifuged at 4,500  g for 10 min, and the 
pellets containing infected cells were resuspended in pre-warmed (37C) BHI broth, 
followed by incubation at 37C. Samples were taken at 10-min intervals (up to 3 h) and 
immediately diluted, and bacteriophage titers were determined by the double layer method.  

2.8 Examination of bacteriophage morphology 

The morphology of bacteriophage PPST1 was examined by transmission electron 
microscopy. Bacteriophage particles were fixed by mixing 25 μl of the bacteriophage 
suspension with 25 μl of 50% glutaraldehyde in 4% paraformaldeyde. A 5-μl aliquot of this 
mixture was placed on a carbon Formvar-coated copper grid (Proscitech, Brisbane, 
Queenland, Australia) and allowed to adsorb for 5 min at room temperature. The 
bacteriophage was negatively stained with 0.5% uranyl acetate for 2 min then inspected 
with a Philips EM 300 electron microscope (Philips, Eindhoven, the Netherlands) operated 
at 60 kV. The bacteriophage size was determined from the average of five independent 
measurements. 

2.9 Analysis of bacteriophage proteins 

The protein composition of bacteriophage PPST1 was examined by sodium dodecyl sulfate-
polyacrylamide gel eectrophoresis (SDS-PAGE) using NuPAGE Novex gel system 
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(Invitrogen, Carlsbad, CA, USA). A 26-μl aliquot of the bacteriophage suspension was 
mixed with 10 μl of sample buffer and 4 μl of reducing agent. The mixture was heated in 
boiling water for 10 min and then subjected to electrophoresis on a 4-12% Bis-Tris gel at 200 
V and 120 mA for 35 min. The protein bands were stained with Coomassie blue G-250 
(Sigma-Aldrich, St. Louis, MO, USA), followed by destaining with a solution containing 50% 
methanol and 1% acetic acid.  

2.10 Analysis of bacteriophage nucleic acid  

Bacteriophage nucleic acid was extracted by using PureLink Viral RNA/DNA Mini Kit 
(Invitrogen, Carlsbad, CA, USA) according to the protocol provided by the manufacturer. 
The purified nucleic acid was tested for sensitivity to Ribonuclease A, Nuclease S1 and 
restriction enzyme PstI (all from Sigma-Aldrich, St. Louis, MO, USA), according to the 
supplier’s recommendations. The results were analyzed by 0.8% agarose gel electrophoresis. 

The genome size of the bacteriophage PPST1 was determined by pulse-field gel 
electrophoresis (PFGE) of the purified bacteriophage nucleic acid. The electrophoresis was 
carried out with 0.8% agarose gel in 0.5x Tris-borate-EDT buffer at 15°C for 15 h, using 
switch time ramped from 1 to 12 s and a voltage of 6 V/cm. The PFGE size standard used 
was Low range PFG marker (New England Biolabs, Ipswich, MA, USA). 

3. Results 
3.1 Bacteriophage isolation 

A bacteriophage was isolated from the hospital wastewater by the double layer method 
using S. Typhi SSH1 as a host bacterial strain. The bacteriophage produced clear plaques on 
the lawn of the host bacterial strain, indicating that it was a lytic or virulent bacteriophage. 
The plaques were small with an average diameter of 1 mm (Fig. 1), and the isolated 
bacteriophage was designated PPST1.  

 
Fig. 1. Plaques on S. Typhi SSH1 lawn (a) and transmission electron micrograph (b) of 
bacteriophage PPST1. Bar = 50 nm 

b. a. 
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determination of titer of unadsorbed bacteriophages (residual titer) by the double layer 
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3.2 Bacteriophage host range 

Specifictity of bacteriophage PPST1 to a variety of bacteria was examined by the spot test 
method. Of all 23 bacterial strains used in this experiment, only S. Typhi SSH1, S. Typhi 
ATCC 19430, S. Typhi ATCC 19214 were susceptible to the bacteriophage as shown in Table 
1. On the other hand, the rest of the tested bacterial strains used in this study were not 
sensitive to the bacteriophage. Among the three sensitive bacterial hosts, two of them, S. 
Typhi SSH1 and S. Typhi ATCC 19214, are drug resistant strains. These results suggested 
that the bacteriophage had a broad host range with specificity to S. Typhi and the specificity 
of the bacteriophage was not influenced by the drug-resistance properties of the hosts. 

 
Bacteria Lysisa 
Campylobacter jejuni ATCC 29428 - 
Enterobacter aerogenes ATCC 13048  
Enterococcus faecalis ATCC 51575 (vancomycin resistant) - 
Escherichia coli ATCC 11229 - 
Escherichia coli O157:H7 ATCC 35150 - 
Klebsiella pneumoniae ATCC 4352 - 
Listeria monocytogenes ATCC 19111 - 
Pseudomonas aeruginosa ATCC 15442 - 
Salmonella enterica serovar Choleraesuis ATCC 6958 - 
Salmonella enterica serovar Derby ATCC 6960 - 
Salmonella enterica serovar Enteritidis ATCC 4931 - 
Salmonella enterica serovar Heidelberg ATCC 8326 - 
Salmonella enterica serovar Paratyphi A ATCC 9150 - 
Salmonella enterica serovar Typhi SSH1 (multidrug resistant) + 
Salmonella enterica serovar Typhi ATCC 19430 + 
Salmonella enterica serovar Typhi ATCC 19214 (multidrug resistant) + 
Salmonella enterica serovar Typhimurium ATCC 6994 - 
Salmonella enterica serovar Typhimurium ATCC 700408 (multidrug resistant) - 
Salmonella enterica serovar Typhisuis ATCC 8321 - 
Shigella flexneri ATCC 29903 - 
Staphylococcus aureus ATCC 6538 - 
Staphylococcus aureus ATCC 33592 (methicillin resistant) - 
Streptococcus pyogenes ATCC 19615 - 

a + = clear zone form, - = no clear zone formed 

Table 1. Bacterial strains used in this study and their sensitivity to bacteriophage PPST1 

3.3 Bacteriophage adsorption 

The adsorption rate of bacteriophage PPST1 on S. Typhi ST1 is shown in Fig 2. Most of the 
bacteriophage particles were rapidly adsorbed to host cells within the first 10 minutes of the 
observation period; after which, the bacteriophage particles were adsorbed into the host cells 
at a relatively slow rate. Almost all of the bacteriophage particles were adsorbed into the host 
cells within 30 minutes. The results demonstrated that ca. 80%, 90% and 98% of bacteriophage 
PPST1 particles adsorbed to the host cells within 10 min, 20 min and 30 min, respectively. 
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Fig. 2. Adsorption of bacteriophage PPST1 on S. Typhi SSH1 cells 

3.4 Thermal and pH sensitivity 

Thermal lability of bacteriophage PPST1 was investigated by thermal treatments at 50, 60, 
70, 80 and 90C for 30 min (Table 2). At 50C, only a small reduction of the bacteriophage 
was observed. In contrast, the bacteriophage titers decreased considerably at 60 and 70C. 
The higher temperature resulted in fewer bacteriophage titers. Heating at 80 and 90C for 30 
min completely inactivated the bacteriophage, thus phage titer could not be detected in the 
samples.  

The stability of bacteriophage PPST1 was also investigated by incubating the bacteriophage 
overnight in a phosphate buffered saline solution at pH ranging from 2 to 12. The 
bacteriophage maintained its infectivity when incubated in a pH range of from 4 to 10. In 
contrast, the bacteriophage lost its infectivity completely at pH 3 or below as well as at pH 
11 or above. The highest stability of bacteriophage was observed at pH 7 (Table 2).  

3.5 One step growth kinetics 

Multiplication parameters of the lytic cycle of bacteriophage PPST1 including latent period, 
burst period and burst size were determined from the dynamic change in the number of 
bacteriophage during one replicative cycle (Fig. 3). It was determined that bacteriophage 
PPST1 had latent and burst periods of ca. 30 and 150 min, respectively. The burst size 
estimated from the one-step growth curve was about 79 PFU/infected cell (Fig. 3). 

3.6 Morphology, genome and protein composition 

Morphological characterization of bacteriophage PPST1 was examined by transmission 
electron microscopy. It was shown that the bacteriophage had an icosahedral head (64 ± 2.4 
nm in diameter) with a noncontractile tail of 157 ± 8.6 nm long and 12 ± 0.6 nm wide. No 
collar or tail appendages were observed (Fig. 1). 
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bacteriophage particles were rapidly adsorbed to host cells within the first 10 minutes of the 
observation period; after which, the bacteriophage particles were adsorbed into the host cells 
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cells within 30 minutes. The results demonstrated that ca. 80%, 90% and 98% of bacteriophage 
PPST1 particles adsorbed to the host cells within 10 min, 20 min and 30 min, respectively. 
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Fig. 2. Adsorption of bacteriophage PPST1 on S. Typhi SSH1 cells 

3.4 Thermal and pH sensitivity 

Thermal lability of bacteriophage PPST1 was investigated by thermal treatments at 50, 60, 
70, 80 and 90C for 30 min (Table 2). At 50C, only a small reduction of the bacteriophage 
was observed. In contrast, the bacteriophage titers decreased considerably at 60 and 70C. 
The higher temperature resulted in fewer bacteriophage titers. Heating at 80 and 90C for 30 
min completely inactivated the bacteriophage, thus phage titer could not be detected in the 
samples.  

The stability of bacteriophage PPST1 was also investigated by incubating the bacteriophage 
overnight in a phosphate buffered saline solution at pH ranging from 2 to 12. The 
bacteriophage maintained its infectivity when incubated in a pH range of from 4 to 10. In 
contrast, the bacteriophage lost its infectivity completely at pH 3 or below as well as at pH 
11 or above. The highest stability of bacteriophage was observed at pH 7 (Table 2).  

3.5 One step growth kinetics 

Multiplication parameters of the lytic cycle of bacteriophage PPST1 including latent period, 
burst period and burst size were determined from the dynamic change in the number of 
bacteriophage during one replicative cycle (Fig. 3). It was determined that bacteriophage 
PPST1 had latent and burst periods of ca. 30 and 150 min, respectively. The burst size 
estimated from the one-step growth curve was about 79 PFU/infected cell (Fig. 3). 

3.6 Morphology, genome and protein composition 

Morphological characterization of bacteriophage PPST1 was examined by transmission 
electron microscopy. It was shown that the bacteriophage had an icosahedral head (64 ± 2.4 
nm in diameter) with a noncontractile tail of 157 ± 8.6 nm long and 12 ± 0.6 nm wide. No 
collar or tail appendages were observed (Fig. 1). 
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Treatment 
Initial bacteriophage 

concentration 
(log PFU/ml) 

Final bacteriophage 
concentration 
(log PFU/ml)a 

Heat (for 30 min) 
    50 °C 
    60 °C 
    70 °C 
    80 °C 
    90 °C 

 
6.09 
6.04 
5.97 
6.08 
6.00 

 
5.57 
3.62 
2.46 

- 
- 

pH (for 1 h) 
    2 
    3 
    4 
    5 
    6 
    7 
    8 
    9 
    10 
    11 
    12 

 
6.02 
5.98 
6.08 
6.00 
6.02 
6.04 
5.99 
6.03 
6.02 
5.97 
6.00 

 
- 
- 

3.96 
3.51 
4.83 
5.89 
4.93 
3.73 
2.67 

- 
- 

a = undetectable 

Table 2. Sensitivity of bacteriophage PPST1 to temperature and pH. 
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Fig. 3. One-step growth curve of bacteriophage PPST1. 

The nucleic acid extracted from bacteriophage PPST1 was examined for its sensitivity to 
different nucleic acid digesting enzymes. It was found that the nucleic acid could not be 
digested either by Ribonuclease A or Nuclease S1; however, it was sensitive to the restriction 
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enzyme PstI (Fig. 4). The size of the nucleic acid as revealed by the pulsed-filed gel 
electrophoresis was ca. 70 kb. 

The protein composition of bacteriophage PPST1 was analyzed by SDS-PAGE and the result 
is shown in Fig. 5. Four protein bands were clearly detected in the SDS-PAGE gel. Based on 
sizes of protein standard SeeBlue Plus 2 (Invitrogen, Carlsbad, CA, USA), their estimated 
molecular masses were 81, 32, 24 and 15 kDa. 

 
Fig. 4. Agarose gel electrophoresis of bacteriophage PPST1 nucleic acid. Lane 1, lambda 
DNA digested with HindIII marker; lane 2 uncut PPST1 nucleic acid; lane 3, PPST1 nucleic 
acid digested with Ribonuclease A; lane 4, PPST1 nucleic acid digested with Nuclease S1, 
lane 5, PPST1 nucleic acid digested with PstI. 

 
Fig. 5. SDS-PAGE analysis of bacteriophage PPST1 proteins. Lane 1, the protein standard 
SeeBlue Plus2, lane 2, proteins of bacteriophage PPST1. 

4. Discussion  
Typhoid fever caused by S. Typhi is a major pubic health problem worldwide, especially in 
developing countries. Although its incidence in the developed countries has been declining, 
the disease is still a frequent cause of death in parts of the world with poor sanitation 
(Murray, 1994). Until just recently, antibiotics were widely used to control S. Typhi 
infections; however, the emergence of antibiotic resistant S. Typhi in reducing drug efficacy 
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Fig. 3. One-step growth curve of bacteriophage PPST1. 
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enzyme PstI (Fig. 4). The size of the nucleic acid as revealed by the pulsed-filed gel 
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Fig. 5. SDS-PAGE analysis of bacteriophage PPST1 proteins. Lane 1, the protein standard 
SeeBlue Plus2, lane 2, proteins of bacteriophage PPST1. 

4. Discussion  
Typhoid fever caused by S. Typhi is a major pubic health problem worldwide, especially in 
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the disease is still a frequent cause of death in parts of the world with poor sanitation 
(Murray, 1994). Until just recently, antibiotics were widely used to control S. Typhi 
infections; however, the emergence of antibiotic resistant S. Typhi in reducing drug efficacy 

1 2 3 4 5
23,130 kb 
9,416 kb 
6,557 kb 
4,361 kb 

2,322 kb 
2,027 kb 

1 2
188 kDa

98 kDa

62 kDa
49 kDa

38 kDa

28 kDa

17 kDa

14 kDa



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

168 

has led to a need for alternatives to antibiotics in controlling infections as a result of the 
pathogenic bacteria. Bacteriophage therapy is one of the promising alternatives to control 
infections caused by drug resistant bacteria. This may be due to the fact that bacteriophages 
and antibiotics have different mechanisms of action (McAuliffe et al., 2007). Besides the 
ability to inhibit the growth of drug resistant bacteria, many attributes of bacteriophages 
make them more favorable than antibiotics for therapeutic purposes. They infect only their 
specific hosts, having no harm on normal microflora, and because of their host dependent 
multiplication, bacteriophages increase their numbers at the sites of infection, thereby 
increasing therapeutic efficacy. After their hosts are inactivated, bacteriophages tend to be 
rapidly cleared from bodies of treated organisms (Carlton, 1999; Matsuzaki et al., 2005) by 
innate immune mechanisms. Therefore, bacteriophage therapy may be considered an 
effective and safe therapeutic approach.  

Bacteriophages generally reside in environments that are habitats for their host bacteria 
(McLaughlin et al., 2006; Sundar et al., 2009). Wastewater from Sappasitthiprasong hospital, 
Ubon Ratchathani, Thailand was ideal for isolation of bacteriophages in this study since the 
drug resistant S. Typhi strain SSH1 used as the main host in the present bacteriophage 
screening  is a clinical strain isolated from a patient admitted to the hospital. When 
screening for bacteriophages to be used in bacteriophage therapy, bacteriophages with a 
broad host range spectrum within a species are more preferable because they can be 
effective against a large variety of a particular species. The narrow host specificity of 
bacteriophages can cause complexity in preparation of therapeutic phages. In some cases, 
combinations of several bacteriophages are required for therapeutic application. In this 
study, bacteriophage PPST1 was showed to be lytic to all of the tested S. Typhi strains, but 
not any other tested bacteria. Furthermore, among the sensitive bacterial strains, two were 
multi-drug resistant. S Typhi SSH1 is resistant to chloramphenicol, ampicillin, 
trimethoprim, tetracycline, streptomycin, sulfanilamide and ciprofloxacin while S Typhi 
ATCC 19214 is resistant to chloramphenicol, tetracycline and streptomycin. These results 
suggest that bacteriophage PPST1 is a potential candidate for use as a therapeutic agent to 
control infectious diseases caused by drug resistant S. Typhi. Finding a lytic bacteriophage 
with a broad host range is not unusual. A number of studies have reported the isolation of 
lytic bateriophages with a broad host range. Vinod et al. (2006) isolated a Vibrio harveyi 
bacteriophage from shrimp farm water, which was virulent to all 50 strains of V. harveyi 
tested that were originally isolated from different sources such as seawater, hatchery water, 
shrimp farm water and sediment. Moreover, some bacteriophages were reported to be lytic 
to bacteria in more than one genera. For example, phage KPO1K2 infected several strains of 
Klebsiella pneumoniae and Escherichia coli (Verma et al., 2009). 

From previous studies, Salmonella bacteriophages were found to be heterogeneous, 
comprising all of the three families of tailed bacteriophages, including Siphoviridae, 
Myoviridae and Podoviridae (Demczuk et al., 2004; McLaughlin, 2006; De Lappe et al., 2009). 
The criteria commonly used for the classification of bacteriophages to a particular group are 
bacteriophage genetic and morphological characteristics. The genome of bacteriophage 
PPST1 was double stranded DNA because it was resistant to Nuclease S1, a single stranded 
DNA digesting enzyme, and Ribonuclease A, a RNA digesting enzyme, but sensitive to the 
restriction enzyme PstI, a double stranded DNA digesting enzyme. Transmission electron 
microscopy revealed that the bacteriophage was a tailed bacteriophage with an icosahedral 
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head and a long noncontractile tail. Based on these characteristics, bacteriophage PPST1 can 
be tentatively classified as a member of the family Siphoviridae, according to the 
International Committee on Taxonomy of Viruses (Ackermann, 2005). There are several 
previously studied S. Typhi bacteriophages that have never been classified into a particular 
family due to the lack of genetic or morphological characteristics. The lytic bacteriophage 
specific to S. Typhi DMS 5784 was found to have an icosahedral head that was ca. 44 to 47 x 
43 to 51 nm in diameter and a very short tail. Since its genomic characteristic has been 
studied, no classification of the bacteriophage has ever been reported (Neukdee,  2007). The 
S. Typhi bacteriophage j2 studied by Mise et al. (1981) is a DNA lysogenic bacteriophage. 
The lack of its morphological information has impeded the classification of the 
bacteriophage. 

Variations in nucleic acid sequence and numbers of genes and proteins of bacteriophages in 
the family Siphoviridae have been reported (Rohwer and Edwards, 2002). In this study, four 
proteins with molecular masses ranging from 15 to 81 kDa were identified by SDS-PAGE 
analysis. However, their amino acid sequences and functions are still unknown. A detailed 
nucleic acid sequence analysis and identification of the open reading frames corresponding 
to the observed structural proteins are the subjects of future research. 

Several studies have demonstrated that thermal and pH stability of bacteriophages varied 
depending on types of bacteriophage; therefore, it is of interest to investigate the stability of 
bacteriophage PPST1 in a wide temperature and pH range. These results demonstrate that 
bacteriophage PPST1 is stable in a broad pH range (4-10) and at a temperature as high as 
70°C for at least 3 min. These morphological characteristics may be useful in broad 
applications of bacteriophage therapy.  

In conclusion, the data obtained from the present study clearly indicates that the 
bacteriophage PPST1 is a lytic bacteriophage capable of killing several strains of S. Typhi, 
including drug resistant strains. This property of the bacteriophage, together with its 
stability at a high temperature and over a wide pH range, makes bacteriophage PPST1 a 
potential alternative to antibiotics as a therapeutic agent for infections of drug resistant S. 
Typhi. Future research is needed to elucidate the most suitable condition for the application 
of this characterized bacteriophage in treating experimentally-induced drug resistant S. 
Typhi infection in animal models.  

5. Summary 
The emergence of drug resistant Salmonella Typhi has limited the efficacy of antibiotic based 
therapeutic approach. Bacteriophage therapy has recently been considered a promising 
approach to control infections caused by drug resistant bacteria. In this study, a lytic 
bacteriophage, specific to drug resistant S. Typhi strain SSH1, was isolated from hospital 
wastewater. The bacteriophage, designated PPST1, had broad host range within the species 
S. Typhi. It was lytic against all of the tested S. Typhi strains, but not any other tested 
bacteria. The bacteriophage was completely inactivated at 80 and 90°C for 30 min but was 
stable at 50 °C for 30 min and over a wide pH range (4 to 10). Approximately 80%, 90% and 
98% of bacteriophage particles adsorbed to the host cells within 10, 20 and 30 min after 
infection, respectively. One-step growth kinetics of the bacteriophage showed that the latent 
and burst periods were 30 and 150 min, respectively, and the burst size was about 79 
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has led to a need for alternatives to antibiotics in controlling infections as a result of the 
pathogenic bacteria. Bacteriophage therapy is one of the promising alternatives to control 
infections caused by drug resistant bacteria. This may be due to the fact that bacteriophages 
and antibiotics have different mechanisms of action (McAuliffe et al., 2007). Besides the 
ability to inhibit the growth of drug resistant bacteria, many attributes of bacteriophages 
make them more favorable than antibiotics for therapeutic purposes. They infect only their 
specific hosts, having no harm on normal microflora, and because of their host dependent 
multiplication, bacteriophages increase their numbers at the sites of infection, thereby 
increasing therapeutic efficacy. After their hosts are inactivated, bacteriophages tend to be 
rapidly cleared from bodies of treated organisms (Carlton, 1999; Matsuzaki et al., 2005) by 
innate immune mechanisms. Therefore, bacteriophage therapy may be considered an 
effective and safe therapeutic approach.  

Bacteriophages generally reside in environments that are habitats for their host bacteria 
(McLaughlin et al., 2006; Sundar et al., 2009). Wastewater from Sappasitthiprasong hospital, 
Ubon Ratchathani, Thailand was ideal for isolation of bacteriophages in this study since the 
drug resistant S. Typhi strain SSH1 used as the main host in the present bacteriophage 
screening  is a clinical strain isolated from a patient admitted to the hospital. When 
screening for bacteriophages to be used in bacteriophage therapy, bacteriophages with a 
broad host range spectrum within a species are more preferable because they can be 
effective against a large variety of a particular species. The narrow host specificity of 
bacteriophages can cause complexity in preparation of therapeutic phages. In some cases, 
combinations of several bacteriophages are required for therapeutic application. In this 
study, bacteriophage PPST1 was showed to be lytic to all of the tested S. Typhi strains, but 
not any other tested bacteria. Furthermore, among the sensitive bacterial strains, two were 
multi-drug resistant. S Typhi SSH1 is resistant to chloramphenicol, ampicillin, 
trimethoprim, tetracycline, streptomycin, sulfanilamide and ciprofloxacin while S Typhi 
ATCC 19214 is resistant to chloramphenicol, tetracycline and streptomycin. These results 
suggest that bacteriophage PPST1 is a potential candidate for use as a therapeutic agent to 
control infectious diseases caused by drug resistant S. Typhi. Finding a lytic bacteriophage 
with a broad host range is not unusual. A number of studies have reported the isolation of 
lytic bateriophages with a broad host range. Vinod et al. (2006) isolated a Vibrio harveyi 
bacteriophage from shrimp farm water, which was virulent to all 50 strains of V. harveyi 
tested that were originally isolated from different sources such as seawater, hatchery water, 
shrimp farm water and sediment. Moreover, some bacteriophages were reported to be lytic 
to bacteria in more than one genera. For example, phage KPO1K2 infected several strains of 
Klebsiella pneumoniae and Escherichia coli (Verma et al., 2009). 

From previous studies, Salmonella bacteriophages were found to be heterogeneous, 
comprising all of the three families of tailed bacteriophages, including Siphoviridae, 
Myoviridae and Podoviridae (Demczuk et al., 2004; McLaughlin, 2006; De Lappe et al., 2009). 
The criteria commonly used for the classification of bacteriophages to a particular group are 
bacteriophage genetic and morphological characteristics. The genome of bacteriophage 
PPST1 was double stranded DNA because it was resistant to Nuclease S1, a single stranded 
DNA digesting enzyme, and Ribonuclease A, a RNA digesting enzyme, but sensitive to the 
restriction enzyme PstI, a double stranded DNA digesting enzyme. Transmission electron 
microscopy revealed that the bacteriophage was a tailed bacteriophage with an icosahedral 
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head and a long noncontractile tail. Based on these characteristics, bacteriophage PPST1 can 
be tentatively classified as a member of the family Siphoviridae, according to the 
International Committee on Taxonomy of Viruses (Ackermann, 2005). There are several 
previously studied S. Typhi bacteriophages that have never been classified into a particular 
family due to the lack of genetic or morphological characteristics. The lytic bacteriophage 
specific to S. Typhi DMS 5784 was found to have an icosahedral head that was ca. 44 to 47 x 
43 to 51 nm in diameter and a very short tail. Since its genomic characteristic has been 
studied, no classification of the bacteriophage has ever been reported (Neukdee,  2007). The 
S. Typhi bacteriophage j2 studied by Mise et al. (1981) is a DNA lysogenic bacteriophage. 
The lack of its morphological information has impeded the classification of the 
bacteriophage. 

Variations in nucleic acid sequence and numbers of genes and proteins of bacteriophages in 
the family Siphoviridae have been reported (Rohwer and Edwards, 2002). In this study, four 
proteins with molecular masses ranging from 15 to 81 kDa were identified by SDS-PAGE 
analysis. However, their amino acid sequences and functions are still unknown. A detailed 
nucleic acid sequence analysis and identification of the open reading frames corresponding 
to the observed structural proteins are the subjects of future research. 

Several studies have demonstrated that thermal and pH stability of bacteriophages varied 
depending on types of bacteriophage; therefore, it is of interest to investigate the stability of 
bacteriophage PPST1 in a wide temperature and pH range. These results demonstrate that 
bacteriophage PPST1 is stable in a broad pH range (4-10) and at a temperature as high as 
70°C for at least 3 min. These morphological characteristics may be useful in broad 
applications of bacteriophage therapy.  

In conclusion, the data obtained from the present study clearly indicates that the 
bacteriophage PPST1 is a lytic bacteriophage capable of killing several strains of S. Typhi, 
including drug resistant strains. This property of the bacteriophage, together with its 
stability at a high temperature and over a wide pH range, makes bacteriophage PPST1 a 
potential alternative to antibiotics as a therapeutic agent for infections of drug resistant S. 
Typhi. Future research is needed to elucidate the most suitable condition for the application 
of this characterized bacteriophage in treating experimentally-induced drug resistant S. 
Typhi infection in animal models.  

5. Summary 
The emergence of drug resistant Salmonella Typhi has limited the efficacy of antibiotic based 
therapeutic approach. Bacteriophage therapy has recently been considered a promising 
approach to control infections caused by drug resistant bacteria. In this study, a lytic 
bacteriophage, specific to drug resistant S. Typhi strain SSH1, was isolated from hospital 
wastewater. The bacteriophage, designated PPST1, had broad host range within the species 
S. Typhi. It was lytic against all of the tested S. Typhi strains, but not any other tested 
bacteria. The bacteriophage was completely inactivated at 80 and 90°C for 30 min but was 
stable at 50 °C for 30 min and over a wide pH range (4 to 10). Approximately 80%, 90% and 
98% of bacteriophage particles adsorbed to the host cells within 10, 20 and 30 min after 
infection, respectively. One-step growth kinetics of the bacteriophage showed that the latent 
and burst periods were 30 and 150 min, respectively, and the burst size was about 79 
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PFU/infect cell. As shown by transmission electron microscopy, the bacteriophage had an 
icosahedral head of ca. 64 nm in diameter and a long noncontractile tail of ca. 157 nm long 
and 12 nm wide. Its genome was double stranded DNA, 70 kb in size. It was classified as a 
member of the family Siphoviridae. A total of 4 bacteriophage proteins with molecular 
masses of 15, 24, 32 and 81 kDa were detected by sodium dodcyl sulfate-polyacrylamide gel 
electrophoresis. Knowledge of the properties of bacteriophage PPST1 may be useful for the 
development of the bacteriophage to use as therapeutic agents against infections as a result 
of drug resistant S. Typhi 
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1. Introduction 
Infectious diseases are a major cause of morbidity and mortality worldwide (WHO 2004). 
Synthetic drugs are not only expensive but are also often with adulterations and side effects. 
Therefore, there is a need to search for new strategies to control microbial infections 
(Sieradzki and Tomasz 1999). Pharmaceutical industries are increasingly recognizing the 
importance of compounds derived from soil plants and other sources such as marine 
organisms (McGee 2006).  

The biodiversity of the marine ecosystem provides an important source of chemical 
compounds, which have many therapeutic applications such as antiviral, antibacterial, 
antifungal and anticancer activities (Caccamese and Azzolina 1979; Perez et al. 1990; Harada 
and Kamei 1997; Siddhanta et al. 1997; Pereira et al. 2004). The ability of seaweeds to produce 
secondary metabolites of potential interest has been extensively documented (Faulkner 
1993). There are numerous reports concerning compounds derived from macroalgae with a 
broad range of biological activities, such as antibiotics (antibacterial and antifungal 
properties), as well as characteristics pertaining antiviral effects (Trono 1999), antitumors 
and anti-inflammator mechanisms (Scheuer 1990) as well as protections against neurotoxins 
(Kobashi 1989).   

Transplant experiments suggest that environmental conditions are able to alter the 
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2. Materials and methods 
2.1 Collection of algae 

In our study, 13 species of seaweeds (6 Rhodophyceae, 4 Chlorophyceae and 3 
Phaeophyceae) were collected seasonally at depths of 0.2 m or  less for Chlorophyceae and 1 
m for Rhodophyceae and Phaeophyceae from Rocky Bay of Abu Qir (N 31º  19`  E 030º  03`) 
(Plate 1).  All samples were brought to the laboratory in plastic bags containing sea water to 
prevent evaporation. Algae were then cleaned from epiphytes and rock debris and given a 
quick fresh water rinse to remove surface salts. The collected seaweeds were preserved for 
identification. All seaweeds were identified following the methods of Abbott and 
Hollenberg (1976), Taylor (1960), and Aleem (1993). The collected species were identified as 
Jania rubens (Linnaeus) Lamouroux, Corallina elongata Ellis and Solander Pterocladia 
capillacea (Gmelin) Bornet ex Bornet and Thuret, Galaxaura fragilis (Ellis et Solanoer) 
Lamouroux), Laurencia obtusa (Hudson) Lamouroux and Hypnea valentiae (Turner)Montagne 
from Rhodophyceae, Ulva fasciata Agardh , Ulva lactuca (Linnaeus), Enteromorpha compressa 
(Linnaeus) Greville and Enteromorpha linza (Linnaeus) Agardh from Chlorophyceae, and 
Sargassum vulgare Agardh, Padina pavonica (Linnaeus) Thivy and Colpomenia sinuosa (Mertens 
ex Roth) Derbes and Solier from Phaeophyceae. 

 

 
Plate 1. Location of study area 
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2.2 Test microorganisms 

Seven pathogenic microorganisms were isolated from different patients at Tanta university 
hospital, and primary identified it in microbiology section in Botany Department, Faculty of 
Science, Tanta University, Egypt. They included (Bacillus subtilis, Staphylococcus aureus and 
Streptococcus sp.) as Gram-positive bacteria, (Escherichia coli, Salmonella typhi and Klebsiella 
pneumoniae) as Gram-negative bacteria and one yeast strain Candida albicans.  

2.3 Determination of the optimum solvent for extraction the antagonistic material from 
collected seaweeds 

Nine seaweeds listed in Table 1 were collected randomly and clean materials were air dried 
in the shade at room temperature 25ºC -30ºC on absorbent paper, then ground to fine 
powder in an electrical coffee mill. Extraction was carried out with different solvents (i.e., 
70% ethanol, 70% methanol and 70% acetone) by soaking in the respective solvents (1:15 
v/v) on a rotary shaker at 150 rpm at room temperature (25ºC-30ºC) for 72h. Varying 
solvent extractions were carried out individual samples. Extracts from three consecutive 
soakings were pooled and filtered using filter paper (Whatman No. 4), and the obtained 
filtrate was freed from the solvent by evaporation under reduced pressure. The residues 
(crude extracts) obtained were suspended in the respective solvents to a final concentration 
of 100mg/ml, then stored at -20ºC in an airtight bottle. 

2.4 Seasonal variation of the antimicrobial activity 

To evaluate the possible influence of sampling season on antimicrobial activity, the 
maximum possible number of different tested seaweeds in each season (winter, spring, 
summer and autumn) were collected. Seaweeds were collected by hand every 3 months in 
(viz.,October-2007, January-2008, April-2008 and July-2008 ), then cleaned, air-dried, ground 
to a fine powder and extracted  for 72 h as previously described using the suitable solvent. 
Residues were concentrated to 100 mg/ml and stored at -20ºC in an airtight bottle until 
used. Seasonal variations in air temperature, water temperature and pH value were also 
measured at the time of each collection. 

2.5 Antimicrobial activity test 

Fifteen ml of the sterilized media (nutrient agar (Oxoid, Basingstoke, U.K.)) for bacteria and 
Sabouraud dextrose agar (for yeast) were poured into sterile capped test tubes. Test tubes were 
allowed to cool to 50°C in a water bath and 0.5 ml of a uniform mixture of inocula (108 CFU for 
bacteria and yeast) were added. Tubes were mixed using a vortex mixer vibrating at 1500-2000 
revolutions min-1 for 15-30 seconds. Contents from each test tube was then poured into sterile 
100 mm diameter Petri dishes for solidification (Mtolera and Semesi 1996). 

The antimicrobial activity was evaluated using a well-cut diffusion technique (El-Masry et 
al. 2000). Wells were punched out using a sterile 0.7 cm cork borer in suitable media agar 
plates inoculated with the test microorganism. Approximately 50 µL of various algal 
extracts were transferred into each well. For each microorganism, controls were maintained 
where pure solvents were used instead of the extract. All plates were subjected to 4°C 
incubation for 2 hours. To prevent drying, plates were covered with sterile plastic bags and 
later incubated at 37°C for 24 hours (Mtolera and Semesi 1996). Result was obtained by 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

174 

2. Materials and methods 
2.1 Collection of algae 

In our study, 13 species of seaweeds (6 Rhodophyceae, 4 Chlorophyceae and 3 
Phaeophyceae) were collected seasonally at depths of 0.2 m or  less for Chlorophyceae and 1 
m for Rhodophyceae and Phaeophyceae from Rocky Bay of Abu Qir (N 31º  19`  E 030º  03`) 
(Plate 1).  All samples were brought to the laboratory in plastic bags containing sea water to 
prevent evaporation. Algae were then cleaned from epiphytes and rock debris and given a 
quick fresh water rinse to remove surface salts. The collected seaweeds were preserved for 
identification. All seaweeds were identified following the methods of Abbott and 
Hollenberg (1976), Taylor (1960), and Aleem (1993). The collected species were identified as 
Jania rubens (Linnaeus) Lamouroux, Corallina elongata Ellis and Solander Pterocladia 
capillacea (Gmelin) Bornet ex Bornet and Thuret, Galaxaura fragilis (Ellis et Solanoer) 
Lamouroux), Laurencia obtusa (Hudson) Lamouroux and Hypnea valentiae (Turner)Montagne 
from Rhodophyceae, Ulva fasciata Agardh , Ulva lactuca (Linnaeus), Enteromorpha compressa 
(Linnaeus) Greville and Enteromorpha linza (Linnaeus) Agardh from Chlorophyceae, and 
Sargassum vulgare Agardh, Padina pavonica (Linnaeus) Thivy and Colpomenia sinuosa (Mertens 
ex Roth) Derbes and Solier from Phaeophyceae. 

 

 
Plate 1. Location of study area 

The Seasonal Fluctuation of the Antimicrobial Activity  
of Some Macroalgae Collected from Alexandria Coast, Egypt 

 

175 

2.2 Test microorganisms 

Seven pathogenic microorganisms were isolated from different patients at Tanta university 
hospital, and primary identified it in microbiology section in Botany Department, Faculty of 
Science, Tanta University, Egypt. They included (Bacillus subtilis, Staphylococcus aureus and 
Streptococcus sp.) as Gram-positive bacteria, (Escherichia coli, Salmonella typhi and Klebsiella 
pneumoniae) as Gram-negative bacteria and one yeast strain Candida albicans.  

2.3 Determination of the optimum solvent for extraction the antagonistic material from 
collected seaweeds 

Nine seaweeds listed in Table 1 were collected randomly and clean materials were air dried 
in the shade at room temperature 25ºC -30ºC on absorbent paper, then ground to fine 
powder in an electrical coffee mill. Extraction was carried out with different solvents (i.e., 
70% ethanol, 70% methanol and 70% acetone) by soaking in the respective solvents (1:15 
v/v) on a rotary shaker at 150 rpm at room temperature (25ºC-30ºC) for 72h. Varying 
solvent extractions were carried out individual samples. Extracts from three consecutive 
soakings were pooled and filtered using filter paper (Whatman No. 4), and the obtained 
filtrate was freed from the solvent by evaporation under reduced pressure. The residues 
(crude extracts) obtained were suspended in the respective solvents to a final concentration 
of 100mg/ml, then stored at -20ºC in an airtight bottle. 

2.4 Seasonal variation of the antimicrobial activity 

To evaluate the possible influence of sampling season on antimicrobial activity, the 
maximum possible number of different tested seaweeds in each season (winter, spring, 
summer and autumn) were collected. Seaweeds were collected by hand every 3 months in 
(viz.,October-2007, January-2008, April-2008 and July-2008 ), then cleaned, air-dried, ground 
to a fine powder and extracted  for 72 h as previously described using the suitable solvent. 
Residues were concentrated to 100 mg/ml and stored at -20ºC in an airtight bottle until 
used. Seasonal variations in air temperature, water temperature and pH value were also 
measured at the time of each collection. 

2.5 Antimicrobial activity test 

Fifteen ml of the sterilized media (nutrient agar (Oxoid, Basingstoke, U.K.)) for bacteria and 
Sabouraud dextrose agar (for yeast) were poured into sterile capped test tubes. Test tubes were 
allowed to cool to 50°C in a water bath and 0.5 ml of a uniform mixture of inocula (108 CFU for 
bacteria and yeast) were added. Tubes were mixed using a vortex mixer vibrating at 1500-2000 
revolutions min-1 for 15-30 seconds. Contents from each test tube was then poured into sterile 
100 mm diameter Petri dishes for solidification (Mtolera and Semesi 1996). 

The antimicrobial activity was evaluated using a well-cut diffusion technique (El-Masry et 
al. 2000). Wells were punched out using a sterile 0.7 cm cork borer in suitable media agar 
plates inoculated with the test microorganism. Approximately 50 µL of various algal 
extracts were transferred into each well. For each microorganism, controls were maintained 
where pure solvents were used instead of the extract. All plates were subjected to 4°C 
incubation for 2 hours. To prevent drying, plates were covered with sterile plastic bags and 
later incubated at 37°C for 24 hours (Mtolera and Semesi 1996). Result was obtained by 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

176 

measuring the inhibition zone diameter for each well expressed in millimeters. The 
experiment was carried out three times and mean values were recorded. 
 

E. coli Strept. sp Staph. aureusB. subtilisSolvents (70%)Seaweeds
12.0±1.0 a11.5±0.5 a11.3±0.3a12.2±0.3Ethanol  

J. rubens 

Rhodophyta 

14.0±0.0 ab12.5±0.5 ab11.8±0.3ab12.8±0.7Methanol  
16.0±0.0 b13.0±0.0 b12.1±0.1b14.0±0.1Acetone  

36** 10.5*7.72(n.s) 11.45*F-Value
a13.0±1.0 a13.0±0.0 13.2±0.3a13.8±0.3Ethanol  Cor.  

elongata 
a14.3±0.5 a14.0±1.0 13.7±0.2cb15.3±0.5Methanol  
b19.8±0.1 a14.3±0.5 15.0±0.0b16.2±0.3Acetone  

88.6** 3.3(n.s) 53.6**23.6**F-Value
a13.0±0.0 a11.3±0.5 a10.5±0.5a11.6±0.5Ethanol  Ptero. 

capillacea 
a13.6±0.5 a11.8±0.7 ab13.0±0.0a13.0±1.0Methanol  
a17.0±0.0 b13.0±0.0 b13.5±0.5a13.3±0.2Acetone  
3.11(n.s) 124**46.5**5.3(n.s) F-Value

a17.6±1.2 a16.0±1.0 a16.2±0.215.3±0.5Ethanol  
U. fasciata 

Chlorophyta 

a19.2±0.3 a18.6±0.6 a17.0±0.018.0±1.0Methanol  
b24.6±0.5 a20.0±1.0 b19.3±1.122.2±0.2Acetone  

69.8** 6.8(n.s) 16.8*78.02**F-Value
a13.0±0.0 a13.0±1.0 a12.2±0.7a14.6±1.7Ethanol  

U. lactuca a13.5±0.5 a13.5±0.5 a12.6±0.5a16.0±0.0Methanol  
b15.6±0.5 b15.5±0.5 b17.6±0.7b19.0±0.0Acetone  

31** 10.5*55.5**14.4**F-Value
a14.6±0.5 a13.5±0.3 a12.0±0.0a14.3±0.3Ethanol  

E. compressa a16.5±0.0 a14 ±1.8 cb15.5±0.5cb16.5±0.8Methanol  
a16.6±0.5 b16.6±0.5 c16.0±1.4c17.1±0.3Acetone  
4.04(n.s) 93**34.2**19.8**F-Value

a11.8±0.3 a13.5±0.5 a13.0±1.0a14.0 ±1.7Ethanol  
E. linza ab12.6±0.5 a15.0±1.0 a14.5±0.5a15.0±0.0Methanol  

a13.6±0.5 a15.6±1.5 a15.3±1.2a17.0±0.0Acetone  
10.1* 3.09(n.s) 4.44(n.s) 99999**F-Value

a11.6±1.5 a11.5±0.5 a11.0±1.1a11.3±1.5Ethanol  
Col. sinuosa

Phaeophyceae 

a13.0±1.0 a11.8±0.7 ab12.0±1.0a11.6±0.5Methanol  
a14.0±1.0 a13.0±1.0 b14.0±0.0a12.5±1.5Acetone  
2.85(n.s) 3.05(n.s) 10.50* 0.6(n.s) F-Value 

a10.0±0.0 a10.2±0.7 a11.0±0.5a10.3 ±0.5Ethanol  
Sar. vulgare ab11±0.5 a10.5±0.5 a11.2±0.7a11.0±1.0Methanol  

b12.0±1.0 a11.5±0.5 b15.6±0.3 a12.0±1.0 Acetone  
9* 4(n.s) 68.8** 2.7(n.s) F-Value 

Means with the same letter are insignificant using one way analysis of variance (ANOVA). 
* Significant at P ≤ 0. 01 ,** Significant at P ≤ 0. 001 and (ns) Non-significant at P ≤ 0. 01 using one way 
analysis of variance (ANOVA). 

Table 1. Antimicrobial activity of different seaweeds extracted with different solvents.  (±) 
standard deviation of the means (n=3) 

2.6 Purification of the most active crude extract 

The most active crude extract was partially purified using the TLC technique with glass 
plates (20x20 cm). The flow rate of the active material was determined using different eluent 
systems. The elution of the active material was made using of the following eluents. 

The Seasonal Fluctuation of the Antimicrobial Activity  
of Some Macroalgae Collected from Alexandria Coast, Egypt 

 

177 

1. Ethyl acetate: methanol: hexane (2:1.5:0.5 v/v) (Wagner and Bladt 1996) 
2. Hexane: ethyl acetate (3:2 v/v) (Wendy and Diana 2007) 
3. Benzene: ethyl acetate (3:1 v/v) (Sastry and Rao 1995) 
4. Butanol: acetic acid: water (4:1:5 v/v) (Partridge 1948) 

The developed spot was scrapped off and dissolved in pure acetone. The solution was 
centrifuged to remove the silica gel and the supernatant was dried under reduced pressure 
to dryness and stored at 4◦C. The developed spot was examined for the antimicrobial 
activity using well-cut diffusion technique. 

2.7 Statistical analysis 

Results are presented as mean ± SD (standard deviation) for three replicates. The statistical 
analyses were carried out using SAS programming (1989-1996) version 6.12. Data obtained 
were analyzed statistically to determine the degree of significance between treatments using 
one, two, and three way analysis of variance (ANOVA) at P ≤ 0.01 and P ≤ 0. 001 levels of 
significance.  

3. Results 
Results of the antimicrobial activity of different organic crude extracts are summarized in 
Table 1. Acetone (70%) extracts showed  the  strongest  inhibitory effect  against  the tested 
microorganisms relative to other solvents with inhibition activity percentage* on  36.7%, 
followed by 70% methanol  extracts with inhibition activity percentage 32.9%, whereas, 70% 
ethanol extracts showed the weakest inhibition with inhibition activity percentage 30.2% of 
all tested microorganisms.  

Average diameter of inhibition zone of each solvent*Inhibition activity percentage =  X 100
Average diameter of inhibition zone of all solvents

 

The statistical analyses using one way ANOVA confirm that the effect of antimicrobial 
activities for most treatments were significant (Table 1). Three-way ANOVA confirmed that 
the variation in the antimicrobial activity in relation to seaweeds, microorganisms, solvents 
and their interactions were significant at P ≤ 0. 001 (Table 2). 
 

Source DF F Value P-value R2 
Seaweeds 8 325.3 0.0001 

95.5% 

Microorganisms 6 20.4 0.0001 
Solvents 2 387.2 0.0001 
Seaweeds*Microorganisms 48 6.7 0.0001 
Seaweeds*Solvents 16 4.5 0.0001 
Microorganisms*Solvents 12 3.9 0.0001 
Microorganisms*Solvents* Seaweeds 96 1.73 0.0002 

Table 2. Three-way analysis of variance (ANOVA) of different seaweeds extracts against 
different microorganisms using different solvents. 

The results for the acetone extracts from each season are summarized in Figure 1, 2, 3 and 4. 
However, data of environmental parameters are reported in Table 3. 
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The statistical analyses using one way ANOVA confirm that the effect of antimicrobial 
activities for most treatments were significant (Table 1). Three-way ANOVA confirmed that 
the variation in the antimicrobial activity in relation to seaweeds, microorganisms, solvents 
and their interactions were significant at P ≤ 0. 001 (Table 2). 
 

Source DF F Value P-value R2 
Seaweeds 8 325.3 0.0001 

95.5% 

Microorganisms 6 20.4 0.0001 
Solvents 2 387.2 0.0001 
Seaweeds*Microorganisms 48 6.7 0.0001 
Seaweeds*Solvents 16 4.5 0.0001 
Microorganisms*Solvents 12 3.9 0.0001 
Microorganisms*Solvents* Seaweeds 96 1.73 0.0002 

Table 2. Three-way analysis of variance (ANOVA) of different seaweeds extracts against 
different microorganisms using different solvents. 

The results for the acetone extracts from each season are summarized in Figure 1, 2, 3 and 4. 
However, data of environmental parameters are reported in Table 3. 
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Environmental 
 Parameters 

Seasons 
Autumn 

(2007) 
Winter 
(2008) 

Spring 
(2008) 

Summer 
(2008) 

Air temperature in ◦C 26.3 19 24 31.3 
Water temperature in ◦C 20.4 14 14 21.5 
pH value 8.0 7.9 7.5 8.1 

Table 3. Environmental parameters of the sampling site in each collection time. 

In autumn (October, 2007) four seaweeds samples were collected (2 Rhodophyceae and 2 
Chlorophyceae). The results show that the red seaweeds extract exhibited stronger 
antimicrobial activity than the green. For red seaweeds, Cor. elongata was most active and 
exhibited the most inhibition for K. pneumoniae with an inhibition zone of 15.7 mm. With 
respect to green seaweeds, U. fasciata showed the strongest activity which exhibited most 
inhibition for Strept. sp with inhibition zone of 15 mm (Fig. 1).  

In winter (January, 2008) five samples of seaweeds were collected (3 Rhodophyceae and 2 
Chlorophyceae). Results demonstrated that extract of green seaweeds was more active than 
red seaweeds. The highest antimicrobial activity of the collected green seaweeds species was 
observed in U. fasciata, which had the strongest inhibition against K. pneumoniae with an 
inhibition zone diameter of 24.6 mm. However, the red seaweeds, Cor. elongate showed the 
highest antimicrobial activity than others. The most sensitive microorganism for Cor. elongate 
was K. pneumoniae showing an inhibition zone of 19.8 mm (Fig. 2) 

In spring (April, 2008) nine seaweeds samples were collected (3 Rhodophyceae, 4 
Chlorophyceae and 2 Phaeophyceae). The obtained data show that the extract of tested red 
seaweeds was more active than green and brown seaweeds, respectively. The most active 
specie was Cor. elongata. Sensitivity responses showed that K. pneumoniae exhibited the highest 
sensitivity for Cor. elongata extract with an inhibition zone of 21.6 mm. Among the green 
seaweeds, obtained results show that U. fasciata has the strongest antimicrobial action. K. 
pneumoniae exhibited higher sensitivity for U. fasciata with an inhibition zone of 17.2 mm. 
Concerning brown seaweeds, results show that Sar. vulgare extract showed higher antimicrobial 
activity than Col. sinuosa, where  Staph. aureus exhibited higher sensitivity for Sar. vulgare with 
an inhibition zone of  15.6 mm. (Fig. 3) 

In the summer (June, 2008) ten seaweeds were collected (5 Rhodophyceae, 3 Chlorophyceae 
and 2 Phaeophyceae). The extracts of collected green seaweeds exhibited the strongest 
antimicrobial activity followed by red and brown species. The results show that the most 
active one was that from U. fasciata. The most sensitive microorganism for U. fasciata extract 
was Strept. sp. with an inhibition zone of 14.5 mm. With regard to red seaweeds, the 
obtained data show that the most active one was Gal. fragilis; however, Can. albicans 
exhibited higher sensitivity for Gal. fragilis with an inhibition zone of 12.0 mm.  Concerning 
brown seaweeds, the obtained results showed that P. pavonia was the strongest antimicrobial 
activity which exhibited the highest inhibitory effect against Sal. typhi with an inhibition 
zone of 12 mm. (Fig. 4). The statistical analyses using two-way ANOVA confirmed that the 
variation in antimicrobial activities in relation to seaweeds, microorganisms and their 
interactions were significant at Pr≥0.001 for all treatments (Table 4).  
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Fig. 1. Diameter of inhibition zone of autumn collected seaweeds against each tested 
microorganism. 

 
Fig. 2. Diameter of inhibition zone of winter collected seaweeds against each tested 
microorganism. 
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Fig. 1. Diameter of inhibition zone of autumn collected seaweeds against each tested 
microorganism. 

 
Fig. 2. Diameter of inhibition zone of winter collected seaweeds against each tested 
microorganism. 
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Fig. 3. Diameter of inhibition zone of spring collected seaweeds against each tested 
microorganism. 

 
Fig. 4. Diameter of inhibition zone of summer collected seaweeds against each tested 
microorganism. 
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Seasons Source DF F  Value P-value R2 

Autumn 
Seaweeds 3 44.1 0.0001 

92.7% Microorganisms 6 72.1 0.0001 
Seaweeds*Microorganisms 18 8.3 0.0001 

Winter 
Seaweeds 4 528.9 0.0001 

97.7% Microorganisms 6 112.7 0.0001 
Seaweeds*Microorganisms 24 9.3 0.0001 

Spring 
Seaweeds 8 145.3 0.0001 

93.0% Microorganisms 6 26.0 0.0001 
Seaweeds*Microorganisms 48 7.7 0.0001 

Summer 
Seaweeds 9 206.3 0.0001 

96.2% Microorganisms 6 42.1 0.0001 
Seaweeds*Microorganisms 54 26.8 0.0001 

Table 4. Two-way analysis of variance (ANOVA) of seasonal collected seaweeds extracts 
against different microorganisms 

3.1 Seasonal variation of antimicrobial activity 

Species of green and red seaweeds were found and collected in four seasons whereas brown 
seaweeds were collected only in spring and summer. The highest activity of the different 
seaweeds extracts were those collected in spring, followed by winter, summer and autumn, 
respectively (Fig. 5). According to the taxonomic group level, the most active extracts were  

 
Fig. 5. Seasonal variation of antimicrobial activity of different seaweeds extracts. 
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Fig. 3. Diameter of inhibition zone of spring collected seaweeds against each tested 
microorganism. 

 
Fig. 4. Diameter of inhibition zone of summer collected seaweeds against each tested 
microorganism. 
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Fig. 5. Seasonal variation of antimicrobial activity of different seaweeds extracts. 
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the green seaweeds. The antimicrobial activity of the different species with respect to 
different seasons could be arranged in the following order, green seaweeds in winter > 
spring > autumn > summer followed by red seaweeds in spring > winter > autumn > 
summer and brown seaweeds in spring > summer. The above-mentioned results indicate 
that the promising seaweed for production of antimicrobial antagonistic material was 
winter-collected U. fasciata (Chlorophyceae). 

The suitable solvent system used in the TLC technique was ethyl acetate: methanol: hexane 
(2:1.5:0.5 v/v). The obtained result show that there are three spots formed with different Rf 
values (0.5, 0.6, 0.6 and 0.7). All spots were examined against K. pneumoniae and the most 
active one had an Rf value of 0.53 with an inhibition zone of 30 mm. This spot is currently 
undergoing further analysis to determine the nature and identify of the active constituents. 

The statistical analyses conducted using three-way ANOVA confirmed that the effects of 
different seasons, seaweeds, microorganisms and their interactions on antimicrobial activity 
were highly significant. 

4. Discussion 
The present study showed that 70% acetone could be considered a good solvent for 
extracting the bioactive substance in the studied seaweeds against the tested 
microorganisms. However, Tüney et al. (2006) reported that diethyl ether was the best 
solvent for extracting the bioactive compounds of 11 seaweeds species from the coast of 
Urla, which agreed with Wefky and Ghobrial (2008) and Fareed and Khairy (2008). 

Macroalgae are already well-documented as possess antibacterial activities against 
pathogenic bacteria (Kumar and Rengasamy 2000; Lipton 2004; Tüney et al. 2006; Karabay-
Yavasoglu et al. 2007; Salvador et al. 2007; Chiheb et al. 2009). The results reported by the 
above-mentioned authors are in accordance with our data, which demonstrated that the 
collected seaweeds have antimicrobial activity against the tested microorganisms. In 
contrast to our results, Salvador et al. (2007) detected that some seaweeds such as Ptero. 
capillacea showed no antimicrobial activity in any seasons.   Gonzalez del Val (2001) also 
demonstrated that the extract of Enter. compressa showed no antimicrobial activity against 
the tested microorganisms. Perez et al. (1990)  observed that the extract of U. lactuca had no 
antibacterial activity. These differences in activity may be due to different seaweeds 
developmental stages, locality and extraction methods, etc.  

In relation to taxonomic groups, Reichelt and Borowitzka (1984) and Salvador et al. (2007) 
screened many species of algae for their antibacterial activity.  They reported that  the 
members of the red algae family exhibited  high  antibacterial activity.  In contrast, in our 
study, green algae (Chlorophyceae) were the most active species. The present results agreed 
with the results of Kandhasamy and Arunachalam (2008) who reported that green algae 
(Chlorophyceae) were more active taxa than others and also agreed with Fareed and Khairy 
(2008) who showed that U. lactua (Chlorophyceae) were more active when compared with J. 
rubens (Rhodophyceae).  

Some pure compounds from algae have been identified as natural antimicrobial; however, 
the relationship between their ecologic role and their antimicrobial activity is not fully 
understood in many studies which were based on the screening of antimicrobial activities 
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from macroalgae.  These studies determined that the range of chemical defenses can differ 
from narrow to broad spectrum, depending on the extraction method, the algae species, the 
collected season of the algae, algal growth phases, etc. The variation in the production of 
secondary metabolites has been reported for a variety of marine algae (Hay 1996). In the 
present study, we focused on the possibility that antimicrobial activity will fluctuate 
seasonally. Abu Qir (Alexandria, Egypt) was chosen as a sample site, so geographical and 
spatial variation was eliminated. 

As regards seasonal variation of bioactivity, for all of the tested subdivisions, spring was the 
season with the highest activity against test microorganisms, followed by winter. These 
results are in accordance with those obtained from Atlantic samples by Hornsey and Hide 
(1974), from Mediterranean samples by Khaleafa et al. (1975) and Stirk and Reinecke (2007) 
who reported that seasonal variation in antibacterial activity was observed with extracts 
which have antibacterial activity in late winter and early spring.  This is in contrast to 
studies carried out by Rao and Parekh (1981), and Arun, Kumar and Rengasamy  (2000) 
using Indian samples, and from Mediterranean samples by Martí et al.  (2004) who 
demonstrated the most active season was autumn. Salvador et al. (2007), nevertheless, 
demonstrated that autumn and spring were the seasons with the highest percentage of 
active taxa against at least one test microorganism (69% and 67% respectively), followed by 
winter (56%) and summer (50%).  

It is worthy to mention that Abu Qir Bay is a very important productive area of the 
Mediterranean Sea on the Egyptian coast, since it receives nutrient-rich brackish water from 
Lake Edku as well as the El-Tabia pump station. The obtained data in this study 
demonstrated that environmental parameters (air and water temperature and pH) showed 
insignificant correlations with antimicrobial activities of tested seaweeds. Moreover, Shams 
El-Din et al. (2007) studied the nutrient concentration in Abu Qir and found that the 
correlation coefficient between nutrients and the natural components in some seaweeds 
were not significant, which may be due to the water deterioration, resulting from the acute 
eutrophication and the increase of pollution stress in the bay. 

In the present study U. fasciata (green seaweeds) was the most effective seaweeds species, 
having antibacterial activity throughout the year compared to other seaweeds screened for 
antibacterial activity. UIva fasciata inhibited the growth of all tested microorganisms, which 
agreed with Selvin and Lipton (2004) reported that the green alga U. fasciata exhibited 
broad-spectrum antibacterial activity.  

These results show that U. fasciata extracts of the winter collection exhibited stronger 
antimicrobial effects followed by spring season (more so than summer or autumn) which 
agrees with Stirk and Reinecke (2007) who demonstrated that U. fasciata collected in winter 
and spring seasons were more active against tested organisms when compared to other 
seasons. This may be influenced by the seasonal variation as extracts of U. fasciata from 
winter and spring collection were more potent as compared to the summer and autumn 
collection, the former representing the peak growing and reproductive season, while the 
later is the stasis and senescence period for U. fasciata growth. The better antimicrobial 
action of winter collection is possibly due to the elevated biochemical constituents during 
the growing and reproductive phase of the U. fasciata. This hypothesis is further 
strengthened by Hornsey and Hide (1974), Daly and Prince (1981), Moreau et al.  (1984) and 
Rao and Indusekhar (1989)  



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

182 

the green seaweeds. The antimicrobial activity of the different species with respect to 
different seasons could be arranged in the following order, green seaweeds in winter > 
spring > autumn > summer followed by red seaweeds in spring > winter > autumn > 
summer and brown seaweeds in spring > summer. The above-mentioned results indicate 
that the promising seaweed for production of antimicrobial antagonistic material was 
winter-collected U. fasciata (Chlorophyceae). 

The suitable solvent system used in the TLC technique was ethyl acetate: methanol: hexane 
(2:1.5:0.5 v/v). The obtained result show that there are three spots formed with different Rf 
values (0.5, 0.6, 0.6 and 0.7). All spots were examined against K. pneumoniae and the most 
active one had an Rf value of 0.53 with an inhibition zone of 30 mm. This spot is currently 
undergoing further analysis to determine the nature and identify of the active constituents. 

The statistical analyses conducted using three-way ANOVA confirmed that the effects of 
different seasons, seaweeds, microorganisms and their interactions on antimicrobial activity 
were highly significant. 

4. Discussion 
The present study showed that 70% acetone could be considered a good solvent for 
extracting the bioactive substance in the studied seaweeds against the tested 
microorganisms. However, Tüney et al. (2006) reported that diethyl ether was the best 
solvent for extracting the bioactive compounds of 11 seaweeds species from the coast of 
Urla, which agreed with Wefky and Ghobrial (2008) and Fareed and Khairy (2008). 

Macroalgae are already well-documented as possess antibacterial activities against 
pathogenic bacteria (Kumar and Rengasamy 2000; Lipton 2004; Tüney et al. 2006; Karabay-
Yavasoglu et al. 2007; Salvador et al. 2007; Chiheb et al. 2009). The results reported by the 
above-mentioned authors are in accordance with our data, which demonstrated that the 
collected seaweeds have antimicrobial activity against the tested microorganisms. In 
contrast to our results, Salvador et al. (2007) detected that some seaweeds such as Ptero. 
capillacea showed no antimicrobial activity in any seasons.   Gonzalez del Val (2001) also 
demonstrated that the extract of Enter. compressa showed no antimicrobial activity against 
the tested microorganisms. Perez et al. (1990)  observed that the extract of U. lactuca had no 
antibacterial activity. These differences in activity may be due to different seaweeds 
developmental stages, locality and extraction methods, etc.  

In relation to taxonomic groups, Reichelt and Borowitzka (1984) and Salvador et al. (2007) 
screened many species of algae for their antibacterial activity.  They reported that  the 
members of the red algae family exhibited  high  antibacterial activity.  In contrast, in our 
study, green algae (Chlorophyceae) were the most active species. The present results agreed 
with the results of Kandhasamy and Arunachalam (2008) who reported that green algae 
(Chlorophyceae) were more active taxa than others and also agreed with Fareed and Khairy 
(2008) who showed that U. lactua (Chlorophyceae) were more active when compared with J. 
rubens (Rhodophyceae).  

Some pure compounds from algae have been identified as natural antimicrobial; however, 
the relationship between their ecologic role and their antimicrobial activity is not fully 
understood in many studies which were based on the screening of antimicrobial activities 

The Seasonal Fluctuation of the Antimicrobial Activity  
of Some Macroalgae Collected from Alexandria Coast, Egypt 

 

183 

from macroalgae.  These studies determined that the range of chemical defenses can differ 
from narrow to broad spectrum, depending on the extraction method, the algae species, the 
collected season of the algae, algal growth phases, etc. The variation in the production of 
secondary metabolites has been reported for a variety of marine algae (Hay 1996). In the 
present study, we focused on the possibility that antimicrobial activity will fluctuate 
seasonally. Abu Qir (Alexandria, Egypt) was chosen as a sample site, so geographical and 
spatial variation was eliminated. 

As regards seasonal variation of bioactivity, for all of the tested subdivisions, spring was the 
season with the highest activity against test microorganisms, followed by winter. These 
results are in accordance with those obtained from Atlantic samples by Hornsey and Hide 
(1974), from Mediterranean samples by Khaleafa et al. (1975) and Stirk and Reinecke (2007) 
who reported that seasonal variation in antibacterial activity was observed with extracts 
which have antibacterial activity in late winter and early spring.  This is in contrast to 
studies carried out by Rao and Parekh (1981), and Arun, Kumar and Rengasamy  (2000) 
using Indian samples, and from Mediterranean samples by Martí et al.  (2004) who 
demonstrated the most active season was autumn. Salvador et al. (2007), nevertheless, 
demonstrated that autumn and spring were the seasons with the highest percentage of 
active taxa against at least one test microorganism (69% and 67% respectively), followed by 
winter (56%) and summer (50%).  

It is worthy to mention that Abu Qir Bay is a very important productive area of the 
Mediterranean Sea on the Egyptian coast, since it receives nutrient-rich brackish water from 
Lake Edku as well as the El-Tabia pump station. The obtained data in this study 
demonstrated that environmental parameters (air and water temperature and pH) showed 
insignificant correlations with antimicrobial activities of tested seaweeds. Moreover, Shams 
El-Din et al. (2007) studied the nutrient concentration in Abu Qir and found that the 
correlation coefficient between nutrients and the natural components in some seaweeds 
were not significant, which may be due to the water deterioration, resulting from the acute 
eutrophication and the increase of pollution stress in the bay. 

In the present study U. fasciata (green seaweeds) was the most effective seaweeds species, 
having antibacterial activity throughout the year compared to other seaweeds screened for 
antibacterial activity. UIva fasciata inhibited the growth of all tested microorganisms, which 
agreed with Selvin and Lipton (2004) reported that the green alga U. fasciata exhibited 
broad-spectrum antibacterial activity.  

These results show that U. fasciata extracts of the winter collection exhibited stronger 
antimicrobial effects followed by spring season (more so than summer or autumn) which 
agrees with Stirk and Reinecke (2007) who demonstrated that U. fasciata collected in winter 
and spring seasons were more active against tested organisms when compared to other 
seasons. This may be influenced by the seasonal variation as extracts of U. fasciata from 
winter and spring collection were more potent as compared to the summer and autumn 
collection, the former representing the peak growing and reproductive season, while the 
later is the stasis and senescence period for U. fasciata growth. The better antimicrobial 
action of winter collection is possibly due to the elevated biochemical constituents during 
the growing and reproductive phase of the U. fasciata. This hypothesis is further 
strengthened by Hornsey and Hide (1974), Daly and Prince (1981), Moreau et al.  (1984) and 
Rao and Indusekhar (1989)  



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

184 

Finally, we conclude that macroalgae from Abu Qir coast in Alexandria are potential 
sources of bioactive compounds.  The production of these compounds could be affected by 
seasonal variation and should be investigated for natural antimicrobial properties. 
Furthermore, U. fasciata collected in the winter could be considered the most active species 
for production of antagonistic materials. Thus, the suitable season for collection of seaweeds 
producing antimicrobial activity must be taken in consideration.                                                                            
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Finally, we conclude that macroalgae from Abu Qir coast in Alexandria are potential 
sources of bioactive compounds.  The production of these compounds could be affected by 
seasonal variation and should be investigated for natural antimicrobial properties. 
Furthermore, U. fasciata collected in the winter could be considered the most active species 
for production of antagonistic materials. Thus, the suitable season for collection of seaweeds 
producing antimicrobial activity must be taken in consideration.                                                                            
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1. Introduction 
Salmonellae are Gram-negative facultative anaerobes that have been divided into two species: 
S. enterica, which is subdivided into over 2,500 serovars, and Salmonella bongori. Some serovars 
of S. enterica, such as S. Typhi, cause systemic infections and typhoid fever, whereas others, 
such as S. Typhimurium, cause gastroenteritis. Nontyphoidal Salmonella are a major cause of 
food poisoning being Salmonellosis one of the most common and widely distributed 
foodborne diseases. Millions of human cases are reported worldwide every year and the 
disease constitutes a major public health burden, causing significant morbidity and mortality 
in several countries. Since the beginning of the 1990s, strains of Salmonella which are resistant 
to a range of antimicrobials, including first-choice agents for human treatment, have emerged 
and are threatening to become a serious public health problem. Multidrug-resistant strains of 
Salmonella are now frequently encountered and the rates of multidrug-resistance (MDR) have 
been increasing considerably in recent years [World Health Organization (WHO, 2005)].  

Strains of Salmonella spp. with resistance to antimicrobial drugs are now widespread in both 
developed and developing countries. Effective antimicrobial agents are essential for human 
and animal health and welfare. However, infections caused by resistant microorganisms 
often fail to respond to standard treatment, resulting in prolonged illness and greater risk of 
death. Hence, the increasing antimicrobial resistance is considered a public health problem 
at a global level (Musgrove et al., 2006; Võ, 2007). A diversity of foods and environmental 
sources harbor bacteria that are resistant to antimicrobial drugs used in medicine and in 
food-animal production (Bager & Helmuth, 2001; Schroeder et al., 2004). Also the misuse 
and/or excessive use of antibiotics in human and veterinary medicine are in certain cases 
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developed and developing countries. Effective antimicrobial agents are essential for human 
and animal health and welfare. However, infections caused by resistant microorganisms 
often fail to respond to standard treatment, resulting in prolonged illness and greater risk of 
death. Hence, the increasing antimicrobial resistance is considered a public health problem 
at a global level (Musgrove et al., 2006; Võ, 2007). A diversity of foods and environmental 
sources harbor bacteria that are resistant to antimicrobial drugs used in medicine and in 
food-animal production (Bager & Helmuth, 2001; Schroeder et al., 2004). Also the misuse 
and/or excessive use of antibiotics in human and veterinary medicine are in certain cases 
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responsible for the increase and spread of resistance seen among the bacterial population. 
Antimicrobial agents are known to be clinically prescribed in situations where there is no 
bacterial infection or the illness event is a viral infection. In other cases, the treatment of an 
infection is made with the incorrect antibiotic combinations, doses or durations that are 
sometimes excessive. Antimicrobial resistance reduces the effectiveness of treatment as 
patients remain infected for longer, thus potentially spreading resistant microorganisms to 
others. The achievements of modern medicine are also at risk since, without effective 
antimicrobials for care and prevention of infections, the success of treatments such as organ 
transplantation, cancer chemotherapy and major surgery would be compromised. In 
addition, the growth of global trade and travel allows resistant microorganisms to be spread 
rapidly to distant countries and continents; this represents a threat to health security, and 
damages trade and economies (WHO, 2011). 

Bacterial antibiotic resistance can be classified in five different main mechanisms, involving 
the antibiotic molecules or its targets in the cell (Figure 1). 

 
Fig. 1. Antibiotic resistance mechanisms. Adapted from Yao & Moellering, 2003. Antibacterial 
Agents American Society for Microbiology, Washington. 

Although genes encoding efflux pumps can be found on plasmids, the carriage of efflux 
pump genes on the chromosome gives the bacterium an intrinsic mechanism that allows 
survival in a hostile environment (e.g. the presence of antibiotics), and so mutant bacteria 
that over-express efflux pump genes can be selected without the acquisition of new genetic 
material (Webber & Piddock, 2003). Before the development of genomics, the scientific 
community focused investigations on single or small groups of genes or proteins. The 
genome-sequencing projects of the late 1990’s yielded entire genome sequences of many 
bacteria, leading to a large amount of genetic data. These new platforms of the so-called 
“omic” technologies allow the analysis and characterization of biological systems and 
promised to facilitate our understanding of normal cellular function and dysfunction by 
permitting simultaneous monitoring of thousands of molecular components. There are 
currently 1587 complete bacterial genomes and 4901 bacterial genomes in-progress at NCBI 
(http://www.ncbi.nlm.nih.gov/genomes/lproks.cgi). Even though the number of encoding 
entities (open reading frames, ORFs) can be predicted from the genome, the number of 
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different proteins that an organism is capable of generating cannot directly be deduced - a 
global protein analysis is needed to define the protein composition of a given cell under a 
certain circumstance (Brotz-Oesterhelt et al., 2005). 

Proteomics, defined as the global analysis of cellular proteins, is a key area of research that 
is developing in the post-genome era (Osman et al., 2009). The term proteome, in analogy to 
the term genome, was coined to describe the complete set of proteins that an organism has 
produced under a defined set of conditions (Wasinger et al., 1995). In the last few years 
proteomics has become a powerful tool for the investigation of complex biochemical 
processes, the discovery of new proteins and investigation of protein-protein interactions. 
The proteome is highly dynamic and much more complex than the genome - the number of 
encoding entities can be predicted from the genome, but the number of different proteins 
that an organism is capable of generating cannot be directly deduced. Hence, a global 
protein analysis is needed to define the protein composition of a given cell under a specific 
circumstance (Brotz-Oesterhelt et al., 2005). Moreover, the evaluation of protein profiles in 
response to multiple stress mechanisms, such as sensitivity to antibiotics or modifications 
related to antibiotic resistance, could represent a valid and integrating approach for the 
development of new therapeutic strategies. In complement, Mass Spectrometry (MS)-based 
proteomics and bioinformatics were shown to be suitable for evaluation of the effect of 
protein extracts, whole cell versus outer membrane proteome (OMP), on the identification of 
Gram-negative organisms. Different numbers of distinguishing, unique proteins were 
obtained by the bioinformatics procedure between the two protein extraction methods. 

This chapter will present an overview of the major achievements of proteomic approaches to 
study Salmonella and its adaptation networks that are crucial for bacteria. Furthermore the 
published efforts to exploit the knowledge derived from the proteomic studies directly for 
the antibacterial drug discovery process will be reviewed. Special focus will be placed on 
antibiotic treatment induced stress and particular stressful environments. Finally, recent 
developments related to the Salmonella proteome and technological determinants used as 
biomarkers will be discussed. 

2. Proteomics in practice 
In the mid-1990’s, two factors arose that substantially simplified proteomic analysis. For the 
first time, DNA sequences of whole bacterial genomes became available and allowed the 
prediction of the approximate total number of encoded ORFs (Brotz-Oesterhelt et al., 2005). 
At the same time, progress in MS facilitated the analysis of peptides and small proteins, and 
the accuracy of the measured peptide masses was sufficient to allow protein identification. 
The introduction of user-friendly, browser-based bioinformatics tools to extract information 
from these databases constituted a key of the post-genomic era. It is now possible to search 
entire genome sequences for specific nucleic acid or protein sequences to have a global view 
of living organisms through in silico analysis. Proteome informatics tools span today a large 
panel of very diverse applications ranging from simple tools to compare protein amino acid 
compositions to sophisticated software for large-scale protein structure determination 
(Palagi et al., 2006). The application of proteomics provides major opportunities to elucidate 
disease mechanisms and to identify new diagnostic markers and therapeutic targets. 
Significant progress has been made in the characterisation of bacterial pathogens using a 
combination of genomic and proteomic technologies. Pathogenic determinants are identified 
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This chapter will present an overview of the major achievements of proteomic approaches to 
study Salmonella and its adaptation networks that are crucial for bacteria. Furthermore the 
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2. Proteomics in practice 
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entire genome sequences for specific nucleic acid or protein sequences to have a global view 
of living organisms through in silico analysis. Proteome informatics tools span today a large 
panel of very diverse applications ranging from simple tools to compare protein amino acid 
compositions to sophisticated software for large-scale protein structure determination 
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disease mechanisms and to identify new diagnostic markers and therapeutic targets. 
Significant progress has been made in the characterisation of bacterial pathogens using a 
combination of genomic and proteomic technologies. Pathogenic determinants are identified 
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through comparative proteomics between virulent and avirulent isolates whereas complex 
disease phenotypes can be correlated with specific proteomic signatures identified through 
the analysis of large collections of natural isolates (Osman et al., 2009). 

Proteomics is used to describe any large-scale investigation of proteins and can be approached 
in many ways but in principle it consists in three steps (Figure 2): (1) protein extraction, (2) 
separation and (3) identification. Most of the approaches require MS and database searching 
for protein identification but differ in the way the proteins are separated and isolated 
(Westermeier & Naven, 2002). In the extraction process, depending on the source, the proteins 
have to be brought into solution by breaking the tissue or cells containing them. Several 
methods like repeated freezing and thawing, sonication, homogenization by high pressure, 
filtration, or permeabilization by organic solvents are used to achieve this purpose. The 
methodology used depends on how fragile the protein is and how sturdy the cells are. 

 
Fig. 2. Typical proteomic workflow representing the classical components of protein 
identification. Proteins are extracted and then separated according to isoelectric point and 
molecular mass (two-dimensional gel electrophoresis, 2-DE). Spots of interest are excised, 
digested and then proteins are identified by MS followed by data interrogation against 
genomic or proteomics databases using bioinformatic tools. 

One of the most important ways that proteins are separated is by electrophoresis, including 
two-dimensional gel electrophoresis (2-DE) and capillary electrophoresis (Mishra, 2010). The 
latter involves the separation of proteins and peptides carried in a thin glass tube under high 
voltage before injection into the mass spectrometer for their identification. Thin tubes have the 
advantage of dissipating heat by high voltage, and separated proteins can be visualized and 
monitored by ultraviolet (UV) light during the eletrophoretic run. However, protein 
separation by 2-DE is the most commonly used method in proteomics. Proteins are separated 
according to isoelectric point (pI) in the first dimension and to molecular mass (Mr) in the 
second. The gels are stained to visualize the resolved proteins using a dye that can contain zinc 
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or copper, Coomassie Blue, silver or a fluorescent dye (Mishra, 2010). Zinc or copper staining 
is a negative staining because it stains the gel and not the protein spots; this method is 
inexpensive and has a sensitivity to detect spots containing 6-12 ng of protein, but it has 
difficulty in handling thin gels. Coomassie Blue is an easy and an inexpensive stain that is used 
to identify proteins by mass spectrometry; it has a sensitivity of 36-45 ng of protein per spot in 
the gel. Silver staining is expensive and time consuming but with high sensitivity as it can 
detect 0.5-1.2 ng of protein per spot in the gel. 2D Differential Gel Electrophoresis (DIGE) is a 
modification of 2D gel electrophoresis to avoid any differences that are usually encountered 
when samples are run on different gels even under identical conditions. In this method, 
multiple protein samples are separately labelled with different fluorescent dyes and then co-
electrophoresed on the same 2-DE gel. Fluorescent dyes come in a variety of choices; they are 
quick and easy to use and are highly sensitive like silver staining but not compatible to 
subsequent techniques of protein identification by MS (Mishra, 2010).  

After staining, the spots of interest are excised, either manually or automatically. An in-gel 
tryptic digestion of the gel spot is conducted and the protein is identified by MS analysis of 
the resultant peptides followed by data interrogation against genomic or proteomics 
databases using bioinformatic tools. This technique was initiated by Stegemann (1970) (as 
cited in Westermeier & Naven, 2002), combining isoelectric focusing (IEF) and SDS 
polyacrylamide gel electrophoresis (SDS-PAGE). 2-DE resolution was considerably 
increased when O’Farrell, in 1975, introduced denaturating conditions during sample 
preparation and IEF. This modification gave wide acceptance to the method but the 
technique only became reproducible enough for proteome analysis in 1982, with the 
application of immobilized pH gradients for the first dimension (Bjellqvist et al., 1982). 2-
DE/MS provides a direct method to separate proteins and to visualize changes between 
complex proteome samples and it is able to resolve thousands of proteins. Many 
technological improvements have made 2-DE relatively inexpensive and accessible to most 
biomedical research labs but criticisms such as the inability of 2D-PAGE to resolve 
membrane proteins and its lack of reproducibility have been to some extent tempered by the 
development of better reagents, techniques, and gel alignment software. Even though 2-DE 
is still limited in sensitivity and dynamic range (Veenstra, 2007), it is still the most widely 
used method for protein separation. Nonetheless, liquid chromatography methods which 
includes gel filtration, affinity chromatography, ion exchange chromatography, Reverse-
Phase (RP) and High-Performance Liquid Chromatography (HPLC), and multidimensional 
chromatography are also used for protein separation in proteomic analysis (Mishra, 2010). 

For protein identification one can use an approach that is not based on spectrometry 
(determination of the amino acid sequence from the DNA sequence or the identification of 
one amino acid at a time from the N-terminus of the peptide - Edman Degradation) or a MS 
approach which allows protein identification based on their amino acid sequence (Mishra, 
2010). Peptide mass fingerprinting (PMF) is the easiest and fastest way to identify proteins 
(Westermeier & Naven, 2002). In this method, the protein of interest is digested with a 
proteolytic enzyme, commonly trypsin, inside a gel plug and the cleavage products 
(peptides) are eluted and submitted to MS analysis. MALDI-TOF (Matrix-assisted laser 
desorption/ionization – Time-of-flight) instruments are preferably used because they are 
easier to handle than electrospray systems (ESI-TOF). The mass spectrum with the 
accurately measured peptide masses is matched with theoretical peptide spectra in various 
databases using adequate bioinformatic tools. Even though this procedure works very well 
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or copper, Coomassie Blue, silver or a fluorescent dye (Mishra, 2010). Zinc or copper staining 
is a negative staining because it stains the gel and not the protein spots; this method is 
inexpensive and has a sensitivity to detect spots containing 6-12 ng of protein, but it has 
difficulty in handling thin gels. Coomassie Blue is an easy and an inexpensive stain that is used 
to identify proteins by mass spectrometry; it has a sensitivity of 36-45 ng of protein per spot in 
the gel. Silver staining is expensive and time consuming but with high sensitivity as it can 
detect 0.5-1.2 ng of protein per spot in the gel. 2D Differential Gel Electrophoresis (DIGE) is a 
modification of 2D gel electrophoresis to avoid any differences that are usually encountered 
when samples are run on different gels even under identical conditions. In this method, 
multiple protein samples are separately labelled with different fluorescent dyes and then co-
electrophoresed on the same 2-DE gel. Fluorescent dyes come in a variety of choices; they are 
quick and easy to use and are highly sensitive like silver staining but not compatible to 
subsequent techniques of protein identification by MS (Mishra, 2010).  

After staining, the spots of interest are excised, either manually or automatically. An in-gel 
tryptic digestion of the gel spot is conducted and the protein is identified by MS analysis of 
the resultant peptides followed by data interrogation against genomic or proteomics 
databases using bioinformatic tools. This technique was initiated by Stegemann (1970) (as 
cited in Westermeier & Naven, 2002), combining isoelectric focusing (IEF) and SDS 
polyacrylamide gel electrophoresis (SDS-PAGE). 2-DE resolution was considerably 
increased when O’Farrell, in 1975, introduced denaturating conditions during sample 
preparation and IEF. This modification gave wide acceptance to the method but the 
technique only became reproducible enough for proteome analysis in 1982, with the 
application of immobilized pH gradients for the first dimension (Bjellqvist et al., 1982). 2-
DE/MS provides a direct method to separate proteins and to visualize changes between 
complex proteome samples and it is able to resolve thousands of proteins. Many 
technological improvements have made 2-DE relatively inexpensive and accessible to most 
biomedical research labs but criticisms such as the inability of 2D-PAGE to resolve 
membrane proteins and its lack of reproducibility have been to some extent tempered by the 
development of better reagents, techniques, and gel alignment software. Even though 2-DE 
is still limited in sensitivity and dynamic range (Veenstra, 2007), it is still the most widely 
used method for protein separation. Nonetheless, liquid chromatography methods which 
includes gel filtration, affinity chromatography, ion exchange chromatography, Reverse-
Phase (RP) and High-Performance Liquid Chromatography (HPLC), and multidimensional 
chromatography are also used for protein separation in proteomic analysis (Mishra, 2010). 

For protein identification one can use an approach that is not based on spectrometry 
(determination of the amino acid sequence from the DNA sequence or the identification of 
one amino acid at a time from the N-terminus of the peptide - Edman Degradation) or a MS 
approach which allows protein identification based on their amino acid sequence (Mishra, 
2010). Peptide mass fingerprinting (PMF) is the easiest and fastest way to identify proteins 
(Westermeier & Naven, 2002). In this method, the protein of interest is digested with a 
proteolytic enzyme, commonly trypsin, inside a gel plug and the cleavage products 
(peptides) are eluted and submitted to MS analysis. MALDI-TOF (Matrix-assisted laser 
desorption/ionization – Time-of-flight) instruments are preferably used because they are 
easier to handle than electrospray systems (ESI-TOF). The mass spectrum with the 
accurately measured peptide masses is matched with theoretical peptide spectra in various 
databases using adequate bioinformatic tools. Even though this procedure works very well 
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for protein identification, the method can be compromised for several reasons. In these 
circumstances, more specific information is needed for unambiguous protein identification 
and so the amino acid sequence is determined. During MS analysis a peptide can be selected 
from the spectrum and fragmented inside the instrument, termed tandem MS (MS/MS). The 
resultant fragment ion masses are indicative of amino acid sequence that can be used to 
search not only protein databases but also Expressed Sequence Tag (EST) databases and 
used for de novo sequencing when necessary. 

The evolution of MS-based proteomic technologies has advanced our understanding of the 
complex and dynamic nature of proteomes while simultaneously revealing that no 
proteomic strategy can be used alone to address all biological questions. Figure 3 depicts a 
typical proteomic workflow with examples of commonly used techniques that may be  

 
Fig. 3. Technologies for proteomics. This figure depicts the proteomic workflow from 
sample extraction to protein quantification. For each step in the workflow, the text boxes 
give examples of commonly used techniques, many of which may be combined in any one 
study. Reprinted by permission from Macmillan Publishers Ltd: [Nature Biotechnology] 
(Proteomics: A Pragmatic Perspective., 28(7): 695-709), copyright (2010) (Mallick & Kuster, 
2010). 
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applied in most types of proteomics studies. Several tools are available to help quantify and 
interpret data generated through specific applications of MS. MS-based quantitative 
approaches include tagging or chemical modification methods, such as isotope-coded 
affinity tags (ICAT), isobaric tag for relative and absolute quantitation (iTRAQ) or stable 
isotope labelling by amino acids in cell culture (SILAC). A further detailed description of 
proteomic techniques can be consulted in Hamacher et al., 2011; Mallick & Kuster, 2010; 
Mishra, 2010; Parker et al., 2010; Veenstra, 2007; Westermeier & Naven, 2002. 

Despite the variation in proteomics approaches, all techniques generate large quantities of 
data. Bioinformatics approaches appear as an essential mean for analysis, storage and 
retrieval of all that information. In 2-DE, there are several software available for image 
analysis that allow the comparison of different gels. 2-DE gels are not exactly identical; 
different factors may cause variation between analysis, such as preparation methods, 
staining, and unequal mobility in the different gels’ regions and variations in 
electrophoretic conditions, even when studying the same sample. Automatic gel matching 
methods include features like spot detection, gel warping and auto-matching; this 
matching is the starting point for deeper analysis and statistical studies. Through MS, 
integrated systems allow protein identification, based on comparison of peptide 
fingerprints with proteins in databases (Vihinen, 2003). Bioinformatics not only helps the 
interpretation of results but it also may guide the course of new investigations since 
results and new discoveries from laboratories from all over the world can be stored in 
online databases, available to any researcher. 

Due to the wide diversity of proteins and properties in complex proteomes, it is anticipated 
that no single proteome analysis technology will be able to effectively address all proteome 
analysis requirements. 2-DE gels will probably remain the ‘‘gold standard’’ within the 
foreseeable future to which any competing method should be compared, and to which it 
should display clear advantages of 2-DE with IPGs (Görg et al., 2009). In contrast to the 2-
DE approaches, information about protein abundances is initially unavailable in the non-
gel-based technologies, unless stable isotope labelling is applied. Moreover, 2-DE is highly 
parallel and unsurpassed for its ability to run as far as 20 2-D gels at a time with thousands 
of proteins per gel. Post-translationally modified (PTM) proteins can be readily located in 2-
DE gels because they appear as distinctive spot clusters, which can be subsequently 
identified by MS analysis. For a global view, post-translational modifications (PTMs) (e.g. 
glycosylation or phosphorylation) can be visualized with specific fluorescent dyes (Hecker 
et al., 2008; Zong et al., 2008). However, there are challenges, in particular, with respect to 
detection of low-abundance proteins and, particularly, of integral membrane proteins, 
whereas non-gel-based methods are unsurpassed by their potential to cover the whole 
proteome (de Godoy et al., 2008).  

3. Antimicrobial resistance in Salmonella 
An alarming increase in the incidence of antibiotic resistant strains of Salmonella was pointed 
out by the World Health Organization more than 20 years ago (Brisabois et al., 1997). 
Multiple antibiotic resistance in Salmonella has also been increasing; about 45% of the 
isolates of Salmonella Typhimurium reported to the Enter-net surveillance network in recent 
years presented a MAR phenotype (International surveillance network for the enteric 
infections Salmonella and VTEC O157, 2008). 
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applied in most types of proteomics studies. Several tools are available to help quantify and 
interpret data generated through specific applications of MS. MS-based quantitative 
approaches include tagging or chemical modification methods, such as isotope-coded 
affinity tags (ICAT), isobaric tag for relative and absolute quantitation (iTRAQ) or stable 
isotope labelling by amino acids in cell culture (SILAC). A further detailed description of 
proteomic techniques can be consulted in Hamacher et al., 2011; Mallick & Kuster, 2010; 
Mishra, 2010; Parker et al., 2010; Veenstra, 2007; Westermeier & Naven, 2002. 

Despite the variation in proteomics approaches, all techniques generate large quantities of 
data. Bioinformatics approaches appear as an essential mean for analysis, storage and 
retrieval of all that information. In 2-DE, there are several software available for image 
analysis that allow the comparison of different gels. 2-DE gels are not exactly identical; 
different factors may cause variation between analysis, such as preparation methods, 
staining, and unequal mobility in the different gels’ regions and variations in 
electrophoretic conditions, even when studying the same sample. Automatic gel matching 
methods include features like spot detection, gel warping and auto-matching; this 
matching is the starting point for deeper analysis and statistical studies. Through MS, 
integrated systems allow protein identification, based on comparison of peptide 
fingerprints with proteins in databases (Vihinen, 2003). Bioinformatics not only helps the 
interpretation of results but it also may guide the course of new investigations since 
results and new discoveries from laboratories from all over the world can be stored in 
online databases, available to any researcher. 

Due to the wide diversity of proteins and properties in complex proteomes, it is anticipated 
that no single proteome analysis technology will be able to effectively address all proteome 
analysis requirements. 2-DE gels will probably remain the ‘‘gold standard’’ within the 
foreseeable future to which any competing method should be compared, and to which it 
should display clear advantages of 2-DE with IPGs (Görg et al., 2009). In contrast to the 2-
DE approaches, information about protein abundances is initially unavailable in the non-
gel-based technologies, unless stable isotope labelling is applied. Moreover, 2-DE is highly 
parallel and unsurpassed for its ability to run as far as 20 2-D gels at a time with thousands 
of proteins per gel. Post-translationally modified (PTM) proteins can be readily located in 2-
DE gels because they appear as distinctive spot clusters, which can be subsequently 
identified by MS analysis. For a global view, post-translational modifications (PTMs) (e.g. 
glycosylation or phosphorylation) can be visualized with specific fluorescent dyes (Hecker 
et al., 2008; Zong et al., 2008). However, there are challenges, in particular, with respect to 
detection of low-abundance proteins and, particularly, of integral membrane proteins, 
whereas non-gel-based methods are unsurpassed by their potential to cover the whole 
proteome (de Godoy et al., 2008).  

3. Antimicrobial resistance in Salmonella 
An alarming increase in the incidence of antibiotic resistant strains of Salmonella was pointed 
out by the World Health Organization more than 20 years ago (Brisabois et al., 1997). 
Multiple antibiotic resistance in Salmonella has also been increasing; about 45% of the 
isolates of Salmonella Typhimurium reported to the Enter-net surveillance network in recent 
years presented a MAR phenotype (International surveillance network for the enteric 
infections Salmonella and VTEC O157, 2008). 
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Salmonella commonly show resistance to ampicillin, chloramphenicol, streptomycin/ 
spectinomycin, sulphonamides and tetracyclines (R-type ACSSuT), with additional 
resistance to third-generation cephalosporins mediated by the CMY-2 beta-lactamase gene 
(Antunes et al., 2006; Threlfall, 2002; Threlfall, 2008). The increasing number of infections 
with R-type ACSSuT Salmonella, with extended-spectrum ß-lactamase (ESBL)-producing 
Salmonella and with quinolone-resistant Salmonella strains, have emerged as a global health 
problem and deserve special attention (Antunes et al., 2006; Threlfall, 2008).  

Infections due to antibiotic-resistant Salmonella may have different consequences. People 
treated with antimicrobial drugs for unrelated reasons, such as upper respiratory tract 
infections, are at increased risk of infection with Salmonella that are resistant to the given 
antibiotic. Infections by resistant Salmonella have been proven to be more severe than 
infections with susceptible strains and resistance is directly associated with increased 
frequency of treatment failures, mainly when there is a prolonged duration of illness, 
associated with increased hospitalization (WHO, 2005). 

The emergence of MDR Salmonella strains with resistance to fluoroquinolones and third-
generation cephalosporins is also a serious development, which results in severe limitation 
of the possibilities for effective treatment of human infections. Ceftiofur and ceftriaxone are 
two of the most common antimicrobials used for treatment of infections caused by 
Salmonella, especially invasive ones, but there are already records of strains containing the 
blaCMY-2 cephalosporine-resistance gene (Dunne et al., 2000; Fey et al., 2000; Winokur et al., 
2000). The concern rises from the fact that third generation cephalosporins are drugs of 
choice in invasive infections caused by strains with resistance to ciprofloxacin (Threlfall, 
2002). Also, mobile genetic elements allow and have been associated to resistance 
transmission as they may contain one or more resistance-associated genes (White et al., 
2001). This spread of resistances has led to a predominance of resistant strains in several 
countries. In the United States of America, United Kingdom, France and Germany, the 
predominant Salmonella type is resistant to at least five drugs: ampicillin, chloramphenicol, 
streptomycin, sulfonamides and tetracycline (Helms et al., 2002). 

While resistance to fluoroquinolones often emerges as a result of mutations in the bacterial 
genome (DNA), resistance to other antimicrobials often spread by DNA transfer between 
bacterial strains through plasmids. Nalidixic acid was the first quinolone antibacterial agent 
licensed for use in the United States. Since introduction of nalidixic acid in the 1960s, 
subsequent generations of fluoroquinolones have been licensed by the US Food and Drug 
Administration (FDA). Fluorination of quinolone compounds resulted in the introduction of 
norfloxacin in 1986 and ciprofloxacin in 1987, followed by other second-generation 
fluoroquinolones. Additional modifications resulted in third- and fourth-generation 
fluoroquinolones. Some fluoroquinolones are no longer available, and others are of limited 
use clinically. Currently, ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin are the 
most widely used fluoroquinolones. When fluoroquinolones were first licensed for human 
therapy, no immediate rise in Salmonella resistance was observed (WHO, 2005). In contrast, 
when fluoroquinolones were subsequently licensed for use in food animals, the rates of 
fluoroquinolone-resistant Salmonella in animals and food, and then subsequently in human 
infections, rapidly increased in several countries (WHO et al., 2003). Even worse than the 
increasing rates of drug-resistant Salmonella is the fact that some variants of Salmonella have 
developed MDR as an integral part of the genetic material of the organism, and are therefore 
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likely to retain their drug-resistant genes even when antimicrobial drugs are no longer used, 
a situation where other resistant strains would typically lose their resistance (WHO, 2005). 

Evidence from many countries supports the role of agricultural antimicrobial use and 
increasing prevalence of resistance among commensal and pathogenic bacteria isolated from 
food animals, humans, the food supply, and the environment. First, a mass flow concept of 
antimicrobial pressure and resistance evolution supports the importance of controlling the 
agricultural use of antimicrobials because this is the primary category of use worldwide; 
and second, the problem must be redefined as one of resistance and gene flow, thus 
challenging the basis of policies that respond to or prioritize specific drug/bug 
combinations (Silbergeld et al., 2008). In developed countries the existence of Salmonella 
organisms resistant to antibiotics is an almost inevitable consequence of the use of 
antimicrobial drugs in food-producing animals. Although legislation targeted at controlling 
the overall usage of antimicrobials in livestock, in recent years there have been significant 
increases in the occurrence of resistance in non-typhoidal Salmonella. Selective pressure from 
the use of antimicrobials in food animals may be a major driving force behind the 
emergence of resistance but other factors must also be considered; some Salmonella serotypes 
are more prone to develop resistance than others and major shifts in the occurrence of 
Salmonella serotypes in food animal and humans are regularly seen. An example is the 
global spread of a multidrug-resistant S. Typhimurium phage type DT104 in animals and 
humans that may not only have been facilitated by the use of antimicrobials, but also 
worsened by international and national trade of infected animals. 

In the past, studies on Salmonella isolates from human infection cases and clinical animal 
samples showed low resistance levels (Seyfarth et al., 1997). Nevertheless, it has been shown 
that the occurrence of resistant Salmonella strains in domestic animals is associated with the 
continuing use of antimicrobial agents in animal herds (van Leeuwen et al., 1979; Threlfall et 
al., 1993, as cited in Seyfarth et al., 1997). The routine practice of giving antimicrobial drugs 
to domestic livestock as a mean of preventing and treating diseases, as well as promoting 
growth, is an important factor in the emergence of antibiotic-resistant bacteria that are 
subsequently transferred to humans by the food chain (Angulo et al., 2004, as cited in Miko 
et al., 2005). Even indirect contact between animals, humans and ecosystems may lead to the 
transference of bacteria and/or resistance genes from one microorganism to another 
(Radhouani et al., 2010), making resistant Salmonella strains a cross-species problem. 
Hence, the emergence and dissemination of antimicrobial-resistant pathogens such as 
Salmonella has become a serious health hazard worldwide. The comparison between the 
genomes of different serovars revealed that despite their similarities, each serovar has 
many insertions and deletions in relation to the others, which vary in size from 1 to 50 kB 
(Edwards et al., 2002). However, the observed differences at the DNA level proved to be 
unrelated to protein expression. Therefore, it is of great importance to determine if the 
observed genomic difference could impact its expressed protein outcome. Taoka et al. 
(2004) found that the majority of horizontally transferred genes in the genome of E. coli 
are not translated into proteins. Recent data from transcriptomic and/or proteomic 
profiling suggest that marker panels derived from transcriptomic or proteomic profiling 
are superior to single genes or markers, in differentiating non-infectious from sepsis-
associated systemic inflammation, and thus may overcome some of the limitations of 
procalcitonin (Johnson et al., 2007; Tang et al., 2009).  
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generation cephalosporins is also a serious development, which results in severe limitation 
of the possibilities for effective treatment of human infections. Ceftiofur and ceftriaxone are 
two of the most common antimicrobials used for treatment of infections caused by 
Salmonella, especially invasive ones, but there are already records of strains containing the 
blaCMY-2 cephalosporine-resistance gene (Dunne et al., 2000; Fey et al., 2000; Winokur et al., 
2000). The concern rises from the fact that third generation cephalosporins are drugs of 
choice in invasive infections caused by strains with resistance to ciprofloxacin (Threlfall, 
2002). Also, mobile genetic elements allow and have been associated to resistance 
transmission as they may contain one or more resistance-associated genes (White et al., 
2001). This spread of resistances has led to a predominance of resistant strains in several 
countries. In the United States of America, United Kingdom, France and Germany, the 
predominant Salmonella type is resistant to at least five drugs: ampicillin, chloramphenicol, 
streptomycin, sulfonamides and tetracycline (Helms et al., 2002). 

While resistance to fluoroquinolones often emerges as a result of mutations in the bacterial 
genome (DNA), resistance to other antimicrobials often spread by DNA transfer between 
bacterial strains through plasmids. Nalidixic acid was the first quinolone antibacterial agent 
licensed for use in the United States. Since introduction of nalidixic acid in the 1960s, 
subsequent generations of fluoroquinolones have been licensed by the US Food and Drug 
Administration (FDA). Fluorination of quinolone compounds resulted in the introduction of 
norfloxacin in 1986 and ciprofloxacin in 1987, followed by other second-generation 
fluoroquinolones. Additional modifications resulted in third- and fourth-generation 
fluoroquinolones. Some fluoroquinolones are no longer available, and others are of limited 
use clinically. Currently, ciprofloxacin, levofloxacin, gatifloxacin, and moxifloxacin are the 
most widely used fluoroquinolones. When fluoroquinolones were first licensed for human 
therapy, no immediate rise in Salmonella resistance was observed (WHO, 2005). In contrast, 
when fluoroquinolones were subsequently licensed for use in food animals, the rates of 
fluoroquinolone-resistant Salmonella in animals and food, and then subsequently in human 
infections, rapidly increased in several countries (WHO et al., 2003). Even worse than the 
increasing rates of drug-resistant Salmonella is the fact that some variants of Salmonella have 
developed MDR as an integral part of the genetic material of the organism, and are therefore 
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likely to retain their drug-resistant genes even when antimicrobial drugs are no longer used, 
a situation where other resistant strains would typically lose their resistance (WHO, 2005). 

Evidence from many countries supports the role of agricultural antimicrobial use and 
increasing prevalence of resistance among commensal and pathogenic bacteria isolated from 
food animals, humans, the food supply, and the environment. First, a mass flow concept of 
antimicrobial pressure and resistance evolution supports the importance of controlling the 
agricultural use of antimicrobials because this is the primary category of use worldwide; 
and second, the problem must be redefined as one of resistance and gene flow, thus 
challenging the basis of policies that respond to or prioritize specific drug/bug 
combinations (Silbergeld et al., 2008). In developed countries the existence of Salmonella 
organisms resistant to antibiotics is an almost inevitable consequence of the use of 
antimicrobial drugs in food-producing animals. Although legislation targeted at controlling 
the overall usage of antimicrobials in livestock, in recent years there have been significant 
increases in the occurrence of resistance in non-typhoidal Salmonella. Selective pressure from 
the use of antimicrobials in food animals may be a major driving force behind the 
emergence of resistance but other factors must also be considered; some Salmonella serotypes 
are more prone to develop resistance than others and major shifts in the occurrence of 
Salmonella serotypes in food animal and humans are regularly seen. An example is the 
global spread of a multidrug-resistant S. Typhimurium phage type DT104 in animals and 
humans that may not only have been facilitated by the use of antimicrobials, but also 
worsened by international and national trade of infected animals. 

In the past, studies on Salmonella isolates from human infection cases and clinical animal 
samples showed low resistance levels (Seyfarth et al., 1997). Nevertheless, it has been shown 
that the occurrence of resistant Salmonella strains in domestic animals is associated with the 
continuing use of antimicrobial agents in animal herds (van Leeuwen et al., 1979; Threlfall et 
al., 1993, as cited in Seyfarth et al., 1997). The routine practice of giving antimicrobial drugs 
to domestic livestock as a mean of preventing and treating diseases, as well as promoting 
growth, is an important factor in the emergence of antibiotic-resistant bacteria that are 
subsequently transferred to humans by the food chain (Angulo et al., 2004, as cited in Miko 
et al., 2005). Even indirect contact between animals, humans and ecosystems may lead to the 
transference of bacteria and/or resistance genes from one microorganism to another 
(Radhouani et al., 2010), making resistant Salmonella strains a cross-species problem. 
Hence, the emergence and dissemination of antimicrobial-resistant pathogens such as 
Salmonella has become a serious health hazard worldwide. The comparison between the 
genomes of different serovars revealed that despite their similarities, each serovar has 
many insertions and deletions in relation to the others, which vary in size from 1 to 50 kB 
(Edwards et al., 2002). However, the observed differences at the DNA level proved to be 
unrelated to protein expression. Therefore, it is of great importance to determine if the 
observed genomic difference could impact its expressed protein outcome. Taoka et al. 
(2004) found that the majority of horizontally transferred genes in the genome of E. coli 
are not translated into proteins. Recent data from transcriptomic and/or proteomic 
profiling suggest that marker panels derived from transcriptomic or proteomic profiling 
are superior to single genes or markers, in differentiating non-infectious from sepsis-
associated systemic inflammation, and thus may overcome some of the limitations of 
procalcitonin (Johnson et al., 2007; Tang et al., 2009).  
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The use of biomarkers might help to avoid antibiotic misuse and overuse and to curb the 
rising incidence of microbial resistance. Increasing rates of bacterial resistance among 
common pathogens are threatening the effectiveness of even the most potent antibiotics. 
Through proteome analysis we showed how mechanisms of antimicrobial resistance can 
affect other important characteristics, like virulence, possibly resulting in low dissemination 
of such strains. Further work focusing on the interactions between antimicrobial resistance 
and virulence mechanisms is important. There is also a need for further epidemiological 
studies to determine whether different kinds of disinfectants contribute to the emergence of 
antibiotic resistance in order to establish the best practices to prevent or minimize the 
selection of antibiotic resistance (Karatzas et al., 2008). 

4. The potential role of proteomics in Salmonella research 
Functional genomics allows identification of complex pathways and interactions between 
gene expression products that provides insight into processes beyond their clinical 
appearance. Single cell signaling stimuli can define complex cellular pathways but 
multicellular and whole organism systems require an understanding of complex 
interrelationships, both structurally and temporally. These complex interrelationships are 
based on numerous individual components, diffuse interconnectivity between 
components, differences in spatio-temporal relations, and complexity in signaling 
network control interactions. Together, comparative proteomics, MS and bioinformatics 
contributed to the achievement of significant progress on the characterization of bacterial 
pathogens (Osman et al., 2009). MALDI has been used for the identification of bacteria 
since 1996 (Holland et al., 1996; Krishnamurthy & Ross, 1996) and this technique can be 
used for determining the causes of infection in patients, for the detection of bioterrorism 
agents, for the detection of toxic molds and bacteria in indoor air and for the detection of 
infectious agents in water (Parker et al., 2010). 

Nevertheless, a broader definition states that proteomics deals with the large-scale 
analysis of proteins, including identification, measure of expression levels and partial 
characterization by the analysis of pre-, co-, and post-translational modifications, their 
structures, functions and interactions. Proteomics has four main objectives: (i) to identify 
all proteins from a proteome creating a catalogue of information; (ii) to analyze 
differential protein expression associated to a disease, different cell states, sample 
treatments and drug targets; (iii) to characterize proteins by discovering their function, 
cellular localization, PTMs, etc. and (iv) to describe and understand protein interaction 
networks (Palagi et al., 2006). 

Proteomic profiling is a useful approach to obtain an overview of the proteins present in a 
bacterial system under differing conditions (DelVecchio et al., 2002; Lipton et al., 2002). 
Additionally, it can aid in understanding the molecular determinants involved with 
pathogenesis, which is essential for the development of effective strategies to combat infection 
and revealing new therapeutic targets (Lucas & Lee, 2000). Therefore, proteomics presents one 
of the best ways to investigate changes in the genome expression profile (Leverrier et al., 2004). 
Protein profiles can reveal the complexity of expressed proteins in bacteria, representing 
phenotypic characteristics, but they can also provide an excellent approximation of a 
microorganism’s genome information. Also, proteomic methodologies contribute to the 
determination of antimicrobial resistance mechanisms, through the capacity to analyze global 
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changes of bacteria (Radhouani et al., 2010). The use of Salmonella reference protein maps may 
be helpful in the identification of proteins in different Salmonella strains. In addition, these 
maps can facilitate the determination of different growth conditions (Qi et al., 1996). Studying 
the proteome of Salmonella with its small genome (with an estimated coding potential of 4000 
gene products) makes it theoretically simple to determine if a certain protein is known or 
novel. Further, the close evolutionary relationship between E. coli and Salmonella, in which 
protein homologues usually have similar sequences, allows a reliable assignment of proteins 
and PTMs which appears to be relatively rare. Also, the availability of decreased-virulence-
strains, as a result of mutations in key regulatory proteins, allows the comparison of protein 
expression profiles between strains, which permits the identification of proteins under the 
control of a specific regulator (O'Connor et al., 1997).  

Because Salmonella need to invade a specific host cell to initiate the disease process, the 
characterization of the Salmonella proteins that are induced during and following invasion of 
different types of mammalian cells is of particular interest (O'Connor et al., 1997), 
particularly in the development of new antimicrobial approaches. Studies performed by our 
research group have proven the capability of proteomics to provide results that allow the 
comparison between Salmonella strains, as long as the detection of proteins related to 
antibiotic resistance, pathogenesis and virulence in this species (Pinto et al., 2010). Therefore, 
our group developed an integrated genomic and proteomic evaluation of antibiotic 
resistance in Salmonella strains with different serotypes and antibiotic resistance phenotypes, 
recovered from faecal samples of wild rabbits and wild boars from the North of Portugal. 
All strains used in the referred study are listed in Table 1, which shows the resistance 
profiles of the different samples of Salmonella serotypes displayed in the 1-D gel. Analysis of 
different strains by SDS-PAGE gave reproducible whole-cell protein patterns which allowed 
differentiation among the serovars included in this study (Figure 4). The genetic 
characterization of antimicrobial resistance genes as well as their location and diversity is 
important in identifying factors involved in resistance, understanding the diversity of multi-
drug resistant strains, identifying genetic linkages among markers, understanding potential 
transfer mechanisms, and developing efficient detection methods. 

Cell wall changes that result in reduced permeability can also be responsible for resistance to 
biocides and antibiotics. These common mechanisms of resistance to biocides and antibiotics 
should be a public health concern, and prevention of the dissemination of antibiotic-resistant 
strains in the environment and animal hosts, including farm animals and humans, is important 
(Karatzas et al., 2008). The application of proteomics to the antibiotic-discovery process, 
technically spoken, requires the same methodological approaches as those applied to study the 
physiological response to environmental stresses. Nevertheless, there are many potential 
questions to be asked that are specific for drug-discovery applications. Antibiotics exert their 
antibacterial activity via binding to and inhibition of certain molecular targets, thereby usually 
blocking a function essential for microbial survival. Therefore, one application of proteomics in 
drug discovery is the identification of novel antibacterial targets. Target identification will 
critically rely either on the availability of similar protein expression profiles for comparison or 
on the detailed investigation of proteome signatures induced by the compound tested. For 
target validation, proteome analysis of mutants may be helpful if an inhibitor of a novel target 
of interest is not yet available. For certain groups of inhibitors it might be beneficial to extend 
the analysis to different pI ranges or to include different protein fractions to increase the 
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The use of biomarkers might help to avoid antibiotic misuse and overuse and to curb the 
rising incidence of microbial resistance. Increasing rates of bacterial resistance among 
common pathogens are threatening the effectiveness of even the most potent antibiotics. 
Through proteome analysis we showed how mechanisms of antimicrobial resistance can 
affect other important characteristics, like virulence, possibly resulting in low dissemination 
of such strains. Further work focusing on the interactions between antimicrobial resistance 
and virulence mechanisms is important. There is also a need for further epidemiological 
studies to determine whether different kinds of disinfectants contribute to the emergence of 
antibiotic resistance in order to establish the best practices to prevent or minimize the 
selection of antibiotic resistance (Karatzas et al., 2008). 

4. The potential role of proteomics in Salmonella research 
Functional genomics allows identification of complex pathways and interactions between 
gene expression products that provides insight into processes beyond their clinical 
appearance. Single cell signaling stimuli can define complex cellular pathways but 
multicellular and whole organism systems require an understanding of complex 
interrelationships, both structurally and temporally. These complex interrelationships are 
based on numerous individual components, diffuse interconnectivity between 
components, differences in spatio-temporal relations, and complexity in signaling 
network control interactions. Together, comparative proteomics, MS and bioinformatics 
contributed to the achievement of significant progress on the characterization of bacterial 
pathogens (Osman et al., 2009). MALDI has been used for the identification of bacteria 
since 1996 (Holland et al., 1996; Krishnamurthy & Ross, 1996) and this technique can be 
used for determining the causes of infection in patients, for the detection of bioterrorism 
agents, for the detection of toxic molds and bacteria in indoor air and for the detection of 
infectious agents in water (Parker et al., 2010). 

Nevertheless, a broader definition states that proteomics deals with the large-scale 
analysis of proteins, including identification, measure of expression levels and partial 
characterization by the analysis of pre-, co-, and post-translational modifications, their 
structures, functions and interactions. Proteomics has four main objectives: (i) to identify 
all proteins from a proteome creating a catalogue of information; (ii) to analyze 
differential protein expression associated to a disease, different cell states, sample 
treatments and drug targets; (iii) to characterize proteins by discovering their function, 
cellular localization, PTMs, etc. and (iv) to describe and understand protein interaction 
networks (Palagi et al., 2006). 

Proteomic profiling is a useful approach to obtain an overview of the proteins present in a 
bacterial system under differing conditions (DelVecchio et al., 2002; Lipton et al., 2002). 
Additionally, it can aid in understanding the molecular determinants involved with 
pathogenesis, which is essential for the development of effective strategies to combat infection 
and revealing new therapeutic targets (Lucas & Lee, 2000). Therefore, proteomics presents one 
of the best ways to investigate changes in the genome expression profile (Leverrier et al., 2004). 
Protein profiles can reveal the complexity of expressed proteins in bacteria, representing 
phenotypic characteristics, but they can also provide an excellent approximation of a 
microorganism’s genome information. Also, proteomic methodologies contribute to the 
determination of antimicrobial resistance mechanisms, through the capacity to analyze global 
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changes of bacteria (Radhouani et al., 2010). The use of Salmonella reference protein maps may 
be helpful in the identification of proteins in different Salmonella strains. In addition, these 
maps can facilitate the determination of different growth conditions (Qi et al., 1996). Studying 
the proteome of Salmonella with its small genome (with an estimated coding potential of 4000 
gene products) makes it theoretically simple to determine if a certain protein is known or 
novel. Further, the close evolutionary relationship between E. coli and Salmonella, in which 
protein homologues usually have similar sequences, allows a reliable assignment of proteins 
and PTMs which appears to be relatively rare. Also, the availability of decreased-virulence-
strains, as a result of mutations in key regulatory proteins, allows the comparison of protein 
expression profiles between strains, which permits the identification of proteins under the 
control of a specific regulator (O'Connor et al., 1997).  

Because Salmonella need to invade a specific host cell to initiate the disease process, the 
characterization of the Salmonella proteins that are induced during and following invasion of 
different types of mammalian cells is of particular interest (O'Connor et al., 1997), 
particularly in the development of new antimicrobial approaches. Studies performed by our 
research group have proven the capability of proteomics to provide results that allow the 
comparison between Salmonella strains, as long as the detection of proteins related to 
antibiotic resistance, pathogenesis and virulence in this species (Pinto et al., 2010). Therefore, 
our group developed an integrated genomic and proteomic evaluation of antibiotic 
resistance in Salmonella strains with different serotypes and antibiotic resistance phenotypes, 
recovered from faecal samples of wild rabbits and wild boars from the North of Portugal. 
All strains used in the referred study are listed in Table 1, which shows the resistance 
profiles of the different samples of Salmonella serotypes displayed in the 1-D gel. Analysis of 
different strains by SDS-PAGE gave reproducible whole-cell protein patterns which allowed 
differentiation among the serovars included in this study (Figure 4). The genetic 
characterization of antimicrobial resistance genes as well as their location and diversity is 
important in identifying factors involved in resistance, understanding the diversity of multi-
drug resistant strains, identifying genetic linkages among markers, understanding potential 
transfer mechanisms, and developing efficient detection methods. 

Cell wall changes that result in reduced permeability can also be responsible for resistance to 
biocides and antibiotics. These common mechanisms of resistance to biocides and antibiotics 
should be a public health concern, and prevention of the dissemination of antibiotic-resistant 
strains in the environment and animal hosts, including farm animals and humans, is important 
(Karatzas et al., 2008). The application of proteomics to the antibiotic-discovery process, 
technically spoken, requires the same methodological approaches as those applied to study the 
physiological response to environmental stresses. Nevertheless, there are many potential 
questions to be asked that are specific for drug-discovery applications. Antibiotics exert their 
antibacterial activity via binding to and inhibition of certain molecular targets, thereby usually 
blocking a function essential for microbial survival. Therefore, one application of proteomics in 
drug discovery is the identification of novel antibacterial targets. Target identification will 
critically rely either on the availability of similar protein expression profiles for comparison or 
on the detailed investigation of proteome signatures induced by the compound tested. For 
target validation, proteome analysis of mutants may be helpful if an inhibitor of a novel target 
of interest is not yet available. For certain groups of inhibitors it might be beneficial to extend 
the analysis to different pI ranges or to include different protein fractions to increase the 
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number of marker proteins. For instance, it would be interesting to identify marker proteins in 
the membrane fraction that help differentiate between membrane-active antibacterial 
compounds (Apfel et al., 2001; Bandow et al., 2003; Evers et al., 2001; Gmuender et al., 2001; 
Gray & Keck, 1999; Singh et al., 2001). 

Sample Serotype Resistance profile 
J27(1) S. Typhimurium AMP; TET; STR; CHL 
J32(2) S. Typhimurium AMP; TET; STR; CHL 
C71(1) S. Typhimurium AMP; TET; STR; CHL 
P40(a) S. Typhimurium AMP; TET; STR; CHL 
P16(1) S. Typhimurium AMP; TET; STR; CHL 
P20(2) S. Enteritidis AMP; TET; STR; NAL; CHL 
P29(2) S. Rissen AMP; TET; STR; NAL; SXT 
J45(1) S. Rissen AMP; TET; SXT 
P1(1) S. Enteritidis AMP; TET; NAL; SXT 
AVT14(1) ND TET; SXT 
C12(1) S. Rissen AMC; AMP; TET; STR; SXT 
C16(1) S. Typhimurium AMP; TET; AK; STR; CHL 
C40(2) S. Typhimurium AMP; STR; CHL 
P57(c) S. Enteritidis TOB; STR 
C37(1) S. Enteritidis - 
J15(2) S. Typhimurium AMP; STR; CHL 

J—wild boars; C—wild rabbit; P—swine; AVT—ostrich; AK—amikacin; AMC—amoxicillin–clavulanic 
acid; AMP—ampicillin; CHL—chloramphenicol; NAL—nalidixic acid; STR—streptomycin; SXT—
sulfamethoxazole–trimethoprim; TET—tetracycline; TOB—tobramycin; ND—not determined. Adapted 
from Journal of Proteomics, 73 (8), (Pinto et al., 2010), Genomic and proteomic evaluation of antibiotic 
resistance in Salmonella strains, 1535-1541, Copyright (2010), with permission from Elsevier. 

Table 1. Resistance profiles of the different samples of Salmonella serotypes displayed in 
the 1-D gel. 

According to these patterns, two different serotypes were chosen based on differences in 
serotypification and antibiotic resistance to proceed to a full proteomic study: the wild boar 
S. Typhimurium J15(2) strain, which demonstrated resistance to three antimicrobial agents 
(ampicillin, streptomycin and chloramphenicol) and S. Enteritidis C37(1), recovered from a 
wild rabbit, where no antibiotic resistance was found. 2-DE (Figure 5) combined with MS 
(MALDI-TOF/TOF) and then the correlation with web databases allowed the exact 
identification and characterization of proteins related to antibiotic resistance, pathogenesis 
and virulence in both Salmonella strains (Table 2). In S. Enteritidis isolated from a wild rabbit 
[C37(1)], the protein “Virulence transcriptional regulatory protein phoP” was detected in 
spot 47 and was previously reported in three different Salmonella strains: S. Typhi (accession 
number Q8Z7H2), S. Typhimurium (P14146) and S. Choleraesuis (Q57QC3). Protein phoP is 
a member of the two-component regulatory system phoQ/phoP that regulates the gene 
expression involved in virulence and resistance to host defensive antimicrobial peptides, 
promoting intramacrophage survival of S. Typhimurium (Miller et al., 1989). Transcriptional 
regulatory protein basR/pmrA (P36556) was also found in C37(1), and is related to S. 
Typhimurium where it is involved with processes of antibiotic resistance and pathogenesis, 
more exactly in the resistance to polymyxin (McClelland et al., 2001). 
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Adapted from Journal of Proteomics, 73 (8), (Pinto et al., 2010), Genomic and proteomic evaluation of 
antibiotic resistance in Salmonella strains, 1535-1541, Copyright (2010), with permission from Elsevier. 

Table 2. Protein spots identification and sequencing results from Salmonella spp. isolates 
C37(1) and J15(2) 2-DE gels, by MALDI-TOF. 
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number of marker proteins. For instance, it would be interesting to identify marker proteins in 
the membrane fraction that help differentiate between membrane-active antibacterial 
compounds (Apfel et al., 2001; Bandow et al., 2003; Evers et al., 2001; Gmuender et al., 2001; 
Gray & Keck, 1999; Singh et al., 2001). 
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C16(1) S. Typhimurium AMP; TET; AK; STR; CHL 
C40(2) S. Typhimurium AMP; STR; CHL 
P57(c) S. Enteritidis TOB; STR 
C37(1) S. Enteritidis - 
J15(2) S. Typhimurium AMP; STR; CHL 

J—wild boars; C—wild rabbit; P—swine; AVT—ostrich; AK—amikacin; AMC—amoxicillin–clavulanic 
acid; AMP—ampicillin; CHL—chloramphenicol; NAL—nalidixic acid; STR—streptomycin; SXT—
sulfamethoxazole–trimethoprim; TET—tetracycline; TOB—tobramycin; ND—not determined. Adapted 
from Journal of Proteomics, 73 (8), (Pinto et al., 2010), Genomic and proteomic evaluation of antibiotic 
resistance in Salmonella strains, 1535-1541, Copyright (2010), with permission from Elsevier. 

Table 1. Resistance profiles of the different samples of Salmonella serotypes displayed in 
the 1-D gel. 

According to these patterns, two different serotypes were chosen based on differences in 
serotypification and antibiotic resistance to proceed to a full proteomic study: the wild boar 
S. Typhimurium J15(2) strain, which demonstrated resistance to three antimicrobial agents 
(ampicillin, streptomycin and chloramphenicol) and S. Enteritidis C37(1), recovered from a 
wild rabbit, where no antibiotic resistance was found. 2-DE (Figure 5) combined with MS 
(MALDI-TOF/TOF) and then the correlation with web databases allowed the exact 
identification and characterization of proteins related to antibiotic resistance, pathogenesis 
and virulence in both Salmonella strains (Table 2). In S. Enteritidis isolated from a wild rabbit 
[C37(1)], the protein “Virulence transcriptional regulatory protein phoP” was detected in 
spot 47 and was previously reported in three different Salmonella strains: S. Typhi (accession 
number Q8Z7H2), S. Typhimurium (P14146) and S. Choleraesuis (Q57QC3). Protein phoP is 
a member of the two-component regulatory system phoQ/phoP that regulates the gene 
expression involved in virulence and resistance to host defensive antimicrobial peptides, 
promoting intramacrophage survival of S. Typhimurium (Miller et al., 1989). Transcriptional 
regulatory protein basR/pmrA (P36556) was also found in C37(1), and is related to S. 
Typhimurium where it is involved with processes of antibiotic resistance and pathogenesis, 
more exactly in the resistance to polymyxin (McClelland et al., 2001). 
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Fig. 4. SDS-PAGE of total protein extracts from Salmonella serotypes. 1-J27(1); 2-J32(2); 3-
C71(1); 4-P40(a); 5-P16(1); 6-P20(2); 7-P29(2); 8-J45(1); 9-P1(1); 10-AVT14(1); 11-C12(1); 12-
C16(1); 13-C40(2); 14- Marker; 15-P57(c); 16-C37(1); 17-J15(2). Arrows indicate the clearest 
differences between protein samples. Reprinted from Journal of Proteomics, 73 (8), (Pinto et 
al., 2010), Genomic and proteomic evaluation of antibiotic resistance in Salmonella strains, 
1535-1541, Copyright (2010), with permission from Elsevier. 

Since horizontal gene transfer among bacteria is a common mechanism of antibiotic 
resistance transmission within different bacteria, the presence of this protein in Salmonella 
carried in a faecal sample of a wild animal represents a concern, in the event of contact with 
domestic or commercial animals, or even humans. In S. Typhimurium J15(2), recovered 
from the faecal sample of a wild boar, the transcriptional regulatory protein basR/pmrA 
(P36556) was also found. Protein Superoxide dismutase [Mn] (sodA) was found in both 
isolates and is known to be responsible for the destruction of radicals that are normally 
produced within the cells and that are toxic to biological systems. The presence of this 
protein allows these bacteria to prevent an early killing by J774 cells and thus play a minor 
role in Salmonella pathogenesis (Tsolis et al., 1995). Chaperone protein dnaJ was also 
identified and is important for its relationship with the stress response mechanism towards 
heat, a very important reaction for the survival of bacteria such as Salmonella and its 
contribution to antibiotic resistance capability. This work, albeit preliminary in nature, 
reveals the complexity of expressed proteins in bacteria or different serotypes and profiles of 
antibiotic resistance. Bearing in mind that serotypes are related to infectious processes in 
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humans and animals, it is important to explore the proteome of new strains which might 
serve as protein biomarkers for biological activity.  

 

 
 

Fig. 5. 2-DE gel image of Salmonella samples with IPG strips pH3–10. Left: Serotype C37(1); 
Right: Serotype J15(2). Reprinted from Journal of Proteomics, 73 (8), (Pinto et al., 2010), 
Genomic and proteomic evaluation of antibiotic resistance in Salmonella strains, 1535-1541, 
Copyright (2010), with permission from Elsevier. 

4.1 Proteomic mapping analysis and proteomic signatures 

Proteomics already allowed substantial progress in elucidating the basic regulatory 
networks that form the basis for the extraordinary capacity of bacteria to adapt to a 
diversity of lifestyles and external stress factors. The application of this method for 
antibacterial drug-discovery purposes, however, is still in its early days. One reason for 
this phenomenon is the fact that the discovery of novel targets, which is one of the most 
important applications of proteome studies in other areas of drug discovery, is not so 
much a bottleneck in antibiotic research, because the pathophysiology of most bacterial 
infections is relatively well-understood and simple: killing the bacterium or interfering 
with its growth and, possibly, its virulence is usually all it takes. The term “proteomic 
signature” is defined by a subset of proteins, whose expression levels are characteristic for 
a defined condition (VanBogelen et al., 1999). To spot a proteomic signature, it is essential 
to recognize the connection between the expression levels of specific proteins and a 
particular physiological state. The establishment of protein signatures can be extremely 
helpful in the interpretation of a protein expression profile obtained under an 
unprecedented growth condition (Brotz-Oesterhelt et al., 2005). 

Since its inception, the goal of proteomics has been the complete characterization of all 
proteins. However, considering the proteome of an organism as all protein forms expressed, 
including splice isoforms and PTMs, this goal consists of a considerably complex amount of 
information that needs to be gathered. Whereas the genome of an organism generally does 
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Fig. 4. SDS-PAGE of total protein extracts from Salmonella serotypes. 1-J27(1); 2-J32(2); 3-
C71(1); 4-P40(a); 5-P16(1); 6-P20(2); 7-P29(2); 8-J45(1); 9-P1(1); 10-AVT14(1); 11-C12(1); 12-
C16(1); 13-C40(2); 14- Marker; 15-P57(c); 16-C37(1); 17-J15(2). Arrows indicate the clearest 
differences between protein samples. Reprinted from Journal of Proteomics, 73 (8), (Pinto et 
al., 2010), Genomic and proteomic evaluation of antibiotic resistance in Salmonella strains, 
1535-1541, Copyright (2010), with permission from Elsevier. 

Since horizontal gene transfer among bacteria is a common mechanism of antibiotic 
resistance transmission within different bacteria, the presence of this protein in Salmonella 
carried in a faecal sample of a wild animal represents a concern, in the event of contact with 
domestic or commercial animals, or even humans. In S. Typhimurium J15(2), recovered 
from the faecal sample of a wild boar, the transcriptional regulatory protein basR/pmrA 
(P36556) was also found. Protein Superoxide dismutase [Mn] (sodA) was found in both 
isolates and is known to be responsible for the destruction of radicals that are normally 
produced within the cells and that are toxic to biological systems. The presence of this 
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antibiotic resistance. Bearing in mind that serotypes are related to infectious processes in 
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humans and animals, it is important to explore the proteome of new strains which might 
serve as protein biomarkers for biological activity.  

 

 
 

Fig. 5. 2-DE gel image of Salmonella samples with IPG strips pH3–10. Left: Serotype C37(1); 
Right: Serotype J15(2). Reprinted from Journal of Proteomics, 73 (8), (Pinto et al., 2010), 
Genomic and proteomic evaluation of antibiotic resistance in Salmonella strains, 1535-1541, 
Copyright (2010), with permission from Elsevier. 

4.1 Proteomic mapping analysis and proteomic signatures 

Proteomics already allowed substantial progress in elucidating the basic regulatory 
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this phenomenon is the fact that the discovery of novel targets, which is one of the most 
important applications of proteome studies in other areas of drug discovery, is not so 
much a bottleneck in antibiotic research, because the pathophysiology of most bacterial 
infections is relatively well-understood and simple: killing the bacterium or interfering 
with its growth and, possibly, its virulence is usually all it takes. The term “proteomic 
signature” is defined by a subset of proteins, whose expression levels are characteristic for 
a defined condition (VanBogelen et al., 1999). To spot a proteomic signature, it is essential 
to recognize the connection between the expression levels of specific proteins and a 
particular physiological state. The establishment of protein signatures can be extremely 
helpful in the interpretation of a protein expression profile obtained under an 
unprecedented growth condition (Brotz-Oesterhelt et al., 2005). 

Since its inception, the goal of proteomics has been the complete characterization of all 
proteins. However, considering the proteome of an organism as all protein forms expressed, 
including splice isoforms and PTMs, this goal consists of a considerably complex amount of 
information that needs to be gathered. Whereas the genome of an organism generally does 
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not vary from cell to cell, the proteome will change in response to different stimuli, even for 
a single cell (Han et al., 2008). When grown under moderate stress conditions, bacteria may 
develop an adaptive response, allowing them to cope with subsequent more severe stresses. 
In general, this adaptation phenomenon appears to involve multiple genes encoding stress 
proteins, which can be specifically induced by a particular stress factor or induced by 
several conditions (Rince et al., 2002). 

Protein maps associate a protein spot from a 2D gel to its corresponding ORF and also 
provide the respective knowledge pertaining to protein function (Brotz-Oesterhelt et al., 
2005). 2D-PAGE, as already referred, is the most used technique for protein mapping and 
analysis. However, there are by now published studies proving the potential of non-gel-
based technologies, like liquid chromatography coupled with ion-trap tandem MS. The 
number of proteins identified in both techniques may be quite similar, but it is possible to 
detect some different types of proteins (Brotz-Oesterhelt et al., 2005). Analyzing the 
proteome of a human pathogen like Salmonella has proven to be crucial. The establishment 
of protein reference maps is a significant point for many physiological studies that may 
follow. Nevertheless, protein maps only represent virtual compilations of all proteins ever 
detected or identified in an organism; they do not disclose which subset of proteins is 
expressed under specific growth conditions. In order to obtain such information, protein-
expression profiles must be generated (Brotz-Oesterhelt et al., 2005). 

The adaptation status of each organism to a specific ecological niche is reflected by the 
different types of proteins encoded and variations in their amino acid sequences. That 
adaption is achieved by differences in post-transcriptional and post-translational regulation 
that mediate the adaptation on the protein level. Thus, proteins that constitute a proteomic 
signature for a specific condition in one organism do not necessarily belong to the proteomic 
signature for the same physiological state in another organism. 

Genomic and proteomic technologies have revolutionized the way we design and conduct 
current biological experiments. Our ability to rapidly analyze hundreds of expressed 
proteins and identify which gene encodes a specific protein generates a vast amount of 
information essential in examining different but interrelated pathways within the organism. 
Knowing which proteins are phosphorylated, for instance, may explain the differential 
expression of certain genes responsible for attenuating virulence or conferring host 
specificity. Beyond these, results of proteomics studies may be used in the development of a 
more potent vaccine, rapid detection methodology and fingerprinting, and novel 
antimicrobial drugs (DelVecchio et al., 2002; Lipton et al., 2002). Proteomic technologies 
have been greatly refined during the past decade and have been applied to investigate 
differences in the protein expression profiles of cells grown under a broad spectrum of 
growth conditions and with different stress factors including some antibiotics inhibiting 
protein synthesis or gyrase function. 

4.2 Comparative proteomics and antibacterial drug discovery process 

Evaluation of protein profiles in response to multiple stress mechanisms, such as sensitivity 
to antibiotics or modifications related to antibiotic resistance, could represent a valid and 
integrating approach for the development of new therapeutic strategies (Roncada et al., 
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2009). It is widely recognized that the development of novel antibacterial agents without 
cross-resistance to existing antibiotics should have high priority on any meaningful public 
health agenda. Therefore, it is not surprising that proteome analysis of the consequences of 
antimicrobial treatment for bacteria has recently gained increasing interest. This approach 
provides a deeper insight into bacterial response to a certain antimicrobial treatment and 
benefits are expected in many other aspects of modern drug development such as the 
identification of novel target areas and the elucidation of the molecular mechanisms of 
action of novel drug candidates. 

Antibiotics exert their antibacterial activity by binding to and inhibiting certain molecular 
targets, thereby usually blocking a function essential for microbial survival. Thus, one 
application of proteomics in drug discovery is the identification of novel antibacterial 
targets. Some available studies in which proteomics was performed with clear emphasis on 
antibacterial drug discovery focus on either target validation or mode of action, including 
those that aim at a better molecular understanding of the mechanisms of action of existing 
drugs (Apfel et al., 2001; Bandow et al., 2003; Evers et al., 2001; Gmuender et al., 2001; Gray 
& Keck, 1999; Singh et al., 2001). In these studies, the proteome of bacteria grown in vitro 
under standardized conditions in the presence and absence of the antibiotic of interest is 
analyzed with respect to changes in the protein-expression pattern. 

Thus, significant progress has been made on the characterization of bacterial pathogens 
through comparative proteomics correlated with MS and bioinformatics (Pinto et al., 
2010). In comparative proteomic studies, proteins from different biological states are 
quantitatively compared to obtain a complete understanding of the biological processes 
affecting their expression and/or in which they are involved (Renzone et al., 2005). This is 
a two-step process in which proteins within cellular extracts are first fractionated to 
reduce sample complexity, and then the proteins are identified by MS (Minden, 2007). 
Two-dimensional electrophoresis is the long-time standard for protein separation as it 
provides a direct method to visualize changes in proteins between complex proteome 
samples and is able to resolve thousands of proteins; however, it has suffered from poor 
reproducibility and limited sensitivity (Minden, 2007; Veenstra, 2007). DIGE was 
developed to overcome the reproducibility and sensitivity limitations and provides a 
reliable and sensitive platform to discover proteome changes in a boundless variety of 
circumstances (Minden, 2007). Discovery proteomics also involves multi-dimensional 
separation steps and liquid chromatography-tandem mass spectrometry (LC-MS/MS) 
with long gradients (Qi et al., 1996). 

According to Brotz-Oesterhelt et al. (2005) successful exploitation of those technologies for 
the antibacterial drug discovery process depends on further progress in three main areas: 
i) data collection, which should be expanded to comprise as many antibacterial 
compounds with diverse mechanisms of action as possible, to ideally cover all relevant 
targets (for novel targets, where such reference antibiotics are not always available, the 
analysis of conditional mutants should be included); ii) the data analysis tools, which 
should be optimized or developed to efficiently handle the enormous datasets and to 
facilitate data evaluation in terms of mechanism-specific signatures (by including 
clustering, chemometric, and artificial intelligence approaches, for example); and iii) 
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not vary from cell to cell, the proteome will change in response to different stimuli, even for 
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proteome of a human pathogen like Salmonella has proven to be crucial. The establishment 
of protein reference maps is a significant point for many physiological studies that may 
follow. Nevertheless, protein maps only represent virtual compilations of all proteins ever 
detected or identified in an organism; they do not disclose which subset of proteins is 
expressed under specific growth conditions. In order to obtain such information, protein-
expression profiles must be generated (Brotz-Oesterhelt et al., 2005). 

The adaptation status of each organism to a specific ecological niche is reflected by the 
different types of proteins encoded and variations in their amino acid sequences. That 
adaption is achieved by differences in post-transcriptional and post-translational regulation 
that mediate the adaptation on the protein level. Thus, proteins that constitute a proteomic 
signature for a specific condition in one organism do not necessarily belong to the proteomic 
signature for the same physiological state in another organism. 

Genomic and proteomic technologies have revolutionized the way we design and conduct 
current biological experiments. Our ability to rapidly analyze hundreds of expressed 
proteins and identify which gene encodes a specific protein generates a vast amount of 
information essential in examining different but interrelated pathways within the organism. 
Knowing which proteins are phosphorylated, for instance, may explain the differential 
expression of certain genes responsible for attenuating virulence or conferring host 
specificity. Beyond these, results of proteomics studies may be used in the development of a 
more potent vaccine, rapid detection methodology and fingerprinting, and novel 
antimicrobial drugs (DelVecchio et al., 2002; Lipton et al., 2002). Proteomic technologies 
have been greatly refined during the past decade and have been applied to investigate 
differences in the protein expression profiles of cells grown under a broad spectrum of 
growth conditions and with different stress factors including some antibiotics inhibiting 
protein synthesis or gyrase function. 

4.2 Comparative proteomics and antibacterial drug discovery process 

Evaluation of protein profiles in response to multiple stress mechanisms, such as sensitivity 
to antibiotics or modifications related to antibiotic resistance, could represent a valid and 
integrating approach for the development of new therapeutic strategies (Roncada et al., 
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2009). It is widely recognized that the development of novel antibacterial agents without 
cross-resistance to existing antibiotics should have high priority on any meaningful public 
health agenda. Therefore, it is not surprising that proteome analysis of the consequences of 
antimicrobial treatment for bacteria has recently gained increasing interest. This approach 
provides a deeper insight into bacterial response to a certain antimicrobial treatment and 
benefits are expected in many other aspects of modern drug development such as the 
identification of novel target areas and the elucidation of the molecular mechanisms of 
action of novel drug candidates. 

Antibiotics exert their antibacterial activity by binding to and inhibiting certain molecular 
targets, thereby usually blocking a function essential for microbial survival. Thus, one 
application of proteomics in drug discovery is the identification of novel antibacterial 
targets. Some available studies in which proteomics was performed with clear emphasis on 
antibacterial drug discovery focus on either target validation or mode of action, including 
those that aim at a better molecular understanding of the mechanisms of action of existing 
drugs (Apfel et al., 2001; Bandow et al., 2003; Evers et al., 2001; Gmuender et al., 2001; Gray 
& Keck, 1999; Singh et al., 2001). In these studies, the proteome of bacteria grown in vitro 
under standardized conditions in the presence and absence of the antibiotic of interest is 
analyzed with respect to changes in the protein-expression pattern. 

Thus, significant progress has been made on the characterization of bacterial pathogens 
through comparative proteomics correlated with MS and bioinformatics (Pinto et al., 
2010). In comparative proteomic studies, proteins from different biological states are 
quantitatively compared to obtain a complete understanding of the biological processes 
affecting their expression and/or in which they are involved (Renzone et al., 2005). This is 
a two-step process in which proteins within cellular extracts are first fractionated to 
reduce sample complexity, and then the proteins are identified by MS (Minden, 2007). 
Two-dimensional electrophoresis is the long-time standard for protein separation as it 
provides a direct method to visualize changes in proteins between complex proteome 
samples and is able to resolve thousands of proteins; however, it has suffered from poor 
reproducibility and limited sensitivity (Minden, 2007; Veenstra, 2007). DIGE was 
developed to overcome the reproducibility and sensitivity limitations and provides a 
reliable and sensitive platform to discover proteome changes in a boundless variety of 
circumstances (Minden, 2007). Discovery proteomics also involves multi-dimensional 
separation steps and liquid chromatography-tandem mass spectrometry (LC-MS/MS) 
with long gradients (Qi et al., 1996). 

According to Brotz-Oesterhelt et al. (2005) successful exploitation of those technologies for 
the antibacterial drug discovery process depends on further progress in three main areas: 
i) data collection, which should be expanded to comprise as many antibacterial 
compounds with diverse mechanisms of action as possible, to ideally cover all relevant 
targets (for novel targets, where such reference antibiotics are not always available, the 
analysis of conditional mutants should be included); ii) the data analysis tools, which 
should be optimized or developed to efficiently handle the enormous datasets and to 
facilitate data evaluation in terms of mechanism-specific signatures (by including 
clustering, chemometric, and artificial intelligence approaches, for example); and iii) 
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further methodological progress in order to increase the speed, throughput, and 
reproducibility of 2D gel-based as well as non-gel-based techniques. In comparative 
proteomics, data analysis in most cases concentrates on listing the proteins with 
significantly altered expression levels, which are subsequently discussed with respect to 
the current knowledge of the antibiotic’s mode of action. It is known that antibiotics such 
as β-lactams, glycopeptides, D-cycloserine and fosfomycin, act at different stages of 
bacterial cell wall synthesis and that compounds such as quinolones inhibit DNA gyrase. 
For all proteins with an altered expression in response to a particular stimulus, the term 
‘‘stimulon’’ was coined (Neidhardt et al., 1990) to describe the changes in protein 
expression on a phenotypic level. Therefore, if antibiotics with known activity in a certain 
metabolic pathway are investigated, the data can be exploited to define a pathway-
specific stimulon or a proteomic signature that is indicative of the inhibition of a specific 
target, which might prove to be useful later in identifying and characterizing novel 
antibiotics that act within that pathway. Another application for proteomic studies within 
the drug-discovery process is the verification that a compound, which inhibits the activity 
of a desired isolated protein in a biochemical target assay, acts indeed as expected when 
tested against whole bacterial cells, and does not kill the cell due to other, not target-
related, possibly undesired and non-specific activities such as general membrane 
perturbation or intercalation into nucleic acids. 

Gene-expression analysis is increasingly important in many fields of biological research. 
Understanding patterns of expressed genes is expected to provide insight into complex 
regulatory networks and will most probably lead to the identification of genes relevant to 
new biological processes, or implicated in disease. Real-time PCR provides the 
simultaneous measurement of gene expression in many different samples for a limited 
number of genes, and is especially suitable when only a small number of cells are 
available (Fink et al., 1998). Many changes in the protein synthesis patterns in response to 
the antibiotics were consistent with existing knowledge on the modes of action and on the 
cellular responses to changes in environmental conditions. Inhibition of Ile-tRNA 
synthetase induced the stringent response, and protein synthesis inhibitors that interfere 
with translation accuracy induced class I heat shock proteins known to be induced by 
misfolded proteins. Each response, however, also yielded new information, for example, 
the expression of proteins with unknown function, a shift in the pIs of proteins newly 
synthesized after actinonin treatment, or the good correlation of the protein expression 
profiles of nitrofurantoin and diamide (Bandow et al., 2003). The NCBI-matched proteins 
that show overregulation were then further confirmed on the mRNA level by quantitative 
real time PCR. Identified proteins were representing diverse functional activities 
including energy production, metabolism, and nucleic acid synthesis. Interestingly, some 
recognized proteins have some relevance to bacterial virulence e.g. Salmonella 
pathogenicity island 1 effector protein, T-cell inhibitor protein, response regulator protein, 
paratose synthetase protein (RfbS) and heat shock protein 90. Comparative proteomics 
analysis of the cytosolic proteins of S. Gallinarum and S. Enteritidis isolated from poultry 
was performed and revealed the presence of some proteins of unknown function, which 
raise the speculation for their importance in either host adaptation or pathogenicity 
among S. Gallinarum serovars (Osman et al., 2009). 
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Current strategies for the discovery of novel antibacterial agents can be categorized as being 
either directed against a specific molecular target or based on reverse genomics. In the 
target-based approach, a certain molecular target is carefully selected and then compound 
libraries are screened specifically for inhibitors of its function. In the ‘‘reverse-genomics’’ 
approach, a compound is selected for its promising antibacterial activity and the target is 
determined in a second step.  

In antibiotic drug discovery two major strategies are used (Bandow et al., 2003): the 
evaluation of structural variations among existing antibiotic classes in order to find 
compounds which hit the same targets by similar molecular mechanisms and the evaluation 
of novel antibiotic substances arising either from high-throughput target-based assays, or 
from antibacterial activity screening. If, through its antibacterial activity alone, a novel 
compound class arouses interest, its molecular target needs to be identified so that 
undesirable side effects on eukaryotic cells can be minimized (target identification). In 
addition, for structurally modified antibiotics or compounds derived from the target-based 
assays it is necessary to prove that interaction with the cellular target is indeed the direct 
cause for bacterial cell death (target validation).  

Bandow et al. (2003) used a proteomic approach to study the responses of bacteria to 
antibacterial compounds and demonstrated that proteome analysis is useful for both target 
identification and target validation. They began building a database from 2D protein 
analysis of bacterial responses to antibiotic treatment, considering all important established 
and emerging antibiotic classes as well as some substances causing generalized cell damage. 
Bacillus subtilis was the chosen organism because its genome is fully sequenced and earlier 
proteome studies focusing on the description of protein signatures of environmental stimuli 
were accessible in the Sub2D database. Therefore, 30 antimicrobial compounds were 
studied, most of which have been well characterized in terms of their mechanisms of action 
and by comparison with known antibiotics, and they were able to predict the mode of action 
of the structurally new antibacterial BAY 50-2369. This study also provided a better 
understanding of nitrofurantoin’s mode of action, which has been used for decades in the 
treatment of urinary tract infections. Hence, Bandow et al. (2003) showed that, by mirroring 
the complex molecular reactions of bacteria, proteomics is able to enlarge the view of known 
antibiotics and assist in the discovery of new drugs. 

5. Effects of external stress on the Salmonella proteome 
The capability of growing many bacterial species in well-defined artificial culture media has 
been a pre-requisite for the current in-depth understanding of bacterial physiology. 
Repeatedly, those culture media provide the most advantageous growth conditions that 
allow maximal and uniform logarithmic bacterial growth until some components of the 
medium become exhausted and logarithmic growth ceases. Under such optimal conditions, 
the protein composition of the cell is usually quite constant and tuned to support the special 
conditions of rapid growth. However, on the external environment, outside the laboratory, 
bacteria face much less supportive and highly variable growth conditions, with respect to 
temperature, pH, osmolarity, nutrient availability, host interactions, etc. Those stress 
situations do not principally differ from the stresses induced by antibiotic attack. Antibiotics 
are frequently encountered by many bacteria in their natural habitats, because many 
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further methodological progress in order to increase the speed, throughput, and 
reproducibility of 2D gel-based as well as non-gel-based techniques. In comparative 
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significantly altered expression levels, which are subsequently discussed with respect to 
the current knowledge of the antibiotic’s mode of action. It is known that antibiotics such 
as β-lactams, glycopeptides, D-cycloserine and fosfomycin, act at different stages of 
bacterial cell wall synthesis and that compounds such as quinolones inhibit DNA gyrase. 
For all proteins with an altered expression in response to a particular stimulus, the term 
‘‘stimulon’’ was coined (Neidhardt et al., 1990) to describe the changes in protein 
expression on a phenotypic level. Therefore, if antibiotics with known activity in a certain 
metabolic pathway are investigated, the data can be exploited to define a pathway-
specific stimulon or a proteomic signature that is indicative of the inhibition of a specific 
target, which might prove to be useful later in identifying and characterizing novel 
antibiotics that act within that pathway. Another application for proteomic studies within 
the drug-discovery process is the verification that a compound, which inhibits the activity 
of a desired isolated protein in a biochemical target assay, acts indeed as expected when 
tested against whole bacterial cells, and does not kill the cell due to other, not target-
related, possibly undesired and non-specific activities such as general membrane 
perturbation or intercalation into nucleic acids. 

Gene-expression analysis is increasingly important in many fields of biological research. 
Understanding patterns of expressed genes is expected to provide insight into complex 
regulatory networks and will most probably lead to the identification of genes relevant to 
new biological processes, or implicated in disease. Real-time PCR provides the 
simultaneous measurement of gene expression in many different samples for a limited 
number of genes, and is especially suitable when only a small number of cells are 
available (Fink et al., 1998). Many changes in the protein synthesis patterns in response to 
the antibiotics were consistent with existing knowledge on the modes of action and on the 
cellular responses to changes in environmental conditions. Inhibition of Ile-tRNA 
synthetase induced the stringent response, and protein synthesis inhibitors that interfere 
with translation accuracy induced class I heat shock proteins known to be induced by 
misfolded proteins. Each response, however, also yielded new information, for example, 
the expression of proteins with unknown function, a shift in the pIs of proteins newly 
synthesized after actinonin treatment, or the good correlation of the protein expression 
profiles of nitrofurantoin and diamide (Bandow et al., 2003). The NCBI-matched proteins 
that show overregulation were then further confirmed on the mRNA level by quantitative 
real time PCR. Identified proteins were representing diverse functional activities 
including energy production, metabolism, and nucleic acid synthesis. Interestingly, some 
recognized proteins have some relevance to bacterial virulence e.g. Salmonella 
pathogenicity island 1 effector protein, T-cell inhibitor protein, response regulator protein, 
paratose synthetase protein (RfbS) and heat shock protein 90. Comparative proteomics 
analysis of the cytosolic proteins of S. Gallinarum and S. Enteritidis isolated from poultry 
was performed and revealed the presence of some proteins of unknown function, which 
raise the speculation for their importance in either host adaptation or pathogenicity 
among S. Gallinarum serovars (Osman et al., 2009). 
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target-based approach, a certain molecular target is carefully selected and then compound 
libraries are screened specifically for inhibitors of its function. In the ‘‘reverse-genomics’’ 
approach, a compound is selected for its promising antibacterial activity and the target is 
determined in a second step.  

In antibiotic drug discovery two major strategies are used (Bandow et al., 2003): the 
evaluation of structural variations among existing antibiotic classes in order to find 
compounds which hit the same targets by similar molecular mechanisms and the evaluation 
of novel antibiotic substances arising either from high-throughput target-based assays, or 
from antibacterial activity screening. If, through its antibacterial activity alone, a novel 
compound class arouses interest, its molecular target needs to be identified so that 
undesirable side effects on eukaryotic cells can be minimized (target identification). In 
addition, for structurally modified antibiotics or compounds derived from the target-based 
assays it is necessary to prove that interaction with the cellular target is indeed the direct 
cause for bacterial cell death (target validation).  

Bandow et al. (2003) used a proteomic approach to study the responses of bacteria to 
antibacterial compounds and demonstrated that proteome analysis is useful for both target 
identification and target validation. They began building a database from 2D protein 
analysis of bacterial responses to antibiotic treatment, considering all important established 
and emerging antibiotic classes as well as some substances causing generalized cell damage. 
Bacillus subtilis was the chosen organism because its genome is fully sequenced and earlier 
proteome studies focusing on the description of protein signatures of environmental stimuli 
were accessible in the Sub2D database. Therefore, 30 antimicrobial compounds were 
studied, most of which have been well characterized in terms of their mechanisms of action 
and by comparison with known antibiotics, and they were able to predict the mode of action 
of the structurally new antibacterial BAY 50-2369. This study also provided a better 
understanding of nitrofurantoin’s mode of action, which has been used for decades in the 
treatment of urinary tract infections. Hence, Bandow et al. (2003) showed that, by mirroring 
the complex molecular reactions of bacteria, proteomics is able to enlarge the view of known 
antibiotics and assist in the discovery of new drugs. 

5. Effects of external stress on the Salmonella proteome 
The capability of growing many bacterial species in well-defined artificial culture media has 
been a pre-requisite for the current in-depth understanding of bacterial physiology. 
Repeatedly, those culture media provide the most advantageous growth conditions that 
allow maximal and uniform logarithmic bacterial growth until some components of the 
medium become exhausted and logarithmic growth ceases. Under such optimal conditions, 
the protein composition of the cell is usually quite constant and tuned to support the special 
conditions of rapid growth. However, on the external environment, outside the laboratory, 
bacteria face much less supportive and highly variable growth conditions, with respect to 
temperature, pH, osmolarity, nutrient availability, host interactions, etc. Those stress 
situations do not principally differ from the stresses induced by antibiotic attack. Antibiotics 
are frequently encountered by many bacteria in their natural habitats, because many 
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microorganisms produce them to suppress the growth of competitors. Hence, even 
antibiotic classes that stem from purely synthetic approaches and are never encountered by 
bacteria during evolution can, to a certain extent, mimic “natural” processes for which 
bacteria have developed regulatory mechanisms (Brotz-Oesterhelt et al., 2005). 

It is critical for survival that the protein composition of a cell is constantly adjusted to 
meet the challenges of changing environmental conditions. Thus, bacteria respond to their 
environment with programmed changes in gene expression and their evolutionary 
success is strongly dependent on their ability to respond to external adverse conditions 
through a set of behavioural responses (Brotz-Oesterhelt et al., 2005). Proteomic 
technologies appear to be the natural tools to study the consequences of these regulatory 
processes on protein composition since a large number of external and internal signal 
molecules and signal transduction processes are present in bacteria to adapt their protein 
composition to the changing requirements of their environment (Armitage et al., 2003). 
During the past decade, proteomic technologies have been greatly refined and have been 
applied to investigate differences in the protein expression profiles of cells grown under a 
broad spectrum of growth conditions and with different stress factors, including some 
antibiotics (Bandow et al., 2003). 

The number of detected proteins in response to stress mechanisms represents only a small 
proportion of the predicted proteome, as many genes may only be induced and expressed 
under certain conditions. Coldham et al. (2006) evaluated the effect of fluoroquinolone 
exposure on the proteome of S. enterica serovar Typhimurium using strain SL1344 and a 
MAR mutant. Broth cultures of strain SL1344 were treated with ciprofloxacin and 
enrofloxacin. Then, protein expression was determined by two-dimensional HPLC-MSn and 
also, after exposure to ciprofloxacin, by two-dimensional gel electrophoresis (Figure 6).  

 

  
 

Fig. 6. Silver-stained second-dimension electrophoretogram of the proteome of S. 
Typhimurium extracted from untreated cultures (left) and from a culture following 
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Coordinated regulation of protein effector expression is a key feature of innate reduced 
susceptibility to multiple antibiotics (Randall & Woodward, 2002). The chromosomal MAR 
locus of E. coli, in cooperation with other regulatory loci, plays a pivotal role in innate 
reduced susceptibility (circa 4-fold) to some unrelated antibiotics and certain disinfectants 
(Levy, 2002). Overexpression of the AcrAB-TolC efflux pump contributes to multiple 
antibiotic resistance in E coli, and has also been associated in conjunction with mutations in 
gyrA with resistance to fluoroquinolones in S. enterica. The AcrAB efflux pump of E. coli and 
S. enterica belongs to the resistance/nodulation/cell division (RND) family and consists of a 
proton antiporter (AcrB) and a membrane fusion protein (AcrA) (Borges-Walmsley & 
Walmsley, 2001; Zgurskaya & Nikaido, 2000). These two proteins associate with an outer 
membrane channel protein, such as TolC, to form a functional efflux pump unit providing 
selective molecular translocation of solutes from the periplasm to the external environment. 
Reduced expression of porin proteins located in the outer cell membrane may act 
synergistically with efflux pumps to reduce penetration of antibiotic into the bacterial 
periplasm. Whilst much is understood about the mechanisms of efflux, little is known of the 
secondary responses enabling the physiological adaptation of Salmonella to 
fluoroquinolones. This study demonstrated an increased and decreased expression of a wide 
range of proteins on the proteome of S. enterica serovar Typhimurium after fluoroquinolone 
exposure; the basal expression of the efflux system AcrAB/TolC, which contributes to 
antibiotic resistance, was elevated in the multiple antibiotic resistant mutant when 
compared with the untreated wild-type and also increased following treatment with 
ciprofloxacin. Therefore, an amplified expression of AcrAB/TolC was associated with 
resistance while other increases, such as in F1F0-ATP synthase and Imp, were a response to 
fluoroquinolone exposure (Coldham et al., 2006).  

Proteomic analysis of triclosan resistance in S. enterica serovar Typhimurium by 
proteomics identified a set of proteins with commonly altered expression in all triclosan-
resistant mutants. According to the authors, this ‘triclosan resistance network’ included 
nine proteins involved in the production of pyruvate or fatty acid. This may represent a 
mechanism by which the triclosan-resistant mutants have increased throughput of fatty 
acid biosynthesis by increased pyruvate production or have altered metabolic pathways 
in order to produce fatty acid via a different pathway (conversion of glycerol to 
hexadecanoate or increased citrate production to feed acetyl-CoA production). Proteomic 
data revealed specific patterns of protein expression in each mutant as well as the 25 
proteins that constitute a common metabolic resistance network in all mutants studied. 
These data show that triclosan resistance is multifactorial and a number of resistance 
mechanisms act in synergy to achieve high-level resistance. This indicates that triclosan is 
likely to act on multiple targets within the cell rather than being exclusively an inhibitor 
of fabI (Webber et al., 2008). The physiological status of supercritical carbon dioxide (SC-
CO2) treated S. enterica serotype Typhimurium was analyzed by using gas 
chromatography mass spectrometry (GC–MS) analysis of fatty acids with principal 
component analysis and two-dimensional electrophoresis for protein profiling. From the 
results of these systemic analyses, it was revealed that SC-CO2 caused significant 
alterations to the profiles of fatty acids and proteins of the cells (Kim et al., 2009). This 
data and other results of stress induced/repressed proteins obtained by proteomics in 
Salmonella spp. are summarized in Table 3. 
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locus of E. coli, in cooperation with other regulatory loci, plays a pivotal role in innate 
reduced susceptibility (circa 4-fold) to some unrelated antibiotics and certain disinfectants 
(Levy, 2002). Overexpression of the AcrAB-TolC efflux pump contributes to multiple 
antibiotic resistance in E coli, and has also been associated in conjunction with mutations in 
gyrA with resistance to fluoroquinolones in S. enterica. The AcrAB efflux pump of E. coli and 
S. enterica belongs to the resistance/nodulation/cell division (RND) family and consists of a 
proton antiporter (AcrB) and a membrane fusion protein (AcrA) (Borges-Walmsley & 
Walmsley, 2001; Zgurskaya & Nikaido, 2000). These two proteins associate with an outer 
membrane channel protein, such as TolC, to form a functional efflux pump unit providing 
selective molecular translocation of solutes from the periplasm to the external environment. 
Reduced expression of porin proteins located in the outer cell membrane may act 
synergistically with efflux pumps to reduce penetration of antibiotic into the bacterial 
periplasm. Whilst much is understood about the mechanisms of efflux, little is known of the 
secondary responses enabling the physiological adaptation of Salmonella to 
fluoroquinolones. This study demonstrated an increased and decreased expression of a wide 
range of proteins on the proteome of S. enterica serovar Typhimurium after fluoroquinolone 
exposure; the basal expression of the efflux system AcrAB/TolC, which contributes to 
antibiotic resistance, was elevated in the multiple antibiotic resistant mutant when 
compared with the untreated wild-type and also increased following treatment with 
ciprofloxacin. Therefore, an amplified expression of AcrAB/TolC was associated with 
resistance while other increases, such as in F1F0-ATP synthase and Imp, were a response to 
fluoroquinolone exposure (Coldham et al., 2006).  

Proteomic analysis of triclosan resistance in S. enterica serovar Typhimurium by 
proteomics identified a set of proteins with commonly altered expression in all triclosan-
resistant mutants. According to the authors, this ‘triclosan resistance network’ included 
nine proteins involved in the production of pyruvate or fatty acid. This may represent a 
mechanism by which the triclosan-resistant mutants have increased throughput of fatty 
acid biosynthesis by increased pyruvate production or have altered metabolic pathways 
in order to produce fatty acid via a different pathway (conversion of glycerol to 
hexadecanoate or increased citrate production to feed acetyl-CoA production). Proteomic 
data revealed specific patterns of protein expression in each mutant as well as the 25 
proteins that constitute a common metabolic resistance network in all mutants studied. 
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mechanisms act in synergy to achieve high-level resistance. This indicates that triclosan is 
likely to act on multiple targets within the cell rather than being exclusively an inhibitor 
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component analysis and two-dimensional electrophoresis for protein profiling. From the 
results of these systemic analyses, it was revealed that SC-CO2 caused significant 
alterations to the profiles of fatty acids and proteins of the cells (Kim et al., 2009). This 
data and other results of stress induced/repressed proteins obtained by proteomics in 
Salmonella spp. are summarized in Table 3. 
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Stress Differential 
expression 

Identified 
Proteins 

Relevant Protein 
Function Reference 

Acid Overexpression fliC  Virulence during 
infection 

Jindal  
et al., 2011 

Anaerobiosis 

Overexpression 

38 proteins, more 
importantly Mdh, 
PflI, FrdA, AckA, 
AdhE  

Metabolism (mixed-
acid fermentation) 

Encheva  
et al., 2009 

Underexpression

42 proteins, more 
importantly ArgT, 
HisJ, GlnQ, GltI, 
OppA, DppA, 
SodA, SuhB, DnaK, 
GroS, SspA, PspA, 
OsmC, UspG 

Transport, stress-
response and 
chaperone function 

Fluoroquinolone Overexpression 

43 proteins, more 
importantly AtpA, 
AtpC, AtpD, 
AtpH, Imp, TolC, 
AcrB 

Mechanisms of 
resistance 

Coldham 
et al., 2006 

Hydrogen 
Peroxide (H2O2)

Over- and 
underexpression 

76 proteins, more 
importantly SipC, 
SopB, SipA 

Survival and 
replication under 
oxidative stress and 
during infection  

Kim et al., 
2010 

Propionate (PA) Overexpression Dps, CpxR, RplE, 
RplF, SodA  

PA-induced acid 
resistance, virulence 
and pathogenesis  

Calhoun  
et al., 2010 

Thymol Over- and 
underexpression 

45 proteins, more 
importantly Trx1, 
FtsZ, CheW, 
GroEL, DnaK 

Antioxidant and 
chaperon function 

Di Pasqua 
et al., 2010 

Triclosan Overexpression 

25 proteins, more 
importantly ArcA, 
GcvP, MdH, MaeB,
GapA, PpS, FadB, 
GltA, GlpK 

Pyruvate or fatty acid 
production 
(Metabolic triclosan 
resistance network) 

Webber  
et al., 2008 

Table 3. Summary of some results on stress induced/repressed proteins obtained by 
proteomics in Salmonella spp. 

6. Remarks on proteomics as a biomarker search tool 
After its steep rise in the late 1970s and the early 1980s after O’Farrell’s outstanding 
publication, there was a slow decline of the application of 2-DE in the late 1980s due to the 
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inability to identify the gel-separated proteins of interest on a large scale. However, after the 
introduction of large-scale genome sequencing, the development of MS methods for the 
analysis of proteins and peptides, progress in bioinformatic tools and the rise of proteomics 
in general has experienced a revival and is today by far the most commonly applied protein 
separation technology in proteome research (Görg et al., 2009). Recent advances in biological 
and analytical sciences have led to an unprecedented interest in the discovery and 
quantification of endogenous molecules which serve as indicators of drug safety, 
mechanism of action, efficacy, and disease state progression. By allowing better decision-
making, these indicators, referred to as biomarkers, can dramatically improve the efficiency 
of drug discovery and development (Ackermann et al., 2006). 

Comparative genomics and several genomic tools have been used to identify virulence 
factors and genes involved in environmental persistence of pathogens. Proteomics has 
been contributing to a wide-range of scientific disciplines, but perhaps no area is more 
critical than the discovery of novel biomarkers. The extraordinary developments made in 
proteomic technologies in the past decade have enabled investigators to search for 
biomarkers by scanning complex proteome samples using unbiased methods (Veenstra, 
2007). Currently, the search for protein biomarkers has been dominated by the 
employment of MS. Its high mass accuracy, resolution, dynamic range, sensitivity and 
even more importantly the speed at which MS/MS is performed, allowing thousands of 
proteins to be unambiguously identified, have made MS an invaluable tool for biomarker 
discovery (Blonder et al., 2011).  

To identify novel diagnostic and therapeutic biomarkers, investigators focus on the 
discovery of proteins that are more or less abundant in samples obtained from patients with 
a specific disease compared to those acquired from healthy-matched control patients. There 
are a number of different MS-based methods to conduct these studies such as 2-DE/MS, 
proteomic profiling, stable-isotope proteome tagging and subtractive proteomics (for 
detailed description of each method see Veenstra, 2007). 

Recent data suggests that marker panels derived from transcriptomic or proteomic profiling 
are superior to single genes or markers in differentiating non-infectious from sepsis-
associated systemic inflammation (Johnson et al., 2007). Early and adequate antibiotic 
therapy is mandatory for successful sepsis therapy; hence a rapid diagnosis of infection and 
sepsis is of great significance. Diagnostic uncertainty is usually compensated by the liberal 
use of broad-spectrum antibiotics which leads to increased drug resistance. Therefore, the 
use of these biomarkers might help to avoid antibiotic misuse and overuse and to curb the 
rising incidence of microbial resistance (Reinhart & Hartog, 2010). 

With the advent of large-scale proteomic sequencing, the general belief was that biomarkers 
would be obvious within the data sets but unfortunately the results showed numerous 
background proteins that are routinely identified but have little value as biomarkers and 
numerous proteins that show a difference in comparative studies but their value as a 
reliable biomarker is extremely difficult to determine (Blonder et al., 2011). Having too 
many potential biomarkers is considered a problem when examining the workflow required 
to validate a biomarker for clinical use (Figure 7). In this scheme, thousands of analytes are 
measured in a few samples and when potential biomarkers are found, a more direct 
approach is taken to specifically measure these potential biomarkers again in a small 
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inability to identify the gel-separated proteins of interest on a large scale. However, after the 
introduction of large-scale genome sequencing, the development of MS methods for the 
analysis of proteins and peptides, progress in bioinformatic tools and the rise of proteomics 
in general has experienced a revival and is today by far the most commonly applied protein 
separation technology in proteome research (Görg et al., 2009). Recent advances in biological 
and analytical sciences have led to an unprecedented interest in the discovery and 
quantification of endogenous molecules which serve as indicators of drug safety, 
mechanism of action, efficacy, and disease state progression. By allowing better decision-
making, these indicators, referred to as biomarkers, can dramatically improve the efficiency 
of drug discovery and development (Ackermann et al., 2006). 

Comparative genomics and several genomic tools have been used to identify virulence 
factors and genes involved in environmental persistence of pathogens. Proteomics has 
been contributing to a wide-range of scientific disciplines, but perhaps no area is more 
critical than the discovery of novel biomarkers. The extraordinary developments made in 
proteomic technologies in the past decade have enabled investigators to search for 
biomarkers by scanning complex proteome samples using unbiased methods (Veenstra, 
2007). Currently, the search for protein biomarkers has been dominated by the 
employment of MS. Its high mass accuracy, resolution, dynamic range, sensitivity and 
even more importantly the speed at which MS/MS is performed, allowing thousands of 
proteins to be unambiguously identified, have made MS an invaluable tool for biomarker 
discovery (Blonder et al., 2011).  

To identify novel diagnostic and therapeutic biomarkers, investigators focus on the 
discovery of proteins that are more or less abundant in samples obtained from patients with 
a specific disease compared to those acquired from healthy-matched control patients. There 
are a number of different MS-based methods to conduct these studies such as 2-DE/MS, 
proteomic profiling, stable-isotope proteome tagging and subtractive proteomics (for 
detailed description of each method see Veenstra, 2007). 

Recent data suggests that marker panels derived from transcriptomic or proteomic profiling 
are superior to single genes or markers in differentiating non-infectious from sepsis-
associated systemic inflammation (Johnson et al., 2007). Early and adequate antibiotic 
therapy is mandatory for successful sepsis therapy; hence a rapid diagnosis of infection and 
sepsis is of great significance. Diagnostic uncertainty is usually compensated by the liberal 
use of broad-spectrum antibiotics which leads to increased drug resistance. Therefore, the 
use of these biomarkers might help to avoid antibiotic misuse and overuse and to curb the 
rising incidence of microbial resistance (Reinhart & Hartog, 2010). 

With the advent of large-scale proteomic sequencing, the general belief was that biomarkers 
would be obvious within the data sets but unfortunately the results showed numerous 
background proteins that are routinely identified but have little value as biomarkers and 
numerous proteins that show a difference in comparative studies but their value as a 
reliable biomarker is extremely difficult to determine (Blonder et al., 2011). Having too 
many potential biomarkers is considered a problem when examining the workflow required 
to validate a biomarker for clinical use (Figure 7). In this scheme, thousands of analytes are 
measured in a few samples and when potential biomarkers are found, a more direct 
approach is taken to specifically measure these potential biomarkers again in a small 
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number of samples to qualify the results from the discovery stage. The analytes that pass the 
qualification stage are then specifically measured in a larger number of samples to verify 
their utility as biomarkers. Those that pass the verification stage are then measured in a very 
large number of clinical samples to provide final validation that these proteins can function 
reliably (Blonder et al., 2011).  

 
Fig. 7. The six essential process components in the biomarker pipeline: candidate discovery, 
qualification, verification, research assay optimization, biomarker validation and 
commercialization. Based on Rifai et al., 2006: Protein biomarker discovery and validation: 
The long and uncertain path to clinical utility. Nat Biotechnol, 24(8): 971-983. 

The advances made in proteomic technology, primarily in the field of MS, allowed to 
scrutinize proteome samples to a far greater extent than previously possible. There are 
many options available to measure the relative abundance of proteins but unfortunately 
the number of biomarkers that have ultimately been successfully validated using these 
discovery approaches is discouraging - between 2003 and 2008, only 7 protein biomarkers 
were approved by the US FDA (Qi et al., 1996). In fact, MS-based studies are able to come 
up with very large numbers of “potential” biomarkers but the challenge relies on how to 
identify those that have the highest chance of being validated in a well-controlled clinical 
trial. Validation of a single biomarker is expensive in terms of money and time and so it is 
impossible to graduate a large number of potential biomarkers to a validation phase. 
Unfortunately, it is difficult to inherently recognize those proteins identified in the 
discovery phase that may turn out to be the best biomarker. Nevertheless, encouragement 
can be found in the progress that has been made in the past years, allowing investigators 
to attempt the types of biomarker studies that are being conducted today (Veenstra, 2007). 
On the other hand, the current proteomic technology still does not allow studying the full 
genomic equivalent of all proteins, whereas transcriptome analyses cover the whole 
genomic sequence and are also able to produce data at a much higher pace. Nevertheless, 
transcript expression profiling is unable to distinguish between different gene products 
derived from the same coding region on the genome (due to, e.g., modifications, 
truncations, or splice variants). It should also be kept in mind that none of these 
technologies alone will be able to deliver novel drugs. 

7. Outlook 
The genomics revolution has changed the paradigm for the comprehensive analysis of 
biological processes. The genomic era began in the year 1995 when the first complete 
bacterial genomic sequence of Haemophilus influenzae was published. Since that moment, a 
distinct change in the quality of microbial genetic studies can be observed. Analyses of 
single genes leads presently to global analyses of microbial cells, while analyses of full 
genetic sequences, whole transcriptomes as well as total protein content or networks of 
protein-protein interactions is directed to the genome, transcriptome, proteome and 
interactome, respectively. The word Proteome describes the ensemble of protein forms 
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expressed in a biological sample at a given point in time and in a given situation. Proteomics 
has seen the increasing creation of new useful techniques, but the study of proteomes is still 
based on 2-DE, allied with MS analysis. Among the proteomic techniques commonly used 
for analysis of protein expression in biological samples, 2D-PAGE is a popular technique for 
the separation of proteins. However, 2-DE still has some drawbacks, like excluding the 
smallest and the largest proteins, those which are extremely acidic and those extremely basic 
(Gygi et al., 2000). Furthermore, some proteins cannot be detected due to the low sensitivity 
of the system (Washburn et al., 2001; Wu & Han, 2006). On the other hand, there are certain 
limitations to the universal use of this technology, such as low detection sensitivity and 
linearity, poor solubility of membrane proteins, limited loading capacity of gradient pH 
strips, gel reproducibility, relatively low throughput and low linear range of visualisation 
procedures (López et al., 2004). RNA profiling, which is capable of addressing the 
expression of all genes in an organism, can be used to complement proteome analysis. An 
increase in sensitivity can be achieved through modifications or additions to the common 
proteomic methods. Loading higher amounts of proteins onto a 2-DE gel can help in the 
identification of low-expressed proteins, despite the fact that, in this case, these can be 
“hidden” by high-abundance proteins. Also, the use of different protein extraction buffers 
and detergents can improve the sensitivity and resolution of the 2-DE profiles. IPG strips 
provide reproducibility, increased resolution and loading capacity and simplicity to 
isoelectric focusing of 2-DE. With this technique, a higher number of different proteins can 
be resolved where previously a single spot was present in the gel (Fey & Larsen, 2001; 
Wildgruber et al., 2000). Non-equilibrium pH gel electrophoresis (NEPHGE) is another 
method that allows a better resolution of protein spots; the resulting peptides are then 
separated through multi-dimensional chromatography and analyzed using tandem-MS, and 
if combined with stable isotope labeling experiment methods, it can be a very powerful tool 
for proteome characterization. Protein arrays and antibody microarrays can create 
proteomic maps, revealing the proteome (Souza et al., 2008; Wingren & Borrebaeck, 2004). 

Substantial progress has already been made in elucidating the basic regulatory networks 
that form the basis for the extraordinary capacity of bacteria to adapt to a diversity of 
lifestyles and external stress factors. A database of these results will be able to facilitate the 
identification of more comprehensive signatures for treatment with antimicrobial agents 
and support functional analysis by combined protein and RNA profiling. However, since 
classical proteomic approaches alone mainly provide information on the relative amounts of 
protein species and only rarely provides information on the activity of these protein species, 
it is necessary to complement these findings with metabolomics and interaction studies to 
determine the true functional level of biological systems. Proteomics and genomics 
technologies offer more sensitive and specific methods for identification of microbial food 
contaminants and their toxins. Classical antibiotics are characterized as compounds which 
influence microbial life processes without harming the host’s cells. Their main mechanism of 
action is based on blocking cell wall synthesis and replication or translation inhibition. 
Metagenomic techniques, based on direct cloning of DNA present in natural environments, 
allow the identification of several new antibiotics. The increasing resistance of bacterial 
pathogens to present day antibiotics and the lack of a robust pipeline of innovative 
antimicrobial substances demand innovative and more efficient approaches towards the 
development of anti-infective drugs. 
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number of samples to qualify the results from the discovery stage. The analytes that pass the 
qualification stage are then specifically measured in a larger number of samples to verify 
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scrutinize proteome samples to a far greater extent than previously possible. There are 
many options available to measure the relative abundance of proteins but unfortunately 
the number of biomarkers that have ultimately been successfully validated using these 
discovery approaches is discouraging - between 2003 and 2008, only 7 protein biomarkers 
were approved by the US FDA (Qi et al., 1996). In fact, MS-based studies are able to come 
up with very large numbers of “potential” biomarkers but the challenge relies on how to 
identify those that have the highest chance of being validated in a well-controlled clinical 
trial. Validation of a single biomarker is expensive in terms of money and time and so it is 
impossible to graduate a large number of potential biomarkers to a validation phase. 
Unfortunately, it is difficult to inherently recognize those proteins identified in the 
discovery phase that may turn out to be the best biomarker. Nevertheless, encouragement 
can be found in the progress that has been made in the past years, allowing investigators 
to attempt the types of biomarker studies that are being conducted today (Veenstra, 2007). 
On the other hand, the current proteomic technology still does not allow studying the full 
genomic equivalent of all proteins, whereas transcriptome analyses cover the whole 
genomic sequence and are also able to produce data at a much higher pace. Nevertheless, 
transcript expression profiling is unable to distinguish between different gene products 
derived from the same coding region on the genome (due to, e.g., modifications, 
truncations, or splice variants). It should also be kept in mind that none of these 
technologies alone will be able to deliver novel drugs. 

7. Outlook 
The genomics revolution has changed the paradigm for the comprehensive analysis of 
biological processes. The genomic era began in the year 1995 when the first complete 
bacterial genomic sequence of Haemophilus influenzae was published. Since that moment, a 
distinct change in the quality of microbial genetic studies can be observed. Analyses of 
single genes leads presently to global analyses of microbial cells, while analyses of full 
genetic sequences, whole transcriptomes as well as total protein content or networks of 
protein-protein interactions is directed to the genome, transcriptome, proteome and 
interactome, respectively. The word Proteome describes the ensemble of protein forms 
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expressed in a biological sample at a given point in time and in a given situation. Proteomics 
has seen the increasing creation of new useful techniques, but the study of proteomes is still 
based on 2-DE, allied with MS analysis. Among the proteomic techniques commonly used 
for analysis of protein expression in biological samples, 2D-PAGE is a popular technique for 
the separation of proteins. However, 2-DE still has some drawbacks, like excluding the 
smallest and the largest proteins, those which are extremely acidic and those extremely basic 
(Gygi et al., 2000). Furthermore, some proteins cannot be detected due to the low sensitivity 
of the system (Washburn et al., 2001; Wu & Han, 2006). On the other hand, there are certain 
limitations to the universal use of this technology, such as low detection sensitivity and 
linearity, poor solubility of membrane proteins, limited loading capacity of gradient pH 
strips, gel reproducibility, relatively low throughput and low linear range of visualisation 
procedures (López et al., 2004). RNA profiling, which is capable of addressing the 
expression of all genes in an organism, can be used to complement proteome analysis. An 
increase in sensitivity can be achieved through modifications or additions to the common 
proteomic methods. Loading higher amounts of proteins onto a 2-DE gel can help in the 
identification of low-expressed proteins, despite the fact that, in this case, these can be 
“hidden” by high-abundance proteins. Also, the use of different protein extraction buffers 
and detergents can improve the sensitivity and resolution of the 2-DE profiles. IPG strips 
provide reproducibility, increased resolution and loading capacity and simplicity to 
isoelectric focusing of 2-DE. With this technique, a higher number of different proteins can 
be resolved where previously a single spot was present in the gel (Fey & Larsen, 2001; 
Wildgruber et al., 2000). Non-equilibrium pH gel electrophoresis (NEPHGE) is another 
method that allows a better resolution of protein spots; the resulting peptides are then 
separated through multi-dimensional chromatography and analyzed using tandem-MS, and 
if combined with stable isotope labeling experiment methods, it can be a very powerful tool 
for proteome characterization. Protein arrays and antibody microarrays can create 
proteomic maps, revealing the proteome (Souza et al., 2008; Wingren & Borrebaeck, 2004). 

Substantial progress has already been made in elucidating the basic regulatory networks 
that form the basis for the extraordinary capacity of bacteria to adapt to a diversity of 
lifestyles and external stress factors. A database of these results will be able to facilitate the 
identification of more comprehensive signatures for treatment with antimicrobial agents 
and support functional analysis by combined protein and RNA profiling. However, since 
classical proteomic approaches alone mainly provide information on the relative amounts of 
protein species and only rarely provides information on the activity of these protein species, 
it is necessary to complement these findings with metabolomics and interaction studies to 
determine the true functional level of biological systems. Proteomics and genomics 
technologies offer more sensitive and specific methods for identification of microbial food 
contaminants and their toxins. Classical antibiotics are characterized as compounds which 
influence microbial life processes without harming the host’s cells. Their main mechanism of 
action is based on blocking cell wall synthesis and replication or translation inhibition. 
Metagenomic techniques, based on direct cloning of DNA present in natural environments, 
allow the identification of several new antibiotics. The increasing resistance of bacterial 
pathogens to present day antibiotics and the lack of a robust pipeline of innovative 
antimicrobial substances demand innovative and more efficient approaches towards the 
development of anti-infective drugs. 
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1. Introduction  
Salmonella, and especially Salmonella enteritidis, are one of the major causes of human toxi-
infections (Humphrey, 1990), even if the trend is decreasing (European Food Safety 
Agency [EFSA], 2011). Many prophylactic means have thus been investigated to control 
the incidence of Salmonella in poultry flocks, including vaccination (Zhang-Barber et al., 
1999, Curtiss et al, 2010), competitive exclusion (Nurmi & Rantala, 1973), acidification of 
feed and genetic resistance. More precisely, animals’ ability to clear bacteria was 
considered. Indeed, the absence of clinical symptoms (which is the most classical 
definition of resistance) does not preclude human contamination since some animals may 
remain contaminated for weeks or even months without showing any symptoms. Such 
silent carriers cannot be identified as dangerous and may therefore enter the food chain. 
At the opposite spectrum, animals’ ability to clear bacteria will reduce the risk of 
transmission, first to other animals and second to humans. It will thereafter be denoted as 
resistance to carrier-state. 

The feasibility of selection for an improved resistance to asymptomatic carriers has been 
demonstrated by a divergent selection experiment (§2). Thanks to development of genomics, 
many results were obtained in the past 10 years: several genome regions controlling 
different traits were identified and the role of other genes was suggested. It will 
dramatically increase the efficiency of selection. With traditional selection, it is necessary to 
perform experimental inoculations and to slaughter animals to register the level of 
contamination. With marker-assisted selection and furthermore genomic selection, it will be 
possible to directly choose the future breeders. In addition to improved selection efficiency, 
it will discard the need for artificial infections.  
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However, even if numerous data are currently available, strategy for application of these 
results are still questionable: genetic relations between resistance traits are complex and the 
choice of selection criteria deserves more investigations. Therefore, the whole process, 
leading from fowl contamination to transmission to other animals or humans was described 
in an integrated approach, combining genetics and other means. First results showed 
possible synergy between resistance and at least one another mode of prevention, 
vaccination. Other studies are required to compare different combinations of prophylactic 
means and identify new strategies for eradication of Salmonellosis, in coherence with new 
regulation implemented by the European Commission. They aim at reducing Salmonella 
prevalence in poultry flocks at less than 2% while a recent study estimated it at 29.7 and 
23.7%, respectively, of laying and broiler flocks, respectively, with large differences between 
countries (EFSA, 2007a, 2007b) 

The goal of this chapter is to make a review of data currently available on the possibility of 
reduction of fowl carrier-state through genetic selection. It will enhance the benefits that 
may be obtained from an integrated approach of genetics of resistance in hens to improve 
the control of the incidence of Salmonella within a flock.  

2. Main results on genetics of resistance to Salmonella 
First studies were achieved very early (Lambert & Knox, 1928; DeVolt et al., 1941) at a time 
when many animals died from acute salmonellosis. They thus focussed on the reduction of 
mortality. No experimental inoculation was needed to observe diseased animals and 
experiments could be achieved directly on the field. Studies focussed on serotypes 
pathogenic for birds (Salmonella Pullorum, Salmonella Gallinarum and Salmonella 
Typhimurium). Later on, the incidence of those diseases dramatically reduced with the 
reinforcement of preventive measures in poultry breeding. The same held for studies of 
resistance to Salmonella. But, in the end of the 1980’s, many outbreaks of human toxi-
infections due to Salmonella Enteritidis occurred, resulting in new developments in genetics 
of resistance to Salmonella. As in former studies, feasibility of such an approach was 
considered through selection experiment; genetic parameters were estimated to appreciate 
the response that could be expected. However, with the beginnings of molecular genetics, 
the research of genes controlling these traits was also addressed.  

2.1 Development of protocols of measures and identification of genetic models 

One main feature of studies of genetic resistance to Salmonella is the very large number of 
resistance-related traits that were considered (see Calenge et al., (2010) for a review). They 
differ in many factors. Inoculation by the oral route is more representative of what occurs in 
the field but less reproducible than the intravenous or intramuscular route. According to the 
Salmonella serotype, carrier-state (mostly observed after inoculation with Salmonella 
Enteritidis) or acute disease (mostly observed after inoculation with Salmonella 
Typhimurium) will be studied, but to an extent also depending, among others, on the 
number of inoculated bacteria. The animal’s age at infection is a very important parameter. 
The interval between infection and observation will also be of importance, especially with 
reference to long-term carrier-state. Animals’ conditions of rearing also influence the 
outcome of the infection. The susceptibility of egg to Salmonella multiplication may also be 
considered as described by Sellier et al. (2007). 
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Many studies involve both the development of a protocol of measure of resistance and the 
identification, with this protocol, of lines differing in resistance. Identifying such 
genotypes is of great importance: their existence strongly suggests the role of genetics in 
the control of resistance-related traits that are measured. Genetic models for resistance or 
susceptibility are needed for research of genome regions controlling those traits. The first 
study was achieved by Bumstead & Barrow (1988). They considered resistance to acute 
disease due to Salmonella Typhimurium and observed difference between partially inbred 
lines that are especially interesting for QTL research. Other studies addressed carrier-state 
and focussed on Salmonella Enteritidis. Guillot et al., (1995) observed differences in 
response to inoculation of chickens with a high bacterial dose. To mimic carrier-state in 
chicks, Duchet-Suchaux et al., (1995) developed a protocol of experimental inoculation 
where animals were orally infected with a low dose, showed no symptom but remained 
infected for several weeks. They could thus identify genetic models for further research, 
both outbred (Duchet-Suchaux et al., 1997) and partially inbred lines (Tilquin et al., 2005). 
It is to notice that the former study focussed on the same lines as in Bumstead & Barrow, 
(1988). Other protocols of inoculation were developed to study persistence for a shorter 
term (Lamont et al., 2002; Kramer et al., 2003; Hasenstein & Lamont, 2007).  

Studies on resistance to carrier-state in adults were less numerous, in spite of importance of 
laying hens for the risk of human contamination. Protais et al., (1996) orally contaminated 
hens at the peak of lay and bacteria were searched in caeca, spleen, liver and ovary four 
weeks later. They observed differences between outbred poultry lines. Later on, Sadeyen et 
al., (2006) identified differences between inbred lines using the same protocol while Lindell 
et al., (1994) used a slightly different protocol. 

2.2 Response to selection 

The first selection experiment for resistance to salmonellosis after an experimental 
inoculation was undertaken in 1932; it proved to be efficient (Lambert, 1932). A higher 
resistance was observed for some breeds, among which White Leghorns (Robert and Card, 
quoted by Hutt & Scholes (1941)). But De Volt et al., (1941) showed that the former were less 
resistant than selected Rhode Island Red hens. This result and others contributed to the 
development of selection for a higher resistance (see Beaumont et al., 2003a, for a review). 

These results are coherent with the estimations of heritability of resistance to death (0.15 and 
0.12) obtained respectively by Beaumont et al., (1999) after intramuscular inoculation of day-
old chicks and by Janss & Bolder (2000) after inoculation at two weeks of age. It is to notice 
that, according to genetic parameters estimated by the latter, more resistant animals would 
survive longer, contributing to a higher risk for consumers if they were still carriers. This 
emphasizes the importance of an increase in genetic resistance to carrier-state. An experiment 
of divergent selection on this trait was achieved by Beaumont et al., (2009; 2010). The base 
population was issued from a layer-type line. Two series of divergent lines were selected, for 
increased or decreased resistance at a younger age (as in Duchet-Suchaux et al., 1995) or at the 
peak of lay (using the protocol described by Protais et al., 1996). In adults, selection was on an 
all-or-none trait called global contamination, coded “1” if at least one organ (i.e. spleen, liver, 
caeca or ovary) was found positive and “0” in the other cases. Resistance of chicks was 
assessed by the logarithm of the number of colonies forming units (c.f.u.) per gram of caeca 
measured 5 weeks after inoculation (i.e. contamination level). A total of 3817 animals were 
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However, even if numerous data are currently available, strategy for application of these 
results are still questionable: genetic relations between resistance traits are complex and the 
choice of selection criteria deserves more investigations. Therefore, the whole process, 
leading from fowl contamination to transmission to other animals or humans was described 
in an integrated approach, combining genetics and other means. First results showed 
possible synergy between resistance and at least one another mode of prevention, 
vaccination. Other studies are required to compare different combinations of prophylactic 
means and identify new strategies for eradication of Salmonellosis, in coherence with new 
regulation implemented by the European Commission. They aim at reducing Salmonella 
prevalence in poultry flocks at less than 2% while a recent study estimated it at 29.7 and 
23.7%, respectively, of laying and broiler flocks, respectively, with large differences between 
countries (EFSA, 2007a, 2007b) 

The goal of this chapter is to make a review of data currently available on the possibility of 
reduction of fowl carrier-state through genetic selection. It will enhance the benefits that 
may be obtained from an integrated approach of genetics of resistance in hens to improve 
the control of the incidence of Salmonella within a flock.  

2. Main results on genetics of resistance to Salmonella 
First studies were achieved very early (Lambert & Knox, 1928; DeVolt et al., 1941) at a time 
when many animals died from acute salmonellosis. They thus focussed on the reduction of 
mortality. No experimental inoculation was needed to observe diseased animals and 
experiments could be achieved directly on the field. Studies focussed on serotypes 
pathogenic for birds (Salmonella Pullorum, Salmonella Gallinarum and Salmonella 
Typhimurium). Later on, the incidence of those diseases dramatically reduced with the 
reinforcement of preventive measures in poultry breeding. The same held for studies of 
resistance to Salmonella. But, in the end of the 1980’s, many outbreaks of human toxi-
infections due to Salmonella Enteritidis occurred, resulting in new developments in genetics 
of resistance to Salmonella. As in former studies, feasibility of such an approach was 
considered through selection experiment; genetic parameters were estimated to appreciate 
the response that could be expected. However, with the beginnings of molecular genetics, 
the research of genes controlling these traits was also addressed.  

2.1 Development of protocols of measures and identification of genetic models 

One main feature of studies of genetic resistance to Salmonella is the very large number of 
resistance-related traits that were considered (see Calenge et al., (2010) for a review). They 
differ in many factors. Inoculation by the oral route is more representative of what occurs in 
the field but less reproducible than the intravenous or intramuscular route. According to the 
Salmonella serotype, carrier-state (mostly observed after inoculation with Salmonella 
Enteritidis) or acute disease (mostly observed after inoculation with Salmonella 
Typhimurium) will be studied, but to an extent also depending, among others, on the 
number of inoculated bacteria. The animal’s age at infection is a very important parameter. 
The interval between infection and observation will also be of importance, especially with 
reference to long-term carrier-state. Animals’ conditions of rearing also influence the 
outcome of the infection. The susceptibility of egg to Salmonella multiplication may also be 
considered as described by Sellier et al. (2007). 
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Many studies involve both the development of a protocol of measure of resistance and the 
identification, with this protocol, of lines differing in resistance. Identifying such 
genotypes is of great importance: their existence strongly suggests the role of genetics in 
the control of resistance-related traits that are measured. Genetic models for resistance or 
susceptibility are needed for research of genome regions controlling those traits. The first 
study was achieved by Bumstead & Barrow (1988). They considered resistance to acute 
disease due to Salmonella Typhimurium and observed difference between partially inbred 
lines that are especially interesting for QTL research. Other studies addressed carrier-state 
and focussed on Salmonella Enteritidis. Guillot et al., (1995) observed differences in 
response to inoculation of chickens with a high bacterial dose. To mimic carrier-state in 
chicks, Duchet-Suchaux et al., (1995) developed a protocol of experimental inoculation 
where animals were orally infected with a low dose, showed no symptom but remained 
infected for several weeks. They could thus identify genetic models for further research, 
both outbred (Duchet-Suchaux et al., 1997) and partially inbred lines (Tilquin et al., 2005). 
It is to notice that the former study focussed on the same lines as in Bumstead & Barrow, 
(1988). Other protocols of inoculation were developed to study persistence for a shorter 
term (Lamont et al., 2002; Kramer et al., 2003; Hasenstein & Lamont, 2007).  

Studies on resistance to carrier-state in adults were less numerous, in spite of importance of 
laying hens for the risk of human contamination. Protais et al., (1996) orally contaminated 
hens at the peak of lay and bacteria were searched in caeca, spleen, liver and ovary four 
weeks later. They observed differences between outbred poultry lines. Later on, Sadeyen et 
al., (2006) identified differences between inbred lines using the same protocol while Lindell 
et al., (1994) used a slightly different protocol. 

2.2 Response to selection 

The first selection experiment for resistance to salmonellosis after an experimental 
inoculation was undertaken in 1932; it proved to be efficient (Lambert, 1932). A higher 
resistance was observed for some breeds, among which White Leghorns (Robert and Card, 
quoted by Hutt & Scholes (1941)). But De Volt et al., (1941) showed that the former were less 
resistant than selected Rhode Island Red hens. This result and others contributed to the 
development of selection for a higher resistance (see Beaumont et al., 2003a, for a review). 

These results are coherent with the estimations of heritability of resistance to death (0.15 and 
0.12) obtained respectively by Beaumont et al., (1999) after intramuscular inoculation of day-
old chicks and by Janss & Bolder (2000) after inoculation at two weeks of age. It is to notice 
that, according to genetic parameters estimated by the latter, more resistant animals would 
survive longer, contributing to a higher risk for consumers if they were still carriers. This 
emphasizes the importance of an increase in genetic resistance to carrier-state. An experiment 
of divergent selection on this trait was achieved by Beaumont et al., (2009; 2010). The base 
population was issued from a layer-type line. Two series of divergent lines were selected, for 
increased or decreased resistance at a younger age (as in Duchet-Suchaux et al., 1995) or at the 
peak of lay (using the protocol described by Protais et al., 1996). In adults, selection was on an 
all-or-none trait called global contamination, coded “1” if at least one organ (i.e. spleen, liver, 
caeca or ovary) was found positive and “0” in the other cases. Resistance of chicks was 
assessed by the logarithm of the number of colonies forming units (c.f.u.) per gram of caeca 
measured 5 weeks after inoculation (i.e. contamination level). A total of 3817 animals were 
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thus measured (1408 adults and 2409 chicks). Clear and significant differences were observed 
in lines selected on adult performance, with difference in prevalence of about 20%. Selection 
may be efficient in reducing the level of Salmonella carrier-state in hens. Differences between 
the “chicken” lines were, at least until now, smaller. This may be due to lower heritability but 
also smaller selection pressure and family sizes, due to experimental constraints and to 
variations in responses to infections. Indeed, in two hatches out of eight, only a small 
proportion of animals were still contaminated by Salmonella at slaughter; others could not be 
measured for level of contamination, which also slowed down selection.  

Values of estimated genetic parameters were the main information from this experiment. 
Heritability of resistance was estimated at 0.16 in chicks while it varied from 0.14 to 0.23 
with analysed organ in adult hens. It was higher in caeca (0.23) while heritability of ovarian 
contamination was estimated at a lower value (0.11). Heritability of adult global 
contamination was found at 0.18.  

All genetic correlations between contamination rates of individual organs were positive, 
ranging from 0.46 to 0.67. Genetic correlations between adult global contamination and 
contamination in individual organs were very high (from 0.75 for liver to 0.85 for spleen and 
caeca), except for ovary (0.32). These results are related to the central role of intestine in 
carrier-state of gastro-intestinal bacteria: bacteria pass through it when inoculated or after 
recontamination; at the opposite, contamination of other organs is dependent on 
translocation of intestinal barrier. Contamination of ovaries is especially rare: in this 
experiment only 6% of them were found contaminated versus 49%, 21% and 62%, 
respectively, for spleens, livers and caeca, respectively (resulting in a percentage of 
contaminated adults equal to 76%). This low rate of ovarian infection further reduced the 
expected response to direct selection against ovarian contamination. An indirect selection on 
another criterion should be more efficient. This result and the positive values of genetic 
correlations between contamination rates of individual organs reinforce the interest of the 
overall adult contamination: it is more precisely assessed and combines several traits, all of 
which being positively correlated.  

All genetic correlations between carrier-state in chicks and production traits (egg numbers, 
egg weights and body weights at various ages) were small and positive (ranging from 0 to 
0.37) except for the number of eggs laid between 18 and 24 weeks of age, which was slightly 
but negatively correlated with Salmonella load (0.17). These results suggest that selection for 
increased resistance may be achieved without much detrimental effect on production traits. 
Unlike what was observed for resistance at a younger age, genetic correlation between adult 
carrier-state (global contamination) and egg numbers laid at the beginning of lay (between 
18 and 24 weeks of age) was positive. At the opposite, those with laying intensity at older 
ages were negative or very close to 0 (ranging between -0.33 and 0.01). Correlation with 
body weight at 17 weeks of age was close to 0. These differences in genetic correlations 
between production traits and resistance at a younger or an older age are consistent with the 
negative genetic correlation observed between chicken and adult resistance. 

The latter was estimated at a quite high and negative value (-0.50) and the probability of the 
true correlation being positive was estimated at only 5%. This major result holds whether 
overall contamination is considered or different organs distinguished and whatever the 
method of estimation. It is probably linked to differences in mechanisms of resistance 
between chicks, whose immune system is not mature, and hens, who may also benefit from 
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adaptive immune response. The variation with animals’ age in genetic control of adult and 
chicken resistance was suspected, because of differences in relative resistance of poultry 
lines to resistance to carrier-state at a younger (Duchet-Suchaux et al., 1997) or an older age 
(Protais et al., 1996). This result implies that most results obtained at a younger age are 
expected to be irrelevant in adults, if not of opposite sign. They may not be extrapolated to 
hens without experimental validation. Indeed, differences in expression of gallinacins 
observed by Sadeyen et al., (2004) and Sadeyen et al. (2006) were found to be associated, in 
young chicken, with increased susceptibility but, in adults, with resistance. Similar 
variations with age should also be the case of a large proportion of genes or genome regions 
found to be involved in resistance (for a review, see Calenge et al., 2010). This result also 
implies that increasing genetic resistance of hens should reduce resistance in chicks. This 
holds for marker-assisted or genomic selection. 

2.3 Towards identification of genes or genome regions involved in the control of 
resistance 

Though promising these results may seem, large-scale selection for increased resistance is 
very difficult to implement since experimental infections, which are both very expensive 
and time consuming, are required. Identifying the underlying genes of genetic markers 
could make it possible to alleviate the need of such experiments. 

The major drawback of such genomic studies is the numbers of both phenotypes and 
genotypes which are required. Studying crosses between inbred lines, following the pioneer 
studies of Bumstead & Barrow, (1988; 1993) is of great relevance, as it makes it possible to 
identify QTLs with much less animals than with crosses between outbred lines. Backcross 
(Mariani et al., 2001; Lamont et al., 2002; Fife et al., 2011), F2 cross ( Tilquin et al., 2005) or, 
more recently, advanced intercross lines (AIL) were considered (Hasenstein et al., 2007; 
Ghebremichael et al., 2008) .  

Candidate genes, i.e. genes chosen according to an a priori knowledge of their effect in 
Salmonella resistance were first investigated. That was in particular the case for two genes, 
SLC11A1 and TLR4, known to be involved in resistance to Salmonella in mouse. The first one 
corresponds to the formerly called Nramp1 (natural resistance-associated macrophage 
protein) gene. It is responsible for resistance of mice to inoculation with Salmonella 
Typhimurium, Mycobacterium bovis and Leishmania donovani (Vidal et al., 1993). Later, 
Nramp1 has been described as a member of a solute carrier family and hence renamed 
Slc11a1. It is involved in the control of the intracellular replication of parasites in 
phagosomes. An homologue of Nramp1 was mapped on the chicken chromosome 7 (Hu et 
al., 1995; Girard-Santosuosso, 1997) and subsequently cloned (Hu et al., 1996).  

The second candidate gene, TLR4 (Toll-like receptor 4), previously named Lps, belongs to 
the large family of Toll-like receptors involved, among others, in the recognition of LPS 
(lipo-polysaccharides), a component specific of Gram negative bacteria (among which 
Salmonella). Its mutation results in a lack of response to LPS and a higher susceptibility to 
Gram negative bacteria. The positional cloning of Lps led to the identification of TLR4 as a 
positional candidate. It was mapped to the chicken micro-chromosome 17 and cloned 
(Leveque et al., 2003). 

Hu et al., (1997) observed that both genes explained together up to 33% of the difference in 
survival of young chicks during the first week after an intra-muscular inoculation at one day 
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thus measured (1408 adults and 2409 chicks). Clear and significant differences were observed 
in lines selected on adult performance, with difference in prevalence of about 20%. Selection 
may be efficient in reducing the level of Salmonella carrier-state in hens. Differences between 
the “chicken” lines were, at least until now, smaller. This may be due to lower heritability but 
also smaller selection pressure and family sizes, due to experimental constraints and to 
variations in responses to infections. Indeed, in two hatches out of eight, only a small 
proportion of animals were still contaminated by Salmonella at slaughter; others could not be 
measured for level of contamination, which also slowed down selection.  

Values of estimated genetic parameters were the main information from this experiment. 
Heritability of resistance was estimated at 0.16 in chicks while it varied from 0.14 to 0.23 
with analysed organ in adult hens. It was higher in caeca (0.23) while heritability of ovarian 
contamination was estimated at a lower value (0.11). Heritability of adult global 
contamination was found at 0.18.  

All genetic correlations between contamination rates of individual organs were positive, 
ranging from 0.46 to 0.67. Genetic correlations between adult global contamination and 
contamination in individual organs were very high (from 0.75 for liver to 0.85 for spleen and 
caeca), except for ovary (0.32). These results are related to the central role of intestine in 
carrier-state of gastro-intestinal bacteria: bacteria pass through it when inoculated or after 
recontamination; at the opposite, contamination of other organs is dependent on 
translocation of intestinal barrier. Contamination of ovaries is especially rare: in this 
experiment only 6% of them were found contaminated versus 49%, 21% and 62%, 
respectively, for spleens, livers and caeca, respectively (resulting in a percentage of 
contaminated adults equal to 76%). This low rate of ovarian infection further reduced the 
expected response to direct selection against ovarian contamination. An indirect selection on 
another criterion should be more efficient. This result and the positive values of genetic 
correlations between contamination rates of individual organs reinforce the interest of the 
overall adult contamination: it is more precisely assessed and combines several traits, all of 
which being positively correlated.  

All genetic correlations between carrier-state in chicks and production traits (egg numbers, 
egg weights and body weights at various ages) were small and positive (ranging from 0 to 
0.37) except for the number of eggs laid between 18 and 24 weeks of age, which was slightly 
but negatively correlated with Salmonella load (0.17). These results suggest that selection for 
increased resistance may be achieved without much detrimental effect on production traits. 
Unlike what was observed for resistance at a younger age, genetic correlation between adult 
carrier-state (global contamination) and egg numbers laid at the beginning of lay (between 
18 and 24 weeks of age) was positive. At the opposite, those with laying intensity at older 
ages were negative or very close to 0 (ranging between -0.33 and 0.01). Correlation with 
body weight at 17 weeks of age was close to 0. These differences in genetic correlations 
between production traits and resistance at a younger or an older age are consistent with the 
negative genetic correlation observed between chicken and adult resistance. 

The latter was estimated at a quite high and negative value (-0.50) and the probability of the 
true correlation being positive was estimated at only 5%. This major result holds whether 
overall contamination is considered or different organs distinguished and whatever the 
method of estimation. It is probably linked to differences in mechanisms of resistance 
between chicks, whose immune system is not mature, and hens, who may also benefit from 

Use of Integrated Studies to Elucidate Potential Benefits  
from Genetic Resistance to Salmonella Carrier State in Fowl 

 

225 

adaptive immune response. The variation with animals’ age in genetic control of adult and 
chicken resistance was suspected, because of differences in relative resistance of poultry 
lines to resistance to carrier-state at a younger (Duchet-Suchaux et al., 1997) or an older age 
(Protais et al., 1996). This result implies that most results obtained at a younger age are 
expected to be irrelevant in adults, if not of opposite sign. They may not be extrapolated to 
hens without experimental validation. Indeed, differences in expression of gallinacins 
observed by Sadeyen et al., (2004) and Sadeyen et al. (2006) were found to be associated, in 
young chicken, with increased susceptibility but, in adults, with resistance. Similar 
variations with age should also be the case of a large proportion of genes or genome regions 
found to be involved in resistance (for a review, see Calenge et al., 2010). This result also 
implies that increasing genetic resistance of hens should reduce resistance in chicks. This 
holds for marker-assisted or genomic selection. 

2.3 Towards identification of genes or genome regions involved in the control of 
resistance 

Though promising these results may seem, large-scale selection for increased resistance is 
very difficult to implement since experimental infections, which are both very expensive 
and time consuming, are required. Identifying the underlying genes of genetic markers 
could make it possible to alleviate the need of such experiments. 

The major drawback of such genomic studies is the numbers of both phenotypes and 
genotypes which are required. Studying crosses between inbred lines, following the pioneer 
studies of Bumstead & Barrow, (1988; 1993) is of great relevance, as it makes it possible to 
identify QTLs with much less animals than with crosses between outbred lines. Backcross 
(Mariani et al., 2001; Lamont et al., 2002; Fife et al., 2011), F2 cross ( Tilquin et al., 2005) or, 
more recently, advanced intercross lines (AIL) were considered (Hasenstein et al., 2007; 
Ghebremichael et al., 2008) .  

Candidate genes, i.e. genes chosen according to an a priori knowledge of their effect in 
Salmonella resistance were first investigated. That was in particular the case for two genes, 
SLC11A1 and TLR4, known to be involved in resistance to Salmonella in mouse. The first one 
corresponds to the formerly called Nramp1 (natural resistance-associated macrophage 
protein) gene. It is responsible for resistance of mice to inoculation with Salmonella 
Typhimurium, Mycobacterium bovis and Leishmania donovani (Vidal et al., 1993). Later, 
Nramp1 has been described as a member of a solute carrier family and hence renamed 
Slc11a1. It is involved in the control of the intracellular replication of parasites in 
phagosomes. An homologue of Nramp1 was mapped on the chicken chromosome 7 (Hu et 
al., 1995; Girard-Santosuosso, 1997) and subsequently cloned (Hu et al., 1996).  

The second candidate gene, TLR4 (Toll-like receptor 4), previously named Lps, belongs to 
the large family of Toll-like receptors involved, among others, in the recognition of LPS 
(lipo-polysaccharides), a component specific of Gram negative bacteria (among which 
Salmonella). Its mutation results in a lack of response to LPS and a higher susceptibility to 
Gram negative bacteria. The positional cloning of Lps led to the identification of TLR4 as a 
positional candidate. It was mapped to the chicken micro-chromosome 17 and cloned 
(Leveque et al., 2003). 

Hu et al., (1997) observed that both genes explained together up to 33% of the difference in 
survival of young chicks during the first week after an intra-muscular inoculation at one day 
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of age with Salmonella Typhimurium. This difference was smaller when survival during the 
whole experiment was considered. The effect of the NRAMP1 gene was shown in many 
other experiments: in early stages of systemic Salmonella infection in meat-type chicks 
(Kramer et al., 2003) and layer-type hens (Lamont et al., 2002; Liu et al., 2002) or in spleen 
infection after intravenous inoculation of pullets (Girard-Santossuoso et al. 2002) or hens 
(Beaumont et al., 2003b). It is interesting to note that Caron et al., (2002) showed that the 
NRAMP1 allele coding for a better resistance of mice to an early and acute infection was 
also responsible for a higher excretion rate in later stages. This result has not yet been 
investigated in fowls. If it held, it could imply that selecting for the NRAMP1 allele coding 
for higher resistance to disease would result in a more intense excretion of Salmonella in the 
environment and thus quicker and more important transmission between animals. At the 
opposite, only the study of Beaumont et al (2003b) suspected a role of the TLR4 gene. Other 
candidate genes involved in the immune response were investigated using either 
polymorphisms within the gene or genetic markers (for a review, see Calenge et al (2010).  

Searching for Quantitative Trait Loci (QTLs) is another way to identify genome regions 
involved in resistance. It is based on a systematic research of effects, on resistance, of 
anonymous genetic markers, chosen to cover as regularly as possible the whole genome. A 
first genome scan was achieved by Mariani et al., (2001) on resistance to disease due to 
Salmonella typhimurium. A major QTL controlling spleen bacterial load was identified on 
chromosome 5 and named SAL1. A 6th generation backcross allowed confirming and 
refining the QTL (Fife et al., 2009). It also suggested two very promising functional 
candidate genes, which should lead to the identification of the gene(s) underlying the QTL. 
Tilquin et al., (2005) identified QTL for resistance to both disease and carrier-state. One 
genome-wise significant QTL and five chromosome-wise significant QTL were observed on 
chromosomes 2, 1, 5, 11 and 16, respectively. This genome scan used selective genotyping 
(i.e. genotyping of only a subset of animals, chosen as particularly informative, because of 
extreme phenotypic values); two of those QTLs (on chromosomes 2 and 16) were confirmed 
after targeted genotyping of all animals (Calenge et al., 2009) while the QTLs on 
chromosomes 1 and 16 were also observed in the lines issued from the experiment of 
divergent selection on resistance to carrier-state described by Beaumont et al., (2010) 
(Calenge et al., 2009). More recently, the development of a new generation of genetic 
markers, Single Nucleotide Polymorphisms (SNP) allowed a denser coverage of the genome 
and the identification of new QTLs (Calenge et al., 2011; Fife et al., 2011) one of which is 
close to the zone observed on chromosome 2 by  Fife et al. (2011). The results of all 
publications of QTL research are shown on Table 1. 

Functional genomics compares the levels of expression (i.e. of activity) of genes at the 
genome-wide level. It allows the identification of genes involved in the mechanisms of 
resistance and may also lead to the identification of the genes controlling resistance, 
provided that the mutations responsible for differences in resistance also result in variations 
in the levels of expression. Studies compared levels of expression before and after infection, 
on animals from the same genotypes, or between animals issued from resistant and 
susceptible poultry lines (for a review, see Calenge et al., 2010). Focussing on the expression 
of candidate immune genes allows a better understanding of their role (as in Sadeyen et al., 
2004; Sadeyen et al., 2006; Swaggerty et al., 2006) in relation with the type of cells as shown 
by Chausse et al., (2011), when comparing results obtained on the whole caeca by Sadeyen 
et al. (2004) to observations obtained on sorted cells from this organ.  
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Chromosome Position
(in cM or Mb) Reference 

1 85, 207 cM
509 cM

Tilquin et al., 2005 
Calenge et al., 2011

2 87 cM
20 Mb

Tilquin et al., 2005 
Fife et al., 2011

3 123 cM
96 Mb

Calenge et al., 2011
Fife et al., 2011

4 158, 242 cM Calenge et al., 2011

5 
157 cM

100, 111 cM 
38 cM

Mariani et al., 2001 
Tilquin et al., 2005 
Calenge et al., 2011

6 8 cM Calenge et al., 2011
9 68 cM Calenge et al., 2011

11 18 cM
63 cM

Tilquin et al., 2005 
Calenge et al., 2011

12 15 Mb Fife et al., 2011
14 72, 74, 80 cM Calenge et al., 2011
16 2 cM Tilquin et al., 2005
18 12, 14 cM Calenge et al., 2011
22 29 cM Calenge et al., 2011
24 41 cM Calenge et al., 2011
25 1 Mb cM Fife et al., 2011
27 37, 54, 68 cM Calenge et al., 2011

Table 1. Position of QTLs for resistance to Salmonella in chicken already published. 

2.4 Potential efficiency of marker assisted or genomic selection 

Using results currently available makes it possible to use marker-assisted selection. A first 
experiment of SNP-assisted selection was achieved by Legarra et al., (2011). A total of 600 
animals were genotyped for 831 SNP; these markers explained a large proportion of genetic 
variance, even if no reduction in residual variance could be observed. This drawback will no 
doubt be alleviated when a larger number of SNP will be considered, leading to genomic 
selection, i.e. marker-assisted selection based on genotypes assessed on a very large number 
of anonymous markers, most often SNP (Meuwissen et al., 2001). Genomic selection 
investigates the whole genome at least as far as the markers cover it. Even if no application 
of this procedure to selection of commercial fowls is known yet, that should be the case in 
the near future. That should especially hold for traits whose measure is expensive and 
heritability low, as resistance related traits. It should also make it possible to select for 
several resistance related traits, even if genetic correlations are negative. 

However, even with genomic selection, the choice of selection criteria remains a main issue. 
Whatever the method, it is not possible to consider the numerous resistance-related traits 
that might be measured using the different protocols of experimental infection described in 
subsection 2.1. It is necessary to find out the most important ones. Modelling will no doubt 
be of great interest for such studies. It will consider current knowledge on genetic resistance 
and other prophylactic means and investigate what may be expected from different 
methods of selection and prevention as well as from their combination.  
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of age with Salmonella Typhimurium. This difference was smaller when survival during the 
whole experiment was considered. The effect of the NRAMP1 gene was shown in many 
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NRAMP1 allele coding for a better resistance of mice to an early and acute infection was 
also responsible for a higher excretion rate in later stages. This result has not yet been 
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for higher resistance to disease would result in a more intense excretion of Salmonella in the 
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chromosome 5 and named SAL1. A 6th generation backcross allowed confirming and 
refining the QTL (Fife et al., 2009). It also suggested two very promising functional 
candidate genes, which should lead to the identification of the gene(s) underlying the QTL. 
Tilquin et al., (2005) identified QTL for resistance to both disease and carrier-state. One 
genome-wise significant QTL and five chromosome-wise significant QTL were observed on 
chromosomes 2, 1, 5, 11 and 16, respectively. This genome scan used selective genotyping 
(i.e. genotyping of only a subset of animals, chosen as particularly informative, because of 
extreme phenotypic values); two of those QTLs (on chromosomes 2 and 16) were confirmed 
after targeted genotyping of all animals (Calenge et al., 2009) while the QTLs on 
chromosomes 1 and 16 were also observed in the lines issued from the experiment of 
divergent selection on resistance to carrier-state described by Beaumont et al., (2010) 
(Calenge et al., 2009). More recently, the development of a new generation of genetic 
markers, Single Nucleotide Polymorphisms (SNP) allowed a denser coverage of the genome 
and the identification of new QTLs (Calenge et al., 2011; Fife et al., 2011) one of which is 
close to the zone observed on chromosome 2 by  Fife et al. (2011). The results of all 
publications of QTL research are shown on Table 1. 

Functional genomics compares the levels of expression (i.e. of activity) of genes at the 
genome-wide level. It allows the identification of genes involved in the mechanisms of 
resistance and may also lead to the identification of the genes controlling resistance, 
provided that the mutations responsible for differences in resistance also result in variations 
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Chromosome Position
(in cM or Mb) Reference 

1 85, 207 cM
509 cM

Tilquin et al., 2005 
Calenge et al., 2011

2 87 cM
20 Mb

Tilquin et al., 2005 
Fife et al., 2011

3 123 cM
96 Mb

Calenge et al., 2011
Fife et al., 2011

4 158, 242 cM Calenge et al., 2011

5 
157 cM

100, 111 cM 
38 cM

Mariani et al., 2001 
Tilquin et al., 2005 
Calenge et al., 2011

6 8 cM Calenge et al., 2011
9 68 cM Calenge et al., 2011

11 18 cM
63 cM

Tilquin et al., 2005 
Calenge et al., 2011

12 15 Mb Fife et al., 2011
14 72, 74, 80 cM Calenge et al., 2011
16 2 cM Tilquin et al., 2005
18 12, 14 cM Calenge et al., 2011
22 29 cM Calenge et al., 2011
24 41 cM Calenge et al., 2011
25 1 Mb cM Fife et al., 2011
27 37, 54, 68 cM Calenge et al., 2011

Table 1. Position of QTLs for resistance to Salmonella in chicken already published. 

2.4 Potential efficiency of marker assisted or genomic selection 

Using results currently available makes it possible to use marker-assisted selection. A first 
experiment of SNP-assisted selection was achieved by Legarra et al., (2011). A total of 600 
animals were genotyped for 831 SNP; these markers explained a large proportion of genetic 
variance, even if no reduction in residual variance could be observed. This drawback will no 
doubt be alleviated when a larger number of SNP will be considered, leading to genomic 
selection, i.e. marker-assisted selection based on genotypes assessed on a very large number 
of anonymous markers, most often SNP (Meuwissen et al., 2001). Genomic selection 
investigates the whole genome at least as far as the markers cover it. Even if no application 
of this procedure to selection of commercial fowls is known yet, that should be the case in 
the near future. That should especially hold for traits whose measure is expensive and 
heritability low, as resistance related traits. It should also make it possible to select for 
several resistance related traits, even if genetic correlations are negative. 

However, even with genomic selection, the choice of selection criteria remains a main issue. 
Whatever the method, it is not possible to consider the numerous resistance-related traits 
that might be measured using the different protocols of experimental infection described in 
subsection 2.1. It is necessary to find out the most important ones. Modelling will no doubt 
be of great interest for such studies. It will consider current knowledge on genetic resistance 
and other prophylactic means and investigate what may be expected from different 
methods of selection and prevention as well as from their combination.  
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3. Mathematical modelling: A way to integrate genetic results for a better 
understanding of Salmonella propagation within a flock of hens 
A few models have already been proposed to study Salmonella spread within hens (Leslie, 
1996, Thomas et al., 2009; Prévost et al., 2006; Zongo et al, 2010a). In two models (Leslie, 
1996; Thomas et al., 2009), the transmission of the Salmonella is determined by direct contact 
between animals and the density of bacteria in environment neglected. Prévost et al. (2006, 
2007, 2008) and Zongo et al. (2010a) took into account the effect of the bacterial load of the 
environment. Variability in animal genetic resistance was introduced by Prévost et al, 
(2008). They distinguished two subpopulations of hens, with a lower or higher resistance to 
Salmonella carrier-state, as the model is a deterministic compartmental model (i.e. the 
population is divided into categories). In Zongo et al (2010a), individuals are represented, 
which makes it possible to model the contamination of each hen and to assume them to have 
varying degrees of resistance. In particular, effects of animal’s capacity of defense on the 
evolution of the individual bacterial load were considered. Since the model is stochastic, the 
impact of this variability on propagation within the flock can be investigated. 

3.1 Model at the population level  

Classically, for a large population (as a flock), compartmental deterministic models are 
defined and the numbers of animals in each category are modelled. Prévost et al., (2006) 
developed such a model. These authors considered four categories of hens. Naïve (also 
called susceptible) birds have no protection against Salmonella: they are at risk of becoming 
infected. For hens’ contamination, three steps were distinguished. The first is digestive 
contamination, when the bacteria are located in the digestive tract. Systemic infection occurs 
after translocation of bacteria through the digestive barrier; it results in contamination of 
systemic organs, such as liver or spleen, and sometimes also in egg contamination. 
Afterwards, bacterial clearance leads to recovery (see figure 1).  

First contamination depends on the environmental bacterial load. Indeed, propagation of the 
infection may occur through aerosols from one contaminated animal to another animal, 
especially when they are reared in the same cage, or indirectly because of environmental 
contamination, mainly through water and feed. It is to note that this model neglected vertical 
transmission though transovarian route (Humphrey et al., 1989). Once contaminated at the 
digestive level, animals will become infected to a systemic level then get immunised. Thus, the 
rates of transition to the systemic level and, afterwards, the recovered status are constant. 

Numerical analyses give hints for developing control measures as they highlight the influence 
of factors contributing to the variation of egg contamination and thus to the risk of human 
contamination. The recovery rate, representing the ability of hens to eliminate Salmonella, 
influences both maximal prevalence and duration of the epizooty. The rate of return to the 
susceptible state, i.e. the loss of protective immunity, is also of major importance. These results 
could be related to biological mechanisms. The mechanisms explaining the response to 
selection for a lower or higher contamination level were not the same. Selection on higher 
resistance had mostly modified the hen’s clearance ability while a higher rate of return to the 
susceptible state was responsible for the higher level of contamination of the other line, which 
had a shorter immune protection time. This is coherent with results on immune response of 
lines differing (among other resistance traits) in resistance to carrier state, whether inbred 
(Sadeyen et al., 2006), or outbred (Proux et al., 2002; Protais et al., 2003).  
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Fig. 1. Diagrammatic representation of the evolution of health status for an individual at a 
given time t: individual may be susceptible (S), infected at the digestive level (ID) or at the 
systemic level (IS) or recovered (R). βE and βI are the rates of excretion of infected animals at 
the digestive or systemic levels. They contribute to the increase in the number of bacteria in 
the environment. The rate of transition (k C(t)) from the susceptible (S) to the infected at the 
digestive level (ID) status depends on the number of bacteria in the environment (C(t)). 
Parameters γ, η and μ, respectively, are the rates of transition from one status to another (i.e. 
from infected at the digestive (ID) to infected at the systemic level (IS), from infected at the 
systemic level IS to recovered (R) and from recovered to susceptible (S), respectively). 

The effect of the introduction of a proportion of more resistant animals among the 
population was investigated. It reduces the peak of infection (i.e. the maximal percentage of 
infected animals), because the more resistant animals excrete less bacteria in the 
environment, reducing cross contamination. But it also delays the extinction of the epizooty 
as a higher proportion of animals are still naïve and infected later. Increasing genetic 
resistance to a greater extent but in a proportion of the population or increasing it to a lesser 
extent but in all animals will lead to different results. Inversely, results of genotype 
comparisons will not be the same when animals with different degrees of bacterial clearance 
are reared together or not. This point should be further studied in practice.  

The effect of vaccination on flocks with different levels of genetic ability to clear bacteria 
was also investigated. The vaccine was more efficient in more resistant animals, in relation 
with the differences in the persistence of immunity. These differences are coherent with 
observations made by Protais et al. (2003). It is important to note that the combination of 
vaccination and genetic selection resulted in a percentage of contamination similar to what 
the European community is asking for. 

3.2 Taking into account the variability at the animal level  

A stochastic individual-based model was developed for a finer modelling of the variability 
of hen’s response to contamination (Zongo et al., 2010a). Such models are largely used in 
ecology (Grimm et al., 2006) and were already used to model the growth and migration of 
Salmonella enteritidis in hens’ eggs (Grijspeerdt et al., 2005). The model extends the model 
previously derived by Prévost et al. (2006).  
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The variation over time (that is the derivative) of the individual bacterial load B(,x) was 
modelled as resulting from bacterial multiplication within the individual (i.e. growth rate), 
and from contamination by environmental bacteria. The latter was dependant on the 
number of bacteria present in the neighbourhood of the individual, that is the density of 
bacteria. It is to note that such a more precise modelling could also be derived using a 
deterministic approach as follows: 

 ( , ) / ( , )) ( , )P
Variation within individual Growth rate Inhaled or ingested

within environment

B x B x I t x          

Equation 1: Derivative, according to time, of individual bacterial load (B(t,x) at time t and 
position x is equal to the sum of growth rate, g, of B(t,x) and of contamination through 
ingestion or inhalation of bacteria present in in the neighbourhood, that is Ip(C(t,x)). This 
derivative is computed at each time step and position. 

Contrary to Prévost et al. (2008), two steps in digestive contamination were distinguished 
(Figure 2): a transient contamination and a long term one. When in the transient status, 
animals may overcome the contamination and get rid of the bacteria, provided that their 
bacterial load (thereafter denoted B) remains lower than a threshold D. Once the hen is 
contaminated at a bacteria load higher than D, its capacities of defence are overwhelmed 
and it will become systematically infected.  

 
Fig. 2. Diagrammatic representation of the evolution of health status for an individual at time t 
and position x and its interaction with the level of environmental contamination at this 
position, C(t,x). The individual may be susceptible (S0), infected at the digestive level with a 
low dose of contamination (ID-), suffering from a long term digestive contamination (ID+), 
contaminated at the systemic level (IS) or recovered (R). The number of bacteria carried by an 
individual in the ID- status depends on the growth rate g of its bacterial load and of the 
quantity of ingested bacteria; the latter depends on the level of environmental contamination 
in the neighbourhood (Ip(t,x)). The individual bacterial load regulates transitions from S0 to ID- 
(reciprocally from ID- to S0) and from ID- to ID+. Parameters γ, η and μ, respectively, regulates 
durations of status ID+, IS and R, respectively. βD+ and βI are the rates of excretion of infected 
animals at respectively the transient digestive and systemic level.  
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Transitions from susceptible to digestive contamination status (both ID− and ID+) are 
regulated by the individual bacterial load, which is computed at each time step and for 
each animal. When it is greater than zero and lower that the individual threshold, D(x), 
individual status changes from S0 to ID-. The individual may go back in S0-state unless 
B(tn+1,x) becomes greater than D(x) and individual status changes from ID- to ID+. Other 
transitions are stochastic with average durations equal to 1/γ, 1/η(B1x) and 1/µ, 
respectively, for the transitions from ID+ -state to IS-state, IS- -state to R-state and from R 
state to S0 respectively.  

The threshold D(x) is assumed to vary from an animal to another as it depends on many 
factors: the bacterial strain (as can be seen for example from Bumstead and Barrow, 1993), 
gut flora (Nurmi & Rantala, 1973), animals’ genetic resistance (§ 1). This variability and 
the differences in initial contamination result in a variability in bacterial load as can be 
seen in Figure 3.  

 

   

 

Fig. 3. Evolution of individual bacterial load (B(t,x)) within an individual at the position x 
and time t according to the number of bacteria ingested by the animal and the threshold for 
animals’ ability to overcome the contamination (D(x)). M is the maximal bacterial load that 
an animal may carry (set here at 10 log10 c.f.u.). In (a), D(x) is set to the same value for each 
animal (5 log10 c.f.u.). Four initial doses are above the threshold, one equal to it and four 
doses below it. In (b), the thresholds D are random, leading to different thresholds for each 
animal so that, for the same initial dose (set here at 6log10 c.f.u.), there is individual 
variability in evolution of the bacteria load.  

The density of bacteria (C(t,x)) in the environment at time t and position x depends on the 
rate of diffusion of bacteria, on the natural rate of mortality of bacteria, λ, as well as on the 
density of bacteria excreted by infectious individuals close to position x.  

As the model is spatial, Zongo et al (2010a) show that the position of the first contamination 
influences both the kinetics of infection and the maximal percentages of infected animals 
(see figure 4).  
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Fig. 4. Influence of the position of the first infection on the evolution over time of the 
percentage of infected animals (at the digestive level, in a persistent way (ID+), or 
systematically (IS)), when (a) infection starts in the middle (row 4 out of 8) or (b) in the 
corner of the hen house (row 1 out of 8). Only median values of the sum of percentages of 
infected animal are represented. The color bars indicate the relation between color and 
percentage of infected animals. 

One investigation considered two levels of excretion, since it may vary between hens 
(Ishola, 2009). As can be seen on figure 5, both the propagation speed and the maximum 
level of infection are strongly influenced (Zongo et al, 2010b). But more studies are still 
needed to investigate this question.  
 

   
 

Fig. 5. Evolution of status of individuals (susceptible (S0), infected at the digestive level with 
a low dose of contamination (ID-), suffering from a long term digestive contamination (ID+), 
contaminated at the systemic level (IS) or recovered (R)), according to days after the first 
contamination, when (a) all individuals in the ID+ or I-state excrete (b) half of individuals at 
ID+-state or IS-state excrete. Median values obtained on 100 simulations are shown by solid 
lines curves, while the 5th and 95th percentiles are shown by dotted lines.  
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3.3 Perspectives 

First, the relative effects of animals’ capacity of bacterial clearance and level of excretion 
should be studied. Both have important effects and most probably interact with each other 
and with the animals’ capacities to overcome transient digestive contamination (threshold 
D). Since, in hen houses, bacterial doses are most often rather small, it will be important to 
study the effects of both average values and variability of these factors.  

Second, interactions between animals may be more precisely modelled. The model derived 
by Zongo et al. (2010a) assumes that all hens within a cage are contaminated at the same 
time and carry the same bacterial load. When the number of hens within cage becomes 
large, this major hypothesis does not totally hold. Moreover, new systems of rearing should 
be considered, such as aviaries, extensive rearing or enriched cages. They should be more 
and more frequent with the European commission banning of traditional cages after 2012. 
They no doubt interact with sanitary risks. Salmonella propagation should also be considered 
in flocks of younger animals.  

Rearing together animals with different profiles of resistance should also be considered. It is 
worth comparing whether it is more efficient to select one type of resistance (as for example 
capacity of bacterial clearance or low level of excretion) or several resistance-related traits. In 
particular, flocks composed of several lines selected on different resistance related traits or 
performance should be considered. At a longer term, such studies should integrate the links 
between immune capacities and performance, as investigated by Van der Most et al. (2010). 
Complementary studies should also consider egg yolk’s genetic ability to resist bacterial 
infection as evidenced by Sellier et al., (2007). 

4. Conclusion 
Selection for higher resistance to carrier-state may be  an efficient way to control Salmonella 
propagation within a flock. It might profitably be used as an additional mean of prevention of 
human food poisoning. The choice of the selection criteria must be considered carefully as it 
will have a strong influence on the results of selection. Other means of prevention must also be 
considered to choose the best strategy of prevention according to its impact on the level of 
animal contamination and then on the Salmonella propagation. Modelling will contribute to 
integrate genetic and experimental data at individual level to evaluate the propagation at the 
population level. It will allow the comparison of the impact of different scenarios on the 
propagation within a flock with, for example, different profiles of resistance or different 
prophylactic measures. Reversely, these studies will ask new questions and necessitate new 
experiments to confirm results or give values of some parameters. In particular, if the 
resistance and the propagation are different according to Salmonella strains, different models 
can be developed, providing there are sufficient data to define them. For other pathogenic 
agents, such as Campylobacter, integrated studies should also be envisaged. 
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Second, interactions between animals may be more precisely modelled. The model derived 
by Zongo et al. (2010a) assumes that all hens within a cage are contaminated at the same 
time and carry the same bacterial load. When the number of hens within cage becomes 
large, this major hypothesis does not totally hold. Moreover, new systems of rearing should 
be considered, such as aviaries, extensive rearing or enriched cages. They should be more 
and more frequent with the European commission banning of traditional cages after 2012. 
They no doubt interact with sanitary risks. Salmonella propagation should also be considered 
in flocks of younger animals.  

Rearing together animals with different profiles of resistance should also be considered. It is 
worth comparing whether it is more efficient to select one type of resistance (as for example 
capacity of bacterial clearance or low level of excretion) or several resistance-related traits. In 
particular, flocks composed of several lines selected on different resistance related traits or 
performance should be considered. At a longer term, such studies should integrate the links 
between immune capacities and performance, as investigated by Van der Most et al. (2010). 
Complementary studies should also consider egg yolk’s genetic ability to resist bacterial 
infection as evidenced by Sellier et al., (2007). 

4. Conclusion 
Selection for higher resistance to carrier-state may be  an efficient way to control Salmonella 
propagation within a flock. It might profitably be used as an additional mean of prevention of 
human food poisoning. The choice of the selection criteria must be considered carefully as it 
will have a strong influence on the results of selection. Other means of prevention must also be 
considered to choose the best strategy of prevention according to its impact on the level of 
animal contamination and then on the Salmonella propagation. Modelling will contribute to 
integrate genetic and experimental data at individual level to evaluate the propagation at the 
population level. It will allow the comparison of the impact of different scenarios on the 
propagation within a flock with, for example, different profiles of resistance or different 
prophylactic measures. Reversely, these studies will ask new questions and necessitate new 
experiments to confirm results or give values of some parameters. In particular, if the 
resistance and the propagation are different according to Salmonella strains, different models 
can be developed, providing there are sufficient data to define them. For other pathogenic 
agents, such as Campylobacter, integrated studies should also be envisaged. 
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1. Introduction  
Infections with non-typhoidal Salmonella are the second most common cause of bacterial 
gastroenteritis in developed countries, with the incidence of multidrug-resistant non-typhoidal 
Salmonella increasing considerably in the last two decades. Non-typhoidal salmonellosis in 
otherwise healthy individuals usually results in mild, self-limiting diarrhoea, but treatment 
with an appropriate antimicrobial can be life-saving in vulnerable patient groups such as the 
elderly, immunocompromised patients or those with underlying disease, and in cases of 
invasive disease such as Salmonella bacteraemia, osteomyelitis and meningitis.  

Aminoglycosides are often used in combination with broad-spectrum ß-lactams for the 
treatment of life-threatening infections due to both Gram-positive and Gram-negative 
bacteria due to their potent concentration-dependent bactericidal activity and postantibiotic 
effect, and their ability to act synergistically with many other antimicrobials (Lacy et al., 
1998). They have been classified as critically important antimicrobials in human medicine 
(World Health Organisation, 2007). By binding irreversibly to the highly-conserved 
aminoacyl (A-site) of the 16S ribosomal subunit they inhibit bacterial protein synthesis, 
thereby leading to cell death (Kotra et al., 2000). The most common mechanism for 
resistance to aminoglycosides results from production of aminoglycoside-modifying 
enzymes (phosphotransferases, nucleotidyltranferases and acetyltransferases), which 
compromise the binding of the aminoglycoside to the target site. Resistance may also result 
from reduced intracellular drug uptake and accumulation (likely to be due to changes in 
membrane permeability) or mutation of ribosomal proteins or rRNA (Mingeot-Leclercq et 
al., 1999). However, recent years have seen the emergence of several 16S rRNA 
methyltransferases in clinical isolates of Gram-negative bacteria in Europe, the Far East, and 
North and South America. 

2. Aminoglycoside resistance mediated by 16S rRNA methylation 
Aminoglycoside-producing actinomycetes are intrinsically resistant to very high levels (MIC 
>512 mg/L) of the aminoglycoside they produce due to rRNA methyltransferase enzymes, 
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Aminoglycoside-producing actinomycetes are intrinsically resistant to very high levels (MIC 
>512 mg/L) of the aminoglycoside they produce due to rRNA methyltransferase enzymes, 
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but until recently no clinical isolate that was resistant to aminoglycosides as a result of an 
rRNA methyltransferase had been identified (Davies & Wright, 1997). The first reported 16S 
rRNA methyltransferase gene armA (aminoglycoside resistance methyltransferase) was 
identified in a multiresistant Klebsiella pneumoniae isolated in France (Galimand et al., 2003). 
A further seven enzymes have been associated with 16S rRNA methylation: rmtA 
(Yokoyama et al., 2003), rmtB (Doi et al., 2004), rmtC (Wachino et al., 2006a), rmtD (now 
renamed as rmtD1) (Doi et al., 2007), rmtD2 (shares 96.4% amino acid identity with rmtD1) 
(Tijet et al., 2011), rmtE (Davis et al., 2010) and npmA (Wachino et al., 2007). The deduced 
amino acid sequences show homology with 16S rRNA methyltransferases produced by 
Actinomycetales, including Streptomyces and Micromonospora spp. (Fig. 1). However, the 
degree of identity shared overall between the 16S rRNA methyltransferase genes is less than 
30%, which suggests that this is not a recent transfer event.  

 
Fig. 1. 16S rRNA methyltransferases conferring high-level resistance to aminoglycosides 
identified to date. 

3. Clinical relevance of 16S rRNA methyltransferases 
Unlike the aminoglycoside-modifying enzymes, which vary in their substrate specificity, 
16S rRNA methyltransferases armA and rmtA-E confer high-level resistance to all clinically-
important aminoglycosides used for systemic therapy except streptomycin; npmA confers 
high-level resistance mainly to 4,5, disubstituted deoxystreptamines like apramycin. These 
genes are linked with mobile genetic elements and usually confirmed as located on large 
conjugative plasmids, allowing potential spread among bacterial populations. In addition, 
they have been commonly associated with other genes encoding resistance to clinically 
relevant antimicrobials such as ß-lactams (blaSHV, blaCTX-M, plasmid-mediated AmpC), 
carbapenems (blaSPM-1, blaNDM-1, blaKPC-2) and fluoroquinolones (plasmid-mediated qepA, 
aac(6’)-Ib-cr and qnr family), thereby allowing potential co-selection and maintenance of 
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resistance by use of other antimicrobial agents. 16S rRNA methyltransferases have been 
identified in glucose non-fermentative Gram-negative bacilli and enterobacteria, including 
Salmonella enterica, isolated from clinical, veterinary and food sources. 

4. Detection of 16S rRNA methyltransferases 
4.1 Phenotypic detection 

armA and rmtA-E confer resistance to 4,6-disubstituted deoxystreptamines such as amikacin, 
kanamycin, tobramycin and gentamicin by methylation at position A1405 within the A-site 
of the 16S rRNA, whilst npmA confers panaminoglycoside resistance due to methylation at 
position A1408 (Liou et al., 2006; Wachino et al., 2007). 16S rRNA methyltransferase 
producers characteristically demonstrate aminoglycoside MICs 256 mg/L and are unique 
in expressing high-level resistance to the semisynthetic aminoglycoside arbekacin (Doi & 
Arakawa, 2007). Production of a 16S rRNA methyltransferase should be expected in 
enterobacteria exhibiting resistance to multiple aminoglycosides according to Clinical and 
Laboratory Standards Institute (CLSI) guidelines and demonstrating little or no inhibitory 
zones when using gentamicin, amikacin and arbekacin disks. Although arbekacin may not 
be readily available Doi & Arakawa (2007) noted that inclusion of an arbekacin disk was 
preferable as this increased the positive predictive value of this method to 90%, compared 
to only ca. 60% when using amikacin alone (Lee et al., 2006). Alternatively, using 
aminoglycoside MICs 256 mg/L as a screen has been reported to have an excellent positive 
predictive value (Lee et al., 2006; Doi & Arakawa; 2007). 

4.2 Molecular detection and characterization 

With the exception of npmA, phenotypic resistance traits cannot be used to differentiate 
between the 16S rRNA methyltransferase variants. Instead PCR amplification and 
comparison of the amplicon sequence to previously reported gene sequences must be used 
for confirmation. The published literature contains many PCR protocols for detection of 
these genes (Doi & Arakawa, 2007; Fritsche et al., 2008; Granier et al., 2011). 

5. 16S rRNA methyltransferases in Salmonella enterica 
Although all eight 16S rRNA methyltransferase genes have now been identified in 
enterobacteria; armA and rmtB are the most commonly identified and have spread 
worldwide. The first reported 16S rRNA methyltransferase gene in Salmonella enterica was 
armA in S. enterica serovar Enteritidis isolated in a hospital in Bulgaria (Galimand et al., 
2005). Transfer of high-level aminoglycoside resistance to an Escherichia coli recipient led to 
transconjugants expressing resistance to 4,6-disubstituted deoxystreptamines due to armA, 
to ß-lactams due to acquisition of blaTEM-1 and blaCTX-M-3, to streptomycin-spectinomycin 
because of ant”9, to sulphonamides because of sul1 and to trimethoprim because of dfrXII. 
All these resistance genes were located on a ca. 90-kb plasmid of incompatibility group 
IncL/M previously identified in Poland in Citrobacter freundii as pCTX-M3 (GenBank 
accession number AF550415; Gobiewski et al., 2007). Plasmid pCTX-M3 is responsible for 
the extensive spread of the extended-spectrum ß-lactamase (ESBL) blaCTX-M-3 in 
enterobacteria in Poland (including within S. enterica serovars Typhimurium, Enteritidis, 
Mbandaka and Oranienburg expressing very high-level resistance to aminoglycosides) 
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but until recently no clinical isolate that was resistant to aminoglycosides as a result of an 
rRNA methyltransferase had been identified (Davies & Wright, 1997). The first reported 16S 
rRNA methyltransferase gene armA (aminoglycoside resistance methyltransferase) was 
identified in a multiresistant Klebsiella pneumoniae isolated in France (Galimand et al., 2003). 
A further seven enzymes have been associated with 16S rRNA methylation: rmtA 
(Yokoyama et al., 2003), rmtB (Doi et al., 2004), rmtC (Wachino et al., 2006a), rmtD (now 
renamed as rmtD1) (Doi et al., 2007), rmtD2 (shares 96.4% amino acid identity with rmtD1) 
(Tijet et al., 2011), rmtE (Davis et al., 2010) and npmA (Wachino et al., 2007). The deduced 
amino acid sequences show homology with 16S rRNA methyltransferases produced by 
Actinomycetales, including Streptomyces and Micromonospora spp. (Fig. 1). However, the 
degree of identity shared overall between the 16S rRNA methyltransferase genes is less than 
30%, which suggests that this is not a recent transfer event.  

 
Fig. 1. 16S rRNA methyltransferases conferring high-level resistance to aminoglycosides 
identified to date. 

3. Clinical relevance of 16S rRNA methyltransferases 
Unlike the aminoglycoside-modifying enzymes, which vary in their substrate specificity, 
16S rRNA methyltransferases armA and rmtA-E confer high-level resistance to all clinically-
important aminoglycosides used for systemic therapy except streptomycin; npmA confers 
high-level resistance mainly to 4,5, disubstituted deoxystreptamines like apramycin. These 
genes are linked with mobile genetic elements and usually confirmed as located on large 
conjugative plasmids, allowing potential spread among bacterial populations. In addition, 
they have been commonly associated with other genes encoding resistance to clinically 
relevant antimicrobials such as ß-lactams (blaSHV, blaCTX-M, plasmid-mediated AmpC), 
carbapenems (blaSPM-1, blaNDM-1, blaKPC-2) and fluoroquinolones (plasmid-mediated qepA, 
aac(6’)-Ib-cr and qnr family), thereby allowing potential co-selection and maintenance of 
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resistance by use of other antimicrobial agents. 16S rRNA methyltransferases have been 
identified in glucose non-fermentative Gram-negative bacilli and enterobacteria, including 
Salmonella enterica, isolated from clinical, veterinary and food sources. 

4. Detection of 16S rRNA methyltransferases 
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Arakawa, 2007). Production of a 16S rRNA methyltransferase should be expected in 
enterobacteria exhibiting resistance to multiple aminoglycosides according to Clinical and 
Laboratory Standards Institute (CLSI) guidelines and demonstrating little or no inhibitory 
zones when using gentamicin, amikacin and arbekacin disks. Although arbekacin may not 
be readily available Doi & Arakawa (2007) noted that inclusion of an arbekacin disk was 
preferable as this increased the positive predictive value of this method to 90%, compared 
to only ca. 60% when using amikacin alone (Lee et al., 2006). Alternatively, using 
aminoglycoside MICs 256 mg/L as a screen has been reported to have an excellent positive 
predictive value (Lee et al., 2006; Doi & Arakawa; 2007). 

4.2 Molecular detection and characterization 

With the exception of npmA, phenotypic resistance traits cannot be used to differentiate 
between the 16S rRNA methyltransferase variants. Instead PCR amplification and 
comparison of the amplicon sequence to previously reported gene sequences must be used 
for confirmation. The published literature contains many PCR protocols for detection of 
these genes (Doi & Arakawa, 2007; Fritsche et al., 2008; Granier et al., 2011). 

5. 16S rRNA methyltransferases in Salmonella enterica 
Although all eight 16S rRNA methyltransferase genes have now been identified in 
enterobacteria; armA and rmtB are the most commonly identified and have spread 
worldwide. The first reported 16S rRNA methyltransferase gene in Salmonella enterica was 
armA in S. enterica serovar Enteritidis isolated in a hospital in Bulgaria (Galimand et al., 
2005). Transfer of high-level aminoglycoside resistance to an Escherichia coli recipient led to 
transconjugants expressing resistance to 4,6-disubstituted deoxystreptamines due to armA, 
to ß-lactams due to acquisition of blaTEM-1 and blaCTX-M-3, to streptomycin-spectinomycin 
because of ant”9, to sulphonamides because of sul1 and to trimethoprim because of dfrXII. 
All these resistance genes were located on a ca. 90-kb plasmid of incompatibility group 
IncL/M previously identified in Poland in Citrobacter freundii as pCTX-M3 (GenBank 
accession number AF550415; Gobiewski et al., 2007). Plasmid pCTX-M3 is responsible for 
the extensive spread of the extended-spectrum ß-lactamase (ESBL) blaCTX-M-3 in 
enterobacteria in Poland (including within S. enterica serovars Typhimurium, Enteritidis, 
Mbandaka and Oranienburg expressing very high-level resistance to aminoglycosides) 
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(Baraniak et al., 2002; Gierczynski et al., 2003a; Gierczynski et al., 2003b). The ant”9, sul1, 
dfrXII and armA genes were part of a 16.6-kb composite element flanked by two direct 
copies of IS6, which was designated Tn1548. Tn1548 has been identified on plasmids of 
other incompatibility groups and in enterobacteria of human and animal origin from several 
countries, thereby indicating its importance in the dissemination of armA (Galimand et al., 
2005; González-Zorn et al., 2005a; González-Zorn et al., 2005b).  

armA was also identified on a plasmid identical, or very similar to pCTX-M3 in a single 
isolate of S. enterica serovar Virchow among 1,078 non-typhoidal Salmonella isolates from 
patients hospitalized with gastroenteritis in Saint Petersburg, Russia between 2002-2005 
(Egorova et al., 2007). The armA gene associated with Tn1548 was also identified in one 
isolate of S. enterica serovar Stanley submitted in 1999 among a collection of 18,261 non-
typhoidal Salmonella isolated between 1996-2006 at the Centers for Disease Control and 
Prevention, USA (Folster et al., 2009).  

In 2004 an outbreak of diarrhoea occurred in the neonatology unit of the Hospital of 
Constantine in Algeria. Stool cultures yielded S. enterica serovar Senftenberg, which were 
resistant to amoxicillin, ticarcillin, piperacillin, cefalothin, extended-spectrum 
cephalosporins, trimethoprim-sulfamethoxazole, amikacin, gentamicin, netilmicin, 
tobramycin and streptomycin (Naas et al., 2005). Whilst Salmonella infections in hospitals are 
usually food-associated, in this instance spread of infection was likely to be due to 
horizontal transmission as the commercially prepared milk was fed to other babies that did 
not become infected. A subsequent screening of 12 representative ESBL-producing serovar 
Senftenberg isolates isolated from the ward between 1982-2005 that expressed resistance to 
aminoglycosides was performed (Naas et al., 2009). Only one isolate from 1998 that 
expressed resistance to all clinically-relevant aminoglycosides was found positive for armA; 
all other isolates were negative for 16S rRNA methyltransferase genes and showed variable 
levels of resistance to aminoglycosides. As before, armA was located within Tn1548 on a 
blaCTX-M-3-encoding IncL/M plasmid. 

Another outbreak occurred on the neonatology ward of the same hospital between 
September 2008 to January 2009 (Naas et al., 2011). S. enterica serovar Infantis isolates were 
obtained from 138 patients (mostly from stool cultures but two neonates had positive blood 
cultures and another had positive gastric fluid). All but two isolates were resistant to all ß-
lactams (except cephamycins and carbapenems), kanamycin, netilmicin, tobramycin, 
amikacin, gentamicin, rifampicin and trimethoprim/sulfamethoxazole. Molecular typing by 
pulsed-field gel electrophoresis (PFGE) of representative isolates indicated that they were 
genetically related. The presence of armA associated with Tn1548, together with blaCTX-M-15 
and blaTEM-1 was confirmed, with the 16S rRNA methyltransferase and ß-lactamase 
determinants co-located on a 140-kb self-transferable IncL/M plasmid. This suggests that 12 
years on, a plasmid similar to that identified in serovar Senftenberg was still present on the 
ward and may have transferred to serovar Infantis with the blaCTX-M-3 evolving to blaCTX-M-15 

via a single amino acid substitution (Asp-240→Gly) that has been associated with increased 
activity to ceftazidime (Poirel et al., 2002). Other enterobacterial species harbouring both 
armA, and blaCTX-M-3 or blaCTX-M-15 were isolated from Algerian patients transferred to 
Belgium (Bogaerts et al., 2007), and have been identified in Klebsiella spp. in Taiwan and 
China (Ma et al., 2009; Zhang et al., 2008), indicating that the Infantis plasmid may also have 
been acquired from a different bacterial species. Implementation and strengthening of 
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hygiene and infection control measures brought the outbreak under control but was 
insufficient to prevent further sporadic cases in 2009. These may have occurred after re-
hospitalisation of colonised patients or from re-introduction of the strain onto the ward by 
colonised members of staff. 

S. enterica serovars Typhimurium (n=13), 4,12:-:1,2 (n=1) and Enteritidis (n=4) co-
harbouring both blaCTX-M-15 and armA were identified in another study investigating the 
prevalence of 16S rRNA methyltransferase genes among ESBL-producing S. enterica 
isolates recovered in Annaba, Algeria between 2008-2009 (Bouzidi et al., 2011). Of the 18 
isolates, 13 belonging to serovars Typhimurium (n=12) and 4,12:-:1,2 (n=1) harboured 
blaCMY-2 and blaTEM in addition to blaCTX-M-15 and armA. PFGE analysis revealed these 12 
Typhimurium isolates shared an identical profile, indicating probable spread of an 
epidemic clone, whilst the four Enteritidis isolates shared three distinct profiles, 
suggesting horizontal transfer of the resistance determinants.  

The continuing spread of pCTX-M3-like plasmids in the Salmonella population was 
highlighted in the recent identification of serovar Gambia strains harbouring a ca. 80-kb 
IncL/M plasmid bearing armA and CTX-M-3 together with sulphonamide and trimethoprim 
resistance determinants in France (Moissenet et al., 2011). The strains isolated from two 
babies in the intensive care unit of a Paris hospital in 2005 shared identical resistance 
profiles (resistance to cefotaxime, ceftazidime, gentamicin, tobramycin, amikacin and co-
trimoxazole) and indistinguishable PFGE patterns. Given the rarity of serovar Gambia it 
was concluded that the second baby acquired the strain via cross-infection. Both babies had 
underlying disease and whilst the first baby was successfully treated with imipenem and 
ciprofloxacin, the second baby developed further complications and died despite broad-
spectrum therapy with imipenem, gentamicin, metronidazole and vancomycin. This was the 
first report of a fatality associated with non-typhoidal Salmonella harbouring a 16S rRNA 
methyltransferase gene. 

6. Enhanced surveillance for 16S rRNA methyltransferases in Salmonella 
enterica  
Between March 2006 and December 2009 a retrospective screen to identify 16S rRNA 
methyltransferase-producing enterobacteria among the strain collections of veterinary, 
medical and food science research institutes in ten European Union (EU) countries was 
performed under the auspices of the European-funded MED-VET-NET Network of 
Excellence. Isolates were selected for further study from nearly one million bacterial isolates 
from all sources along the food chain, including the environment, food-production animals, 
food products and humans based on expression of high-level resistance (MIC >256 mg/L) to 
amikacin or gentamicin. PCR using a harmonized protocol was used to screen selected 
isolates for the presence of armA. 

Among 46 S. enterica isolates selected from the culture collection of the Health Protection 
Agency (HPA), UK, five serovar Oranienburg isolates received in 2002 from Poland were 
positive for armA (Hopkins et al., 2007). A ca. 90-kb IncL/M conjugative plasmid, which 
harboured both armA and blaCTX-M-3 was isolated, with armA borne by Tn1548 as 
previously described. Transposon mapping using PCR producing overlapping amplicons 
along the length of the transposon indicated that the transposon structure was identical to 
that of pCTX-M3 (Fig. 2).  
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copies of IS6, which was designated Tn1548. Tn1548 has been identified on plasmids of 
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countries, thereby indicating its importance in the dissemination of armA (Galimand et al., 
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isolate of S. enterica serovar Virchow among 1,078 non-typhoidal Salmonella isolates from 
patients hospitalized with gastroenteritis in Saint Petersburg, Russia between 2002-2005 
(Egorova et al., 2007). The armA gene associated with Tn1548 was also identified in one 
isolate of S. enterica serovar Stanley submitted in 1999 among a collection of 18,261 non-
typhoidal Salmonella isolated between 1996-2006 at the Centers for Disease Control and 
Prevention, USA (Folster et al., 2009).  

In 2004 an outbreak of diarrhoea occurred in the neonatology unit of the Hospital of 
Constantine in Algeria. Stool cultures yielded S. enterica serovar Senftenberg, which were 
resistant to amoxicillin, ticarcillin, piperacillin, cefalothin, extended-spectrum 
cephalosporins, trimethoprim-sulfamethoxazole, amikacin, gentamicin, netilmicin, 
tobramycin and streptomycin (Naas et al., 2005). Whilst Salmonella infections in hospitals are 
usually food-associated, in this instance spread of infection was likely to be due to 
horizontal transmission as the commercially prepared milk was fed to other babies that did 
not become infected. A subsequent screening of 12 representative ESBL-producing serovar 
Senftenberg isolates isolated from the ward between 1982-2005 that expressed resistance to 
aminoglycosides was performed (Naas et al., 2009). Only one isolate from 1998 that 
expressed resistance to all clinically-relevant aminoglycosides was found positive for armA; 
all other isolates were negative for 16S rRNA methyltransferase genes and showed variable 
levels of resistance to aminoglycosides. As before, armA was located within Tn1548 on a 
blaCTX-M-3-encoding IncL/M plasmid. 

Another outbreak occurred on the neonatology ward of the same hospital between 
September 2008 to January 2009 (Naas et al., 2011). S. enterica serovar Infantis isolates were 
obtained from 138 patients (mostly from stool cultures but two neonates had positive blood 
cultures and another had positive gastric fluid). All but two isolates were resistant to all ß-
lactams (except cephamycins and carbapenems), kanamycin, netilmicin, tobramycin, 
amikacin, gentamicin, rifampicin and trimethoprim/sulfamethoxazole. Molecular typing by 
pulsed-field gel electrophoresis (PFGE) of representative isolates indicated that they were 
genetically related. The presence of armA associated with Tn1548, together with blaCTX-M-15 
and blaTEM-1 was confirmed, with the 16S rRNA methyltransferase and ß-lactamase 
determinants co-located on a 140-kb self-transferable IncL/M plasmid. This suggests that 12 
years on, a plasmid similar to that identified in serovar Senftenberg was still present on the 
ward and may have transferred to serovar Infantis with the blaCTX-M-3 evolving to blaCTX-M-15 

via a single amino acid substitution (Asp-240→Gly) that has been associated with increased 
activity to ceftazidime (Poirel et al., 2002). Other enterobacterial species harbouring both 
armA, and blaCTX-M-3 or blaCTX-M-15 were isolated from Algerian patients transferred to 
Belgium (Bogaerts et al., 2007), and have been identified in Klebsiella spp. in Taiwan and 
China (Ma et al., 2009; Zhang et al., 2008), indicating that the Infantis plasmid may also have 
been acquired from a different bacterial species. Implementation and strengthening of 
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hygiene and infection control measures brought the outbreak under control but was 
insufficient to prevent further sporadic cases in 2009. These may have occurred after re-
hospitalisation of colonised patients or from re-introduction of the strain onto the ward by 
colonised members of staff. 

S. enterica serovars Typhimurium (n=13), 4,12:-:1,2 (n=1) and Enteritidis (n=4) co-
harbouring both blaCTX-M-15 and armA were identified in another study investigating the 
prevalence of 16S rRNA methyltransferase genes among ESBL-producing S. enterica 
isolates recovered in Annaba, Algeria between 2008-2009 (Bouzidi et al., 2011). Of the 18 
isolates, 13 belonging to serovars Typhimurium (n=12) and 4,12:-:1,2 (n=1) harboured 
blaCMY-2 and blaTEM in addition to blaCTX-M-15 and armA. PFGE analysis revealed these 12 
Typhimurium isolates shared an identical profile, indicating probable spread of an 
epidemic clone, whilst the four Enteritidis isolates shared three distinct profiles, 
suggesting horizontal transfer of the resistance determinants.  

The continuing spread of pCTX-M3-like plasmids in the Salmonella population was 
highlighted in the recent identification of serovar Gambia strains harbouring a ca. 80-kb 
IncL/M plasmid bearing armA and CTX-M-3 together with sulphonamide and trimethoprim 
resistance determinants in France (Moissenet et al., 2011). The strains isolated from two 
babies in the intensive care unit of a Paris hospital in 2005 shared identical resistance 
profiles (resistance to cefotaxime, ceftazidime, gentamicin, tobramycin, amikacin and co-
trimoxazole) and indistinguishable PFGE patterns. Given the rarity of serovar Gambia it 
was concluded that the second baby acquired the strain via cross-infection. Both babies had 
underlying disease and whilst the first baby was successfully treated with imipenem and 
ciprofloxacin, the second baby developed further complications and died despite broad-
spectrum therapy with imipenem, gentamicin, metronidazole and vancomycin. This was the 
first report of a fatality associated with non-typhoidal Salmonella harbouring a 16S rRNA 
methyltransferase gene. 

6. Enhanced surveillance for 16S rRNA methyltransferases in Salmonella 
enterica  
Between March 2006 and December 2009 a retrospective screen to identify 16S rRNA 
methyltransferase-producing enterobacteria among the strain collections of veterinary, 
medical and food science research institutes in ten European Union (EU) countries was 
performed under the auspices of the European-funded MED-VET-NET Network of 
Excellence. Isolates were selected for further study from nearly one million bacterial isolates 
from all sources along the food chain, including the environment, food-production animals, 
food products and humans based on expression of high-level resistance (MIC >256 mg/L) to 
amikacin or gentamicin. PCR using a harmonized protocol was used to screen selected 
isolates for the presence of armA. 

Among 46 S. enterica isolates selected from the culture collection of the Health Protection 
Agency (HPA), UK, five serovar Oranienburg isolates received in 2002 from Poland were 
positive for armA (Hopkins et al., 2007). A ca. 90-kb IncL/M conjugative plasmid, which 
harboured both armA and blaCTX-M-3 was isolated, with armA borne by Tn1548 as 
previously described. Transposon mapping using PCR producing overlapping amplicons 
along the length of the transposon indicated that the transposon structure was identical to 
that of pCTX-M3 (Fig. 2).  
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Fig. 2. PCR-mapping of Tn1548, the genetic platform of armA. Note that pB1010 has been 
identified in Salmonella from food (Granier et al, 2011). 

S. enterica serovar Oranienburg harbouring blaCTX-M-3 and expressing resistance to 
aminoglycosides has previously been isolated in Poland, where armA is estimated to be 
present in ca. 1.6% of human clinical isolates of enterobacteria (Gierczynski et al., 2003a; 
Gierczynski et al., 2007). These five isolates were part of an outbreak of enteritis associated 
with an orphanage for infants and children below two years of age in central Poland. The 
orphanage was reported to provide poor living conditions (due to a high concentration of 
children) and sanitary standards (i.e. overuse of antimicrobials). Infected children were 
hospitalised in three separate hospitals in central Poland (Table 1). In total, 52 related 
isolates were obtained as reported by a local sanitary and epidemiological unit. Until 
recently this was the only report of involvement of an armA-positive Salmonella strain in a 
hospital outbreak (Naas et al., 2009). 

Strain identifier Patient age (months) Patient symptomatic? Other information 

9/01 7 Y living at the orphanage; 
hospitalised in Unit A 

11/01 3 Y living at the orphanage; 
hospitalised in Unit B 

36/01 11 Y 
living with parents – no 
known link to the 
orphanage 

57/01 7 N living in the orphanage 

79/01 11 Y 

living with parents – no 
known link to the 
orphanage; hospitalised in 
Unit C. 

Table 1. Epidemiological data on S. enterica serovar Oranienburg strains  

A further 13 isolates of non-typhoidal Salmonella were selected based on high-level 
resistance to amikacin from 81,632 HPA non-typhoidal Salmonella isolated between 2004-
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2008 (Hopkins et al., 2010). All isolates belonged to serovar Virchow of phage types 25 (n=6), 
30 (n=5) or 31 (n=1). PCR was negative for armA; however screening for rmtA, rmtB, rmtC 
and rmtD identified rmtC (Doi & Arakawa, 2007). RmtC has previously been identified in 
Proteus mirabilis strain ARS68 from an inpatient in Japan (Wachino et al., 2006a) and P. 
mirabilis strain JIE273 from a patient recently returned from India to Australia (Zong et al., 
2008), therefore this was the first report of rmtC in Europe. Twelve of the 13 strains were 
isolated from patients between 2005-2008, of which seven had reported recent travel abroad 
(four to India). S. enterica serovar Virchow expressing rmtC has also been reported in the 
United States in a child with a history of travel to India (Folster et al., 2009), suggesting that 
16S rRNA methyltransferases may be relatively common in India. The remaining isolate was 
obtained from frozen produce. This was the first report of a 16S rRNA methyltransferase 
gene being identified in a bacterial strain isolated from food. Interestingly, a survey in 
Northern India identified S. enterica in 3.6% of vegetable samples; however >30% of isolates 
were resistant to amikacin (Singh et al., 2007). PFGE revealed the 13 isolates were highly 
related, showing only one to two band differences; the isolate from frozen produce was 
indistinguishable from those isolated from patients. Attempts to isolate rmtC by conjugation 
and electroporation experiments were unsuccessful and the gene was eventually discovered 
located on the chromosome in association with an ISEcp1-like element, which has previously 
been shown to play a role in the expression and transposition of rmtC (Wachino et al., 
2006b). The rmtC gene was localised on a ca. 100-kb non-conjugative plasmid in P. mirabilis 
ARS68, but attempts to transfer rmtC from P. mirabilis JIE273 to a donor were unsuccessful. 
This contrasts with armA and rmtB, which are commonly localised on plasmids (Doi & 
Arakawa, 2007) and may explain at least in part the higher prevalence and increased 
dissemination of these genes in comparison to rmtC. rmtC-positive strains of S. enterica 
serovar Virchow belonging to the same phage types are still being received at the HPA from 
patients reporting recent return from India, suggesting persistence of this multidrug-
resistant clone (Hopkins, unpublished observation). 

Further evidence for food being a possible vehicle of infection for bacterial strains 
harbouring 16S rRNA methyltransferase genes was provided by a recent study reporting the 
identification of armA in a S. enterica serovar 4,12:i:- isolate recovered from chicken meat in 
La Réunion, a French island in the Indian Ocean (Granier et al., 2011). This was the first 
report of armA in a bacterial isolate originating from food. As well as armA, the isolate 
harboured blaCTX-M-3, blaTEM, the Salmonella Genomic Island-1 (as previously associated with 
multidrug-resistant Salmonella enterica serovar Typhimurium definitive phage type (DT) 104 
(Boyd et al., 2000)), and acquired AmpC ß-lactamase blaCMY-2. Conjugation experiments 
indicated that armA, blaCTX-M-3 and blaTEM were located on the same plasmid. However, 
further characterisation revealed that, in contrast to previous studies, these genes were 
located on a ca. 110-kb incompatibility group IncP plasmid. IncP plasmids have a broad host 
range, including Pseudomonas spp. and Gram-positive bacteria, therefore association with an 
IncP plasmid may further broaden the dissemination of armA. Transposon mapping using 
PCR also suggested a deletion event downstream of armA and insertion of an IS26 element, 
which knocked out genes encoding a macrolide resistance efflux pump and macrolide 
phosphotransferase gene (Fig. 2 and Fig. 3). Investigation of other S. enterica serovar 4,12:i:- 
isolates recovered from broiler chickens failed to identify any expressing high-level 
resistance to aminoglycosides, therefore it is likely that this strain was present in the chicken 
meat sample as a consequence of cross-contamination by a food-handler.  
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Fig. 2. PCR-mapping of Tn1548, the genetic platform of armA. Note that pB1010 has been 
identified in Salmonella from food (Granier et al, 2011). 

S. enterica serovar Oranienburg harbouring blaCTX-M-3 and expressing resistance to 
aminoglycosides has previously been isolated in Poland, where armA is estimated to be 
present in ca. 1.6% of human clinical isolates of enterobacteria (Gierczynski et al., 2003a; 
Gierczynski et al., 2007). These five isolates were part of an outbreak of enteritis associated 
with an orphanage for infants and children below two years of age in central Poland. The 
orphanage was reported to provide poor living conditions (due to a high concentration of 
children) and sanitary standards (i.e. overuse of antimicrobials). Infected children were 
hospitalised in three separate hospitals in central Poland (Table 1). In total, 52 related 
isolates were obtained as reported by a local sanitary and epidemiological unit. Until 
recently this was the only report of involvement of an armA-positive Salmonella strain in a 
hospital outbreak (Naas et al., 2009). 
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9/01 7 Y living at the orphanage; 
hospitalised in Unit A 

11/01 3 Y living at the orphanage; 
hospitalised in Unit B 

36/01 11 Y 
living with parents – no 
known link to the 
orphanage 

57/01 7 N living in the orphanage 

79/01 11 Y 

living with parents – no 
known link to the 
orphanage; hospitalised in 
Unit C. 

Table 1. Epidemiological data on S. enterica serovar Oranienburg strains  

A further 13 isolates of non-typhoidal Salmonella were selected based on high-level 
resistance to amikacin from 81,632 HPA non-typhoidal Salmonella isolated between 2004-
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2008 (Hopkins et al., 2010). All isolates belonged to serovar Virchow of phage types 25 (n=6), 
30 (n=5) or 31 (n=1). PCR was negative for armA; however screening for rmtA, rmtB, rmtC 
and rmtD identified rmtC (Doi & Arakawa, 2007). RmtC has previously been identified in 
Proteus mirabilis strain ARS68 from an inpatient in Japan (Wachino et al., 2006a) and P. 
mirabilis strain JIE273 from a patient recently returned from India to Australia (Zong et al., 
2008), therefore this was the first report of rmtC in Europe. Twelve of the 13 strains were 
isolated from patients between 2005-2008, of which seven had reported recent travel abroad 
(four to India). S. enterica serovar Virchow expressing rmtC has also been reported in the 
United States in a child with a history of travel to India (Folster et al., 2009), suggesting that 
16S rRNA methyltransferases may be relatively common in India. The remaining isolate was 
obtained from frozen produce. This was the first report of a 16S rRNA methyltransferase 
gene being identified in a bacterial strain isolated from food. Interestingly, a survey in 
Northern India identified S. enterica in 3.6% of vegetable samples; however >30% of isolates 
were resistant to amikacin (Singh et al., 2007). PFGE revealed the 13 isolates were highly 
related, showing only one to two band differences; the isolate from frozen produce was 
indistinguishable from those isolated from patients. Attempts to isolate rmtC by conjugation 
and electroporation experiments were unsuccessful and the gene was eventually discovered 
located on the chromosome in association with an ISEcp1-like element, which has previously 
been shown to play a role in the expression and transposition of rmtC (Wachino et al., 
2006b). The rmtC gene was localised on a ca. 100-kb non-conjugative plasmid in P. mirabilis 
ARS68, but attempts to transfer rmtC from P. mirabilis JIE273 to a donor were unsuccessful. 
This contrasts with armA and rmtB, which are commonly localised on plasmids (Doi & 
Arakawa, 2007) and may explain at least in part the higher prevalence and increased 
dissemination of these genes in comparison to rmtC. rmtC-positive strains of S. enterica 
serovar Virchow belonging to the same phage types are still being received at the HPA from 
patients reporting recent return from India, suggesting persistence of this multidrug-
resistant clone (Hopkins, unpublished observation). 

Further evidence for food being a possible vehicle of infection for bacterial strains 
harbouring 16S rRNA methyltransferase genes was provided by a recent study reporting the 
identification of armA in a S. enterica serovar 4,12:i:- isolate recovered from chicken meat in 
La Réunion, a French island in the Indian Ocean (Granier et al., 2011). This was the first 
report of armA in a bacterial isolate originating from food. As well as armA, the isolate 
harboured blaCTX-M-3, blaTEM, the Salmonella Genomic Island-1 (as previously associated with 
multidrug-resistant Salmonella enterica serovar Typhimurium definitive phage type (DT) 104 
(Boyd et al., 2000)), and acquired AmpC ß-lactamase blaCMY-2. Conjugation experiments 
indicated that armA, blaCTX-M-3 and blaTEM were located on the same plasmid. However, 
further characterisation revealed that, in contrast to previous studies, these genes were 
located on a ca. 110-kb incompatibility group IncP plasmid. IncP plasmids have a broad host 
range, including Pseudomonas spp. and Gram-positive bacteria, therefore association with an 
IncP plasmid may further broaden the dissemination of armA. Transposon mapping using 
PCR also suggested a deletion event downstream of armA and insertion of an IS26 element, 
which knocked out genes encoding a macrolide resistance efflux pump and macrolide 
phosphotransferase gene (Fig. 2 and Fig. 3). Investigation of other S. enterica serovar 4,12:i:- 
isolates recovered from broiler chickens failed to identify any expressing high-level 
resistance to aminoglycosides, therefore it is likely that this strain was present in the chicken 
meat sample as a consequence of cross-contamination by a food-handler.  
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Fig. 3. Schematic representation of the genetic structure of Tn1548 reported from an animal 
isolate (pMUR050), a human isolate(pCTX-M-3), and a food isolate of Salmonella enterica 
(pB1010). Blackarrows in the upper part of the panel represent pairs of primers designed for 
the mapping of Tn1548. (Granier et al., 2011) 

7. Conclusion 
The worldwide prevalence of S. enterica harbouring 16S rRNA methyltransferase genes is 
very low; however within the EU, Poland appears to represent a major reservoir of these 
genes. The majority of S. enterica isolates have been from nosocomial diarrhoeal outbreaks, 
with the occurrence of these genes in aminoglycoside-resistant strains from community 
patients relatively rare. Interestingly, veterinary use of aminoglycosides in food-production 
animals does not appear to be involved greatly in the spread of 16S rRNA methyltransferase 
genes as had previously been hypothesized in the literature (González-Zorn et al., 2005a). 
Food products have recently been identified as a source of S. enterica harbouring 16S rRNA 
methyltransferase genes (Hopkins et al., 2010; Granier et al., 2011), though whether this is an 
indication of an animal source of these genes, or cross contamination by food handlers has 
yet to be elucidated. Further evolution and dissemination of these genes may be limited to 
environments such as hospitals, and countries in which antimicrobial usage is unregulated 
where a strong selective pressure results from high-level use of a diverse range of 
aminoglycosides. This is compounded by their common association with other resistance 
genes, leading to potential co-selection and maintenance of resistance by use of extended-
spectrum ß-lactams, carbapenems and fluoroquinolones (Cantón, 2009). Spread of 16S rRNA 
methyltransferase genes in association with these resistance genes would seriously 
compromise use of aminoglycosides for treatment of life-threatening infections caused by 
Gram-negative bacteria such as S. enterica and raises the possibility of untreatable Salmonella 
infections. Ongoing surveillance of aminoglycoside resistance in S. enterica isolated from 
humans, animals and food products is therefore crucial to delay the spread of resistance to 
these classes of antimicrobial agents. 
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indication of an animal source of these genes, or cross contamination by food handlers has 
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1. Introduction 
Derived from the base of membrane ruffles in response to growth factor stimulation 
(Haigler, McKanna et al., 1979), the macropinosome is a large (diameters >0.2µm) phase-
bright endocytic organelle that is readily labelled with fluid-phase markers. It is the 
primary means by which macrophages sample their immediate environment for antigens, 
is essential for proper renal function, is intrinsically linked to cellular migration and has a 
major role in the down-regulation of signalling from cell surface receptors (Kerr and 
Teasdale, 2009; Swanson and Watts, 1995). To promote invasion and survival, Salmonella 
subverts the host cell’s normal macropinocytic machinery to gain entry into the non-
phagocytic epithelial cells of the intestinal wall. Upon binding to the host cell surface the 
pathogen utilises a specialised apparatus called the type III secretion system (T3SS) to 
deliver a suite of bacterial virulence proteins directly into the host cell’s cytoplasm. 
Salmonellae encode two distinct T3SSs within Salmonella Pathogenicity islands 1 and 2 
(SPI1 and SPI2) that function at discrete stages of the infection. Whilst SPI1-T3SS is 
predominantly active on contact with the host cell’s surface and serves to translocate 
virulence proteins across the plasma membrane, driving cytoskeletal rearrangements and 
signalling events that promote the uptake of the pathogen, SPI2-T3SS is active within 
intracellular compartments during the later stages of infection to generate a replicative 
niche (Haraga, Ohlson et al., 2008). As the environment of the encompassing 
macropinosome, also called the Salmonella Containing Vacuole (SCV) acidifies and 
matures, losing markers of the early endosomal system like transferrin receptor, EEA1 
and Rab5, Salmonellae undergo extensive bacterial surface remodelling and expression and 
assembly of SPI2-T3SS is induced. The SPI2-T3SS enables the translocation of virulence 
factors across the SCV membrane into the host cell’s cytoplasm. These virulence factors 
initiate a dramatic alteration in the host cell’s vesicular trafficking pathways leading to the 
accumulation of late endosomal markers like Rab7 and LAMP1 and 2 on the SCV and the 
formation of long filamentous membrane structures. These Salmonella-induced filaments 
(SIFs) originate from the SCV, are LAMP1-positive, and function to increase the size of the 
SCV in a specific and directional fashion to accommodate bacterial replication during 
systemic infection as well as provide nutrients to the isolated pathogen (Garcia-del 
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Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

252 

Portillo and Finlay, 1995; Garcia-del Portillo, Zwick et al., 1993a, b; Haraga, Ohlson et al., 
2008). What is clear from the literature is that this entire process reflects a carefully 
choreographed interaction between the bacterial virulence factors and the molecular 
machinery of the host cell. 

2. Phosphoinositides and their effectors, tightly controlled regulators 
Phosphoinositides (PI), the phosphorylated derivatives of the lipid phosphatidylinositol 
(PtdIns), can be singly or multiply phosphorylated on the 3’, 4’, and 5’ position of the 
inositol headgroup to generate 7 distinct PI isoforms (Vicinanza, D'Angelo et al., 2008). 
Reversibly phosphorylated in a tightly regulated fashion by phosphatases and kinases that 
are heterogeneously localised within the cell, the PIs are consequently enriched on the 
cytosolic face of distinct intracellular membranes (Di Paolo and De Camilli, 2006). For 
example, the most abundant PIs, PI(4,5)P2 and PI(4)P, are each constitutively present in the 
cytosolic leaflet of the plasma membrane and Golgi apparatus respectively whilst the 3-
phosphorylated PIs, PI(3)P, PI(3,4)P2 and PI(3,5)P2 are found distributed throughout the 
endolysosomal system. The relative amounts of the PIs also vary dramatically between and 
within cells. Virtually undetectable in quiescent cells, PI(3,4,5)P3 levels rapidly spike upon 
stimulation and during specialised membrane trafficking events through the coordinated 
and regulated activity of class Ia PI3-kinase phosphorylating the 3’ position of PI(4,5)P2 
(Vanhaesebroeck, Leevers et al., 2001). 

Remarkably complex, PI metabolism represents a delicate equilibrium balancing the relative 
abundance and position of these lipids within the cell. Briefly, PtdIns is converted to PI(3)P 
or PI(4)P on endosomes or the Golgi through the actions of vacuolar protein sorting (Vps) 
34-p150 and PI(4)KII respectively. Additionally, conversion of PI(3,4,5)P3 to PI(3)P on 
nascent endocytic compartments may be the consequence of the sequential 
dephosphorylation of PI(3,4,5)P3 as catalysed by 4- and 5-phosphatases. Src homology 2 
domain-containing inositol 5-phosphatase (SHIP) 1 and 2 are potential 5-phosphatase 
candidates, dephosphorylating PI(3,4,5)P3 to PI(3,4)P2 at the cell surface or on newly formed 
endocytic structures. Type I and II 4-phosphatases may then catalyse the conversion 
between PI(3,4)P2 and PI(3)P (Krauss and Haucke, 2007). Alternatively PI(3,4,5)P3 may 
simply be lost from the endocytic membrane and VPS34-p150, an effector of early 
endosomal Rab5, could drive the de novo synthesis of PI(3)P from PtdIns (see Figure 1) 
(Zerial and McBride, 2001). 

Relatively high concentrations of PI(4,5)P2 are constitutively maintained at the plasma 
membrane primarily through the actions of a diverse family of PI(4)P 5-kinases and the 3-
phosphatases. In addition to being intrinsic to numerous signalling, cytoskeletal and 
endocytic events PI(4,5)P2 also serves as a precursor to PI(4)P contributing to the pool found 
predominantly within the Golgi Apparatus and in secretory granules (Levine and Munro, 
2002; Panaretou, Domin et al., 1997; Wang, Wang et al., 2003). The accumulation of PI(4)P 
within the Golgi reflects the presence of multiple PI(4)Ks and PI(4,5)P2 phosphatases in 
conjunction with relatively low levels PI(4)P 5-kinase activity. 

The most recently identified of the PIs, PI(3,5)P2, is synthesised from PI(3)P by the PI(5) 
kinase, PIKfyve (Shisheva, 2008). Whilst the precise role PI(3,5)P2 plays in the mammalian  
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Fig. 1. PI metabolism and subcellular distribution. The phosphoinositides are 
phosphorylated derivatives of phosphatidylinositol. Their metabolism is regulated by 
kinases and phosphatases that are distributed heterogenously throughout the cell 
contributing to the accumulation of specific PIs in discrete intracellular membranes. 
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system is currently emergent, disruption of the yeast PIKfyve equivalent, Fab1p, results in a 
highly complex phenotype. The observation that a ∆FAB1 strain entirely devoid of PI(3,5)P2 
displays a dramatically enlarged vacuole that fails to acidify, partial defects in 
prevacuolar compartment (PVC; mammalian endosome equivalent) sorting, defective 
inheritance of vacuoles in daughter cells and a reduction in the number of intravacuolar 
vesicles seen by electron microscopy all suggest that PI(3,5)P2 is integral to a number of 
processes essential for the maintenance of vacuolar/lysosomal system (Cooke, 2002; 
Cooke, Dove et al., 1998; Dove, McEwen et al., 1999; Dove, McEwen et al., 2002; Dove, 
Piper et al., 2004; Gary, Wurmser et al., 1998; Odorizzi, Babst et al., 1998; Yamamoto, 
DeWald et al., 1995). In agreement, we utilised time-lapse videomicroscopy to 
demonstrate that PIKfyve activity is essential for the fusion of macropinosomes with late 
endosomal/lysosomal membranes (Kerr, Wang et al., 2010). 

The unique spatial and temporal distribution of the PIs provides the mechanism for the 
exquisite control with which this protein-lipid network regulates membrane trafficking 
and signalling events. Specifically, they serve as membrane anchors to recruit a suite of 
PI-binding molecules of diverse function through a variety of domains with differing PI-
affinities and -specificities. The most thoroughly investigated of these, the plekstrin 
homology (PH) domain, is a ~120 residue motif found in 275 human proteins (DiNitto and 
Lambright, 2006; Lemmon and Ferguson, 2000). The relatively low sequence conservation 
between PH domains is reflected in the significant variation in specificity and affinity for 
individual PIs. For example, the PH domains of Grp1 and PLC1 each bind PI(3,4,5)P3 and 
PI(4,5)P2 respectively, whilst those of DAPP1, PDK1 and PKB bind both PI(3,4)P2 and 
PI(3,4,5)P3 (Cronin, DiNitto et al., 2004; DiNitto and Lambright, 2006; Lemmon and 
Ferguson, 2000).  

In contrast, the FYVE domain, named after the four cysteine-rich proteins in which it was 
first identified (Fab1, YOTB, Vac1, and EEA1) after, is a ~70 residue zinc-binding finger 
found in 28 human proteins that displays remarkably high affinity and specificity for PI(3)P. 
It serves to localise proteins with this domain predominantly to PI(3)P-enriched early 
endosomes, multivesicular bodies, phagosomes and macropinosomes (Cronin, DiNitto et 
al., 2004; DiNitto and Lambright, 2006; Lemmon and Ferguson, 2000). The afore-mentioned 
PI(5) kinase, PIKfyve, binds its substrate through this domain facilitating the turnover of 
PI(3)P to PI(3,5)P2 on maturing endocytic organelles (Ikonomov, Sbrissa et al., 2006; 
Rutherford, Traer et al., 2006; Shisheva, 2008). 

The PX domain is a ~130 residue motif named after the two phagocyte NADPH oxidase 
(phox) subunits in which it was first described (Ponting, 1996). Whilst PI(3)P appears to be 
the preferred target of most PX domain containing proteins (Seet and Hong, 2006), a variety 
of other specificities have been reported. Sorting Nexins (SNX) 9 and 18 both bind PI(4,5)P2 
where they appear to function in endocytic trafficking events at the plasma membrane and 
AP1-positive endosomal membranes respectively, whilst SNX1 is reported to bind both 
PI(3)P and PI(3,5)2 and is involved in retrograde trafficking events from early endosomes to 
the Golgi (Carlton, Bujny et al., 2004; Haberg, Lundmark et al., 2008; Shin, Ahn et al., 2008; 
Soulet, Yarar et al., 2005; Yarar, Waterman-Storer et al., 2007). Interestingly, the PX domain 
in isolation is often not sufficient to recruit these molecules to PI-enriched membranes. 
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Removal of the membrane curvature sensing and bending Bin Amphiphysin Rvs (BAR) 
from sorting nexin 1 (SNX1) renders it cytosolic demonstrating the necessity for the 
coincident detection of both the specific PIs and the appropriately curved membranes for 
recruitment to endosomes (Carlton, Bujny et al., 2005). 

3. Phosphoinositides in Salmonella Infection 
Early in the Salmonella invasion process cellular PI levels are reported to undergo rapid and 
dynamic shifts. HPLC analysis of lipids extracted from Salmonella-infected cells revealed 
remarkable elevation in the relative amounts of PI(4,5)P2, PI(3,4)P2 and PI(3,4,5)P3 as well as 
more moderate elevation in PI(3)P when compared to control cells (Bakowski, Braun et al., 
2010). Modulation of PI(4,5)P2 and PI(3,4,5)P2 serves to destabilise the cortical cytoskeleton 
leading to membrane ruffling, macropinosome formation and promoting bacterial uptake 
whilst the accumulation of PI(3)P on membrane ruffles and the nascent SCV promotes 
recruitment of the PI(3)P-binding r-SNARE VAMP8 which facilitates fusion events within 
the endosomal network (Dai, Zhang et al., 2007). 

Shortly after formation, the enveloping macropinosome shrinks to form an adherent SCV 
around one or more Salmonella. This process is mediated, at least in part, by a suite of PI-
binding effector molecules known as the sorting nexins (SNX). The SNXs represent a 
collection of approximately 50 human proteins with diverse domain architectures that are 
recruited to intracellular membranes via a common PX domain (Cullen, 2008). It was 
revealed that SNXs 1 and 5 form heterodimers upon the surface of maturing PI(3)P-rich 
macropinosomes via a conserved BAR domain within their carboxyl-terminus. This 
dimerisation leads to the formation of tubular carriers that retrieve large quantities of 
membrane from and the consequent condensation of the macropinosome as the organelle 
matures (Kerr, Lindsay et al., 2006). The transient nature of the SNX’s recruitment to the 
SCV was demonstrated to reflect the subsequent phosphorylation of PI(3)P within the 
membrane of the macropinosome to PI(3,5)P2 by the phosphatidylinositol 5-kinase, PIKfyve. 
This final PI transition is necessary for the ultimate fusion of macropinosomes with the late 
endosomal/lysosomal system (Kerr, Wang et al., 2010).  

While the SCV appears to share properties in common with constitutive macropinosomes, 
including SNX-recruitment, the maturation process is significantly perturbed so that the 
SCV persists for hours. Hernandez et al. (2004) observed that unlike constitutive 
macropinosomes, SCVs containing wild-type Salmonella rapidly accumulate and maintain 
elevated levels of PI(3)P for up to 90mins (Hernandez, Hueffer et al., 2004). Bujney et al. 
demonstrated that one consequence of this was the elevated and sustained accumulation of 
SNX1 to the newly formed SCV. This in turn results in a grossly exaggerated tubulation 
event that leads to the rapid contraction of the enveloping SCV to form a tightly-wrapped 
adherent membrane around the bacterium (Bujny, Ewels et al., 2008). Time-lapse 
videomicroscopy elegantly demonstrates the precision with which the pathogen is able to 
manipulate its local environment as the tubulation and condensation of the SCV is not 
observed on the surrounding constitutive macropinosomes (see Figure 2). One might 
speculate that this embellished contraction may facilitate the eventual engagement of the 
SPI2-T3SS with the membrane of the SCV.  
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(A) A-431 cells transiently transfected with a mammalian expression construct encoding the high-
affinity PI(3)P-probe 2xFYVEHrs fused with eGFP were infected with late-log phase wild-type Salmonella 
expressing RFP (RFP-SL1344) and imaged live using a Zeiss LSM 510 confocal scanning microscope. 
Initially spacious, the PI(3)P-rich SCV (arrows) is observed to undergo significant tubulation and in 
doing so condenses to form an adherent membrane around the bacteria (red). In contrast, surrounding 
constitutive macropinosomes (arrow heads) present limited tubulation and no condensation in the same 
time period. (B) This tubulation is mediated by SopB as evidenced by the more moderate tubulation 
observed in SopB strain-infected cells when compared to those infected with wild-type Salmonella. 

Fig. 2. SNX-mediated tubulation leads to dramatic condensation of the SCV. 

3.1 SopB, a pleitropic phosphoinositide phosphatase 

This striking impact upon PI metabolism and SNX recruitment is achieved, at least in part, by 
directly modulating the PI-composition of the SCV through the delivery of virulence factors 
with PI-phosphatase activity. SopB (also called SigD) is a SPI-T3SS phosphoinositide 
phosphatase that has diverse influence upon the pathogenesis of S. typhimurium. It contributes 
to membrane sealing at the plasma membrane and actin-rearrangement through activation of 
SGEF (a guanine nucleotide exchange factor for RhoG), during bacterial invasion (Patel and 
Galan, 2006; Terebiznik, Vieira et al., 2002). It also inhibits induction of apoptosis through 
activation of Akt and promotes the early recruitment of Rab5 and its effector Vps34 to the SCV 
(Knodler, Finlay et al., 2005; Mallo, Espina et al., 2008; Steele-Mortimer, Knodler et al., 2000).  

Sharing similarity with mammalian PI 4- and 5-phosphatases, SopB is reported to hydrolyse 
a variety of PIs in vitro, including PI(3,4)P2, PI(3,5)P2 and PI3,4,5P2, and more recently, 
PI(4,5)P2 in vivo (Bakowski, Braun et al., 2010; Marcus, Wenk et al., 2001; Norris, Wilson et 
al., 1998). Given this apparent broad specificity and the capacity to promote Vps34 
recruitment to, and presumably therefore de novo synthesis of PI(3)P on, the SCV, the wide 
ranging impact SopB has upon the infectious cycle of Salmonella is perhaps not surprising. 
Indeed, SopB was recently demonstrated to have profound affects upon the biophysical 
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properties of the SCV itself. Bakowski et al. (2010) The authors used an mRFP-tagged 
derivative of the K-ras tail with all the serine and threonine residues mutated to alanine and 
the lysine residues mutated to arginine so that its recruitment to intracellular membranes 
was only governed by surface potential and not phosphorylation or ubiquitination. They 
demonstrated that by reducing the levels of negatively-charged lipids like PI(4,5)P2 and 
phosphatidylserine on the nascent SCV, SopB activity orchestrates the dissociation of a 
number of endocytic Rab proteins and inhibits fusion of the SCV with bactericidal lysosomal 
compartments (Bakowski, Braun et al., 2010).  

In addition to its lipid phosphatase activity, SopB was also recently revealed to interact with 
CDC42 suggesting an additional aspect to its contribution to the infectious process. 
Rodríguez-Escudero et al. (2011) demonstrated that a catalytically inactive SopB mutant can 
inhibit CDC42 but not Rac1 in a yeast model system. This interaction occurs independent of 
the activation state of CDC42. Interestingly, Salmonella strains harbouring SopB-mutations 
that render it unable to bind CDC42 presented similar invasion efficiencies when compared 
to the wild-type but reduced intracellular replication (Rodriguez-Escudero, Ferrer et al., 
2011; Rodriguez-Escudero, Rotger et al., 2006). This indicates that the SopB-CDC42 
association is pertinent to the intracellular adaptation of the pathogen rather than the actin-
remodeling that occurs upon invasion as one might expect.  

3.2 The sorting nexins coordinate Salmonella pathogenesis 

By manipulating cellular PI metabolism, Salmonella effectively exaggerates and alters the 
function of the PI-effector molecules thereby creating a niche within the cell that supports 
replication and infection. In the context of SNX1, this is manifest in SopB-dependent over-
recruitment and tubulation events leading to the accelerated condensation of the organelle 
and formation of the adherent SCV (See Figure 2). siRNA-mediated suppression of SNX1 is 
sufficient to inhibit SCV progression into the cell and had a moderate impact upon the 
intracellular replication of Salmonella (Bujny, Ewels et al., 2008). Similarly, knockdown of 
SNX3, which constitutes little more than a PX domain and is found on tubular extensions of 
the SCV distinct from those of SNX1, inhibits SCV maturation and intracellular replication 
of Salmonella (Braun, Wong et al., 2010). But what of the other PX proteins?  

Wang et al. (2010) employed an ectopic screening strategy to demonstrate that a specific 
cohort of the SNXs, namely SNXs 1, 5, 9, 18 and 33, could significantly elevate the rate of 
macropinocytosis in cultured monolayers suggesting specific roles beyond the tubulation 
events described earlier (Wang, Kerr et al., 2010). Perhaps these SNXs have unique roles to 
play in Salmonella pathogenicity? Towards this we have initiated a detailed examination of 
the recruitment of the SNXs to the nascent SCV. Immunofluorescent-labelling of infected 
cells transiently transfected with mammalian expression constructs encoding epitope-
tagged SNXs and co-labelled with endogenous SNX1 revealed 19 SNXs recruited to the SCV 
within the first 30mins of infection (see Figure 3). 

Interestingly, significant variation in the precise distribution of these SNXs on the early SCV 
was observed. Those most related to SNX1, and those previous demonstrated to have a role 
in endosomal trafficking, namely SNXs 2, 4, 5, 6, 7 and 8, were found on the afore-
mentioned SNX1-labelled tubular extensions of the SCV. mPLD2, SNX12, SNX16, SNX21, 
SNX23 and SNX28 were found evenly associated with the tubules and the body of the SCV 
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derivative of the K-ras tail with all the serine and threonine residues mutated to alanine and 
the lysine residues mutated to arginine so that its recruitment to intracellular membranes 
was only governed by surface potential and not phosphorylation or ubiquitination. They 
demonstrated that by reducing the levels of negatively-charged lipids like PI(4,5)P2 and 
phosphatidylserine on the nascent SCV, SopB activity orchestrates the dissociation of a 
number of endocytic Rab proteins and inhibits fusion of the SCV with bactericidal lysosomal 
compartments (Bakowski, Braun et al., 2010).  

In addition to its lipid phosphatase activity, SopB was also recently revealed to interact with 
CDC42 suggesting an additional aspect to its contribution to the infectious process. 
Rodríguez-Escudero et al. (2011) demonstrated that a catalytically inactive SopB mutant can 
inhibit CDC42 but not Rac1 in a yeast model system. This interaction occurs independent of 
the activation state of CDC42. Interestingly, Salmonella strains harbouring SopB-mutations 
that render it unable to bind CDC42 presented similar invasion efficiencies when compared 
to the wild-type but reduced intracellular replication (Rodriguez-Escudero, Ferrer et al., 
2011; Rodriguez-Escudero, Rotger et al., 2006). This indicates that the SopB-CDC42 
association is pertinent to the intracellular adaptation of the pathogen rather than the actin-
remodeling that occurs upon invasion as one might expect.  

3.2 The sorting nexins coordinate Salmonella pathogenesis 

By manipulating cellular PI metabolism, Salmonella effectively exaggerates and alters the 
function of the PI-effector molecules thereby creating a niche within the cell that supports 
replication and infection. In the context of SNX1, this is manifest in SopB-dependent over-
recruitment and tubulation events leading to the accelerated condensation of the organelle 
and formation of the adherent SCV (See Figure 2). siRNA-mediated suppression of SNX1 is 
sufficient to inhibit SCV progression into the cell and had a moderate impact upon the 
intracellular replication of Salmonella (Bujny, Ewels et al., 2008). Similarly, knockdown of 
SNX3, which constitutes little more than a PX domain and is found on tubular extensions of 
the SCV distinct from those of SNX1, inhibits SCV maturation and intracellular replication 
of Salmonella (Braun, Wong et al., 2010). But what of the other PX proteins?  

Wang et al. (2010) employed an ectopic screening strategy to demonstrate that a specific 
cohort of the SNXs, namely SNXs 1, 5, 9, 18 and 33, could significantly elevate the rate of 
macropinocytosis in cultured monolayers suggesting specific roles beyond the tubulation 
events described earlier (Wang, Kerr et al., 2010). Perhaps these SNXs have unique roles to 
play in Salmonella pathogenicity? Towards this we have initiated a detailed examination of 
the recruitment of the SNXs to the nascent SCV. Immunofluorescent-labelling of infected 
cells transiently transfected with mammalian expression constructs encoding epitope-
tagged SNXs and co-labelled with endogenous SNX1 revealed 19 SNXs recruited to the SCV 
within the first 30mins of infection (see Figure 3). 

Interestingly, significant variation in the precise distribution of these SNXs on the early SCV 
was observed. Those most related to SNX1, and those previous demonstrated to have a role 
in endosomal trafficking, namely SNXs 2, 4, 5, 6, 7 and 8, were found on the afore-
mentioned SNX1-labelled tubular extensions of the SCV. mPLD2, SNX12, SNX16, SNX21, 
SNX23 and SNX28 were found evenly associated with the tubules and the body of the SCV 
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proper whilst hPLD1, SNX10, SNX11, SNX15, SNX27 and p40phox were restricted to the 
body of the SCV only. The notable absence of SNX3 on the SCV perhaps reflects a difference 
in the temporal nature of the SNXs recruitment. Unlike SNX1, which is most evident on the 
SCV very early in the infection, SNX3 is recruited ~60mins into the infection indicating 
additional levels of complexity in the mechanism of recruitment within this PI-effector 
family (Braun, Wong et al., 2010). Indeed the PX-containing subunits of the NADPH oxidase 
complex represent a significant threat to intracellular Salmonella, providing the means to 
deliver a bactericidal oxidative burst to the SCV in macrophages. Virulent Salmonella strains 
avoid this through a SPI2-dependent mechanism that inhibits trafficking or targeting of 
NADPH oxidase-containing vesicles to the vicinity of the SCV (Vazquez-Torres, Xu et al., 
2000). It will be interesting to see the likely diverse roles played by the SNXs during 
Salmonella pathogenicity emerge in the near future. 

 
Fig. 3. Salmonella specifically and directly manipulates SNX recruitment to the nascent SCV. A-
431 cells transiently transfected with mammalian expression constructs encoding myc-epitope 
tagged SNXs were infected with late-log phase Salmonella (SL1344) for 30mins, fixed with 4% 
PFA and labelled with an -myc polyclonal antibody, a monoclonal antibody specific for 
SNX1, DAPI and appropriate secondary antibodies. Images were captured using a Zeiss LSM 
510 confocal scanning microscope. Images were examined and the recruitment of the 
overexpressed SNX construct (green) was compared with that of endogenous SNX1 (red). 
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3.3 Targeting the phosphoinositides for therapeutic intervention 

With the development of antibiotic resistance, new strategies to combat intracellular 
pathogens, like Salmonella, need to be developed. One emergent approach is to manipulate 
non-essential host cellular pathways required by the pathogen during its infectious cycle 
(Schwegmann and Brombacher, 2008). Given the frequent connections between the PIs, their 
effectors, and those of Salmonella, this protein-lipid network represents a potential 
opportunity for novel modes of intervention.  

We recently demonstrated that disruption of PI(3,5)P2-synthesis through perturbation of 
PIKfyve activity, be it by interfering mutant, siRNA-mediated knockdown or 
pharmacological means (YM201636), was led to a profound inhibition in the fusion of 
maturing macropinosomes with the late endosomal/lysosomal network. As mentioned 
earlier, these directed fusion events are necessary for the formation of SIFs during an 
infection with S. typhimurium. Remarkably, inhibition of PIKfyve was sufficient to halt SIF 
formation, SCV acidification, induction of the SPI2 Operon and ultimately intracellular 
replication of Salmonella whilst still maintaining the pathogen within an intracellular 
compartment (Kerr, Wang et al., 2010).  

Of course a thorough understanding of the potential consequence of targeting PIs is required 
for such host-directed therapeutics to be effective. Inhibition of PI(3)P accumulation on the 
SCV with wortmannin is sufficient to halt recruitment of FYVE-domain containing molecules 
like EEA1 and even the SIF-marker LAMP1 but does not perturb intracellular replication of 
Salmonella (Scott, Cuellar-Mata et al., 2002). In fact, some have observed elevated rates of 
replication in host treated with wortmannin (Brumell, Tang et al., 2002). This is because, unlike 
those cultured in the presence of YM201626, the integrity of the SCV itself is disrupted 
releasing the bacteria into the cytosol, where they may freely replicate.  

Aside from counteracting the evolution of bacterial antibiotic resistance, these host-directed 
therapeutics may provide broad-spectrum solutions to a variety of pathogens. Indeed, 
Salmonella is not unique in its partiality for targeting the PIs and associated molecules. 
Yersinia species activate PI(5) kinase to stimulate PtdIns(4,5)P2 production at sites of 
bacterial invasion whilst Listeria monocytogenes and uropathogenic E. coli stimulate class I 
PI(3) kinase generating PtdIns(3,4,5)P3 to promote uptake (Gavicherla, Ritchey et al., 2010; 
Ireton, 2007; Ireton, Payrastre et al., 1999; Martinez, Mulvey et al., 2000). Mycobacterium 
tuberculosis inhibits class III PI(3) kinase, Vps34, involved in the formation of PI(3)P 
effectively arresting phagosome maturation (Chua and Deretic, 2004). Thus by targeting 
the PIs, we may be able to specifically interfere with a variety of infections at different 
stages of there pathogenic cycle. 

4. Conclusion 
Despite comprising less than 1% of cellular lipids, the PIs and their effectors are key regulators 
of intra- and inter-cellular signalling, cell growth and survival, cytoskeletal dynamics and 
membrane trafficking pathways. It is perhaps not surprising that intracellular pathogens that 
exploit these processes directly target this remarkably complex protein-lipid network during 
the infectious process. Whilst the roles the PIs play directly and through their effectors like the 
sorting nexins during a Salmonella infection are only now coming to light, there is already 
strong evidence to consider them as viable therapeutic targets for intervention.  
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510 confocal scanning microscope. Images were examined and the recruitment of the 
overexpressed SNX construct (green) was compared with that of endogenous SNX1 (red). 
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tuberculosis inhibits class III PI(3) kinase, Vps34, involved in the formation of PI(3)P 
effectively arresting phagosome maturation (Chua and Deretic, 2004). Thus by targeting 
the PIs, we may be able to specifically interfere with a variety of infections at different 
stages of there pathogenic cycle. 
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Despite comprising less than 1% of cellular lipids, the PIs and their effectors are key regulators 
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membrane trafficking pathways. It is perhaps not surprising that intracellular pathogens that 
exploit these processes directly target this remarkably complex protein-lipid network during 
the infectious process. Whilst the roles the PIs play directly and through their effectors like the 
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1. Introduction 
The pathogenesis of serum-resistance Salmonella infections seems to be connected with a 
variety of their surface structures. Salmonella resistance to innate immune factors aids the 
despersal of bacteria in host tissues and body fluids. This paper shows the natural resistance 
of clinical S. Enteritidis, S. Typhimurium, and S. Hadar strains to the antibacterial activity of 
human serum. Curiously, some of the pathogens modify their lipopolysaccharide (LPS) to 
escape host surveillance. A well-known strategy developed by bacteria is sialylation with 
sialic acid (NeuAc) of surface structures to mimic host tissues. It is very interesting, that 
even though LPS of the same chemical structure covers Salmonella O48, these bacteria differ 
in their susceptibility to the antibacterial activity of serum. Previous results indicate that the 
presence of sialylated LPS do not protect Salmonella O48 against the bactericidal activity of 
human and animal serum, and the presence of NeuAc in the LPS structure is not sufficient 
to block activation of the alternative pathway of complement in serum. Because outer 
membrane proteins (OMPs) are also surface virulence factors and have a significant role in 
pathobiology and bacterial adaptation to environmental conditions, researchers have 
directed their investigations through the analysis of Salmonella OMPs patterns and have 
attempted to identify among them key molecular targets of the protective immune response 
against Salmonella. This work also highlights the importance of OMPs as candidates for 
vaccine targets. In this review, we have collected and discussed published results, as well as 
new ones, shown for the first time. 

2. Salmonellosis – An emerging problem 
Salmonella enterica is a main ethological factor for infectious diseases worldwide (Hohmann, 
2001; Rabsch et al., 2001). Serotypes, which cause disease, are divided into the following 
groups: typhoid species (TS) that are human specific pathogens (Typhi and Paratyphi 
serotypes) and non-typhoid species (NTS) spread to humans from animal sources. The most 
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common non-typhoid Salmonella spp. serovars have a potential to cause two basic kinds of 
infections: gastroenteritis and extraintestinal infections. The host environment varies from 
the ubiquitous (non-host-adapted) serovars for example Typhimurium and Enteritidis, to 
host restricted - S. Dublin, S. Choleraesuis. Both can cause infection in cattle, pigs or 
humans, and host-specific ones – e.g. S. Pullorum, which is found in chickens only. About 
5% of patients with gastrointestinal illness of non-typhoid Salmonella spp. serotypes develop 
bacteremia (Hohmann, 2001). The survival of S. Enteritidis in poultry products has been 
linked to its remarkable ability to quick respond to environmental signals and adapt to its 
surroundings. S. Enteritidis may exist naturally in poultry at low incidence but it seems to 
have another reservoir, rodents. Human cases of S. Enteritidis rapidly increased through the 
1980s and 1990s. For the last few decades, S. Hadar has been one of the main common 
serotypes isolated from foodborne disease in Europe. In humans, S. Hadar usually causes 
gastroenteritis, characterized by non-bloody-diarrhea, vomiting, nausea and fever (Rowe et 
al., 1980). Non-typhoid Salmonella spp. (NTS) are broadly dispersed in the environment as 
well as in the gastrointestinal tracts of both domesticated and wild animals. Up to 90% of 
Salmonella infections in the United States are food-borne in origin (CDC, 2009). Regardless of 
the fact that non-typhoid Salmonella spp. gastroenteritis is most often self-limited, these 
bacteria cause the most food-borne disease worldwide. Among the conditions for 
salmonellosis to develop are: gastric hypoacidity, extremes of age, alteration of the 
endogenous flora, diabetes, rheumatological disorders, sickle cell disease, malaria and 
immunosuppression (Bronzan et al., 2007). 

In developed countries, the main risk factor for acquisition of typhoid Salmonella 
bacteraemia is travel to an endemic region, however, non-typhoid Salmonella may more 
often lead to food-borne diseases in non-endemic countries (Simonsen et al., 2010; Scallan et 
al., 2011). Invasive NTS is endemic in sub-Saharan Africa where it is a leading cause of fatal 
bacteremia among African children and HIV-infected adults. Increasing levels of antibiotic 
resistance among African strains of NTS indicate that a vaccine is urgently needed (Siggins 
et al., 2011). In Malawi, MacLennan et al. (2008) recently found that NTS bacteriemia 
particularly affects African children between 4 months and 2 years of age, the period in 
which immunoglobulin levels to NTS are low or absent. Mortality for nontyphoid Salmonella 
is reported to be as high as 60% in African patients with HIV (Boyle et al., 2007).  

The local inflammation of specific tissues or organs also called focal infections can cause 
diseases such as: pneumonia, meningitis, endocarditis, or infections of the urinary tract 
(Ekman et al., 2000; Tena et al., 2007; Kedzierska et al., 2008). Gastroinestinal infection due to 
Salmonella may also lead to reactive arthritis (ReA) (Yu, 1999). It has been suggested that the 
persistence of bacterial antigens is typical of ReA, and is a result of the ineffective 
elimination of microbes in patients with post infection complications (Granfors et al., 1998). 
Data presented by Locht et al. (1993) and Thomson et al. (1995) indicated that 1–15% of 
individuals infected with Salmonella gastroenteritis develop a postinfection ReA. Despite the 
fact that most Salmonella strains are pathogenic to humans and animals, their virulence 
seems to be different depending on the serovar (Threlfall, 2005). Serovars of Salmonella 
belonging to somatic antigen group O48 are clinically important bacteria causing intestinal 
dysfunction and diarrhoea in animals, infants and children. Table 1 includes epidemiologic 
data (1984-2008) of the distribution of S. enterica and S. bongori strains in animals world-
wide. Note that reptiles are the hosts for the greatest number of Salmonella serovars 
producing diseases especially in children. 
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In Poland, a total of 13,362 salmonellosis cases were reported in 2006, and 11,934 in 2007. In 
2007 the incidence rate was 30.7 per 100.000 population. The most common type of 
outbreaks (251 recorded cases) was household outbreaks. Over seventy percent of patients 
were hospitalized. As in previous years, the seasonal peak of outbreak in Poland was 
observed in July and August. S. Enteritidis was the most frequently isolated serotype of 
Salmonella and constituted over 80% of cases. Two-year old children were the most affected 
age group (Lazinska et al., 2005; Sarowska et al., 2005). The relative high burden of S. 
Enteritidis in Europe accounts for 67% of salmonellosis, and of S. Typhimurium accounts for 
9% of the cases (de Jong and Ekdahl, 2006). However, the proportion of S. Enteritidis cases 
from different countries varied from 25% (Iceland) to 98% (Latvia). S. Enteritidis is currently 
the second most frequently isolated serovar in the United States - accounting for nearly 15% 
of reported human salmonellosis cases (Callaway et al. 2008).  

3. Susceptibility of Salmonella spp. to the bactericidal activity of serum 
It is known that complement and bactericidal activity of serum may protect healthy hosts 
from invasion of serum sensitive microorganisms (Gondwe et al., 2010). Complement (C) 
is a part of the innate adaptive immune system and it consists of at least 35 proteins, 
mainly in pre-activated enzymatic forms. Bacterial invasion activates this defense host 
system in a few seconds. The complement system mainly recognizes and promotes the 
clearance of invading microorganisms and host cells damaged by phagocytosis. The 
following three mechanisms lead to complement activation: the classical pathway (CP), 
the alternative pathway (AP), and the lectin pathway (LP), which results in membrane 
attack complex (MAC, C5b-9) formation. It has been suggested that complement is 
necessary for protection against microbial infection. Immunoglobulins (Ab) can 
potentially protect against salmonellosis. Ab can protect in a cell-independent manner 
through complement-dependent bactericidal activity and by opsonizing bacteria for 
uptake and killing by phagocytic cells (Würzner, 1999; Morgan, 1999). 

Resistance to complement-mediated killing is a key virulence property of microbial 
pathogens, such as Salmonella strains. Long-chain LPS has been shown to confer resistance 
by promoting the deposition of C components at a distance from the outer membrane (OM), 
thus preventing membrane disruption with MAC (Bravo et al., 2008). The surface-exposed 
protein, PagC has been shown to confer resistance when present in S. Choleraesuis (Nishio 
et al., 2005). The surface protease PgtE also mediates serum resistance presumably via 
its ability to cleave C components C3, C4, and C5 (Ramu et al., 2007). TraT, an OMP has 
been found to inhibit complement at the MAC formation stage (Pramoonjago et al., 1992). 
Rck is a 17-kDa protein structurally related to PagC and has been shown to inhibit MAC 
function. Rck belongs to a family of 17-19 kDa OMP including PagC, OmpX and Ail. 
Nevertheless, these proteins have been shown to confer resistance in Gram-negative bacteria 
to C-mediated killing. Ho and co-workers (2010) presented evidence that Rck of S. 
Typhimurium and S. Enteritidis expressed in E. coli BL21 with a defective galE gene binds 
the regulator of the AP factor H. fH binding is accociated with resistance to the AP and 
reduced deposition of C3b, Bb and MAC. Biedzka-Sarek and co-workers (2008) observed 
that Ail was not masked by distal region of LPS, such as O-antigen. Further investigations 
are required to determine if LPS length plays a role in fH binding to Rck. LPS with a sialic 
acid moiety within an O-specific chain also regulates AP amplification by binding fH, hence 
preventing activation of the C system through the alternative pathway. 
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Sialic acids present in the surface antigens of bacteria may contribute to the pathogenicity 
of the microorganisms by mimicking host tissue components (Vimr and Lichtensteiger, 
2002). Serovars Enteritidis, Typhimurium, and Hadar do not possess sialylated O-
antigens. Results presented by Cisowska et al. (2004) indicate that encapsulated E. coli K1 
strains have different degrees of susceptibility to the bactericidal action of normal human 
serum (NHS). These results confirm previous observations (Mielnik et al., 2001) 
concerning sialylated LPS of Salmonella spp., Escherichia spp., Citrobacter spp., and Hafnia 
spp. Lipooligosaccharide sialylation in Neisseria meningitidis serogroup C is a critical 
determinant of MBL binding. Data provided by Jack et al. (2001) idicate that sialylation 
down-regulates the rate of MBL-mediated C activation. In nonsialylated microorganisms, 
MBL increased the rate of acquisition of C5b-9.  

Long-term investigations carried out on Salmonella O48 shown that strains differ in the 
susceptibility to various sera, human or animal (Bugla-Ploskonska et al., 2011, 2010a, 2010b, 
2009b, 2009c; Futoma et al. 2005). These authors suggest that the presense of sialylated 
LPSs do not play a decisive role in determining bacterial resistance to the bactericidal 
activity of serum, and that the presence of NeuAc in the LPS structure is not sufficient to 
block activation of the alternative pathway of complement in serum. Curiously, even 
though LPS of the same chemical structure cover Salmonella O48, they differ in the 
susceptibility to the antibacterial activity of serum. Hence we can place a question „Which 
feature of bacteria determines their behaviour in the serum as an environment to live?“. 
Because OMPs are also surface virulence factors and have a significant role in 
pathobiology of Gram-negative bacteria and bacterial adaptation to environmental 
conditions, many authors have directed their investigations through the analysis of 
Salmonella OMP patterns using various molecular methods to investigate these antigens 
(see below). OMPs are of special interest to researchers as they can modify the 
susceptibility of bacteria to the bactericidal activity of serum (Alberti et al., 1993; Kustos et 
al., 2007).  

The above-mentioned authors (Bugla-Ploskonska et al., 2011, 2010a, 2010b, 2009b, 2009c; 
Futoma et al. 2005) and Sarowska and co-workers (2010) described the results of Salmonella 
susceptibility to human and bovine serum. Bactericidal activity of serum was determined 
as described previously (Doroszkiewicz, 1997). In short, adequately prepared bacteria 
were incubated with diluted serum (12.5%, 25% or 30%, 50% and 75% in physiological 
saline) in a water bath at 37°C. The number of colony-forming units per milliliter 
(CFU/ml) at time 0 was taken as 100%. Strains with survival rates greater than 100% in 
serum after 180 min of incubation were considered resistant, and those with survival rates 
less than 100% were considered susceptible to the bactericidal action of the serum. The 
results of Salmonella O48 susceptibility to serum are presented in Table 2. The last column 
of Table 2 lists the molecular weights of OMPs, which are characteristic only for a given 
serovar and are characteristic for only resistant or sensitive strains. 

The studies were carried out on seventeen Salmonella strains, which contain sialic acids in 
the O-specific side chains of LPSs (O48 somatic antigen group):  

S. enterica subsp. arizonae PCM 2543, S. enterica subsp. arizonae PCM 2544, S. enterica subsp. 
salamae sv. Ngozi PCM 2514, S. bongori sv. Balboa PCM 2552, S. enterica subsp. salamae sv. 
Hammonia PCM 2535, S. enterica subsp. salamae sv. Hagenbeck PCM 2534, S. enterica 
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In Poland, a total of 13,362 salmonellosis cases were reported in 2006, and 11,934 in 2007. In 
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Enteritidis in Europe accounts for 67% of salmonellosis, and of S. Typhimurium accounts for 
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Resistance to complement-mediated killing is a key virulence property of microbial 
pathogens, such as Salmonella strains. Long-chain LPS has been shown to confer resistance 
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Rck is a 17-kDa protein structurally related to PagC and has been shown to inhibit MAC 
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Nevertheless, these proteins have been shown to confer resistance in Gram-negative bacteria 
to C-mediated killing. Ho and co-workers (2010) presented evidence that Rck of S. 
Typhimurium and S. Enteritidis expressed in E. coli BL21 with a defective galE gene binds 
the regulator of the AP factor H. fH binding is accociated with resistance to the AP and 
reduced deposition of C3b, Bb and MAC. Biedzka-Sarek and co-workers (2008) observed 
that Ail was not masked by distal region of LPS, such as O-antigen. Further investigations 
are required to determine if LPS length plays a role in fH binding to Rck. LPS with a sialic 
acid moiety within an O-specific chain also regulates AP amplification by binding fH, hence 
preventing activation of the C system through the alternative pathway. 
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spp. Lipooligosaccharide sialylation in Neisseria meningitidis serogroup C is a critical 
determinant of MBL binding. Data provided by Jack et al. (2001) idicate that sialylation 
down-regulates the rate of MBL-mediated C activation. In nonsialylated microorganisms, 
MBL increased the rate of acquisition of C5b-9.  

Long-term investigations carried out on Salmonella O48 shown that strains differ in the 
susceptibility to various sera, human or animal (Bugla-Ploskonska et al., 2011, 2010a, 2010b, 
2009b, 2009c; Futoma et al. 2005). These authors suggest that the presense of sialylated 
LPSs do not play a decisive role in determining bacterial resistance to the bactericidal 
activity of serum, and that the presence of NeuAc in the LPS structure is not sufficient to 
block activation of the alternative pathway of complement in serum. Curiously, even 
though LPS of the same chemical structure cover Salmonella O48, they differ in the 
susceptibility to the antibacterial activity of serum. Hence we can place a question „Which 
feature of bacteria determines their behaviour in the serum as an environment to live?“. 
Because OMPs are also surface virulence factors and have a significant role in 
pathobiology of Gram-negative bacteria and bacterial adaptation to environmental 
conditions, many authors have directed their investigations through the analysis of 
Salmonella OMP patterns using various molecular methods to investigate these antigens 
(see below). OMPs are of special interest to researchers as they can modify the 
susceptibility of bacteria to the bactericidal activity of serum (Alberti et al., 1993; Kustos et 
al., 2007).  

The above-mentioned authors (Bugla-Ploskonska et al., 2011, 2010a, 2010b, 2009b, 2009c; 
Futoma et al. 2005) and Sarowska and co-workers (2010) described the results of Salmonella 
susceptibility to human and bovine serum. Bactericidal activity of serum was determined 
as described previously (Doroszkiewicz, 1997). In short, adequately prepared bacteria 
were incubated with diluted serum (12.5%, 25% or 30%, 50% and 75% in physiological 
saline) in a water bath at 37°C. The number of colony-forming units per milliliter 
(CFU/ml) at time 0 was taken as 100%. Strains with survival rates greater than 100% in 
serum after 180 min of incubation were considered resistant, and those with survival rates 
less than 100% were considered susceptible to the bactericidal action of the serum. The 
results of Salmonella O48 susceptibility to serum are presented in Table 2. The last column 
of Table 2 lists the molecular weights of OMPs, which are characteristic only for a given 
serovar and are characteristic for only resistant or sensitive strains. 

The studies were carried out on seventeen Salmonella strains, which contain sialic acids in 
the O-specific side chains of LPSs (O48 somatic antigen group):  

S. enterica subsp. arizonae PCM 2543, S. enterica subsp. arizonae PCM 2544, S. enterica subsp. 
salamae sv. Ngozi PCM 2514, S. bongori sv. Balboa PCM 2552, S. enterica subsp. salamae sv. 
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subsp. enterica sv. Dahlem PCM 2512, S. enterica subsp. enterica sv. Djakarta PCM 2513, S. 
enterica subsp. enterica sv. Toucra PCM 2515, S. enterica subsp. enterica sv. Hisingen PCM 
2536, S. enterica subsp. salamae sv. Sakaraha PCM 2538, S. sp. PCM 2548, S. enterica subsp. 
diarizonae PCM 2511, S. bongori sv. Bongori PCM 2547, S. enterica subsp. salamae sv. 
Erlangen PCM 2533, S. enterica subsp. houtenae sv. Marina PCM 2546, S. enterica subsp. 
enterica sv. Sydney PCM 2551. The strains were obtained from the Polish Collection of 
Microorganisms (PCM), Ludwik Hirszfeld Institute of Immunology and Experimental 
Therapy, Polish Academy of Sciences, Wroclaw, Poland. The rest of the tested strains, 
shown in Table 2) had been isolated from fecal samples from children with gastroenteritis 
at the Lower Silesian Pediatric Center in Wroclaw during 2009-2010, and they were S. 
enterica subsp. enterica sv. Typhimurium (O4), S. enterica subsp. enterica sv. Enteritidis 
(O9), S. enterica subsp. enterica sv. Hadar (O8). Susceptibility of these serovars to 50% 
normal human serum was established by Sarowska et al. (2010).  

Eleven strains of Salmonella O48 were sensitive to the bactericidal effect of human, bovine or 
cord serum, whereas six Salmonella O48 strains, and serotypes of somatic antigen groups, O4, 
O9, and O8 demonstrated higher resistance to the bactericidal activity of the serum. In other 
experiments, aimed at analyzing the mechanism of serum complement activation, serovars, 
which were sensitive to the bactericidal action of serum, were used. Bugla-Ploskonska et al. 
(2010a, 2010b, 2009b) examined serum in which AP or CP/LP pathways of C were inhibited. 
Authors established the following mechanisms of complement activation by Salmonella O48. 

- CP - only the classical/lectin pathways were important in the bactericidal mechanism of 
complement activation, 

- AP - only the alternative pathway was important in the bactericidal mechanism of 
complement activation, 

- CP/AP - independent activation of the classical/lectin pathways and enhancing the 
alternative pathway in the bactericidal mechanism of complement activation, 

- CL + AP - parralel activation of the classical/lectin and enhancing the alternative 
pathway in the antibacterial activity of complement system.  

It is interesting and new information that the strains possessing the same somatic antigen 
group O48 present diverse susceptibility to serum and different patterns of C activation. 

Sarowska and co-workers (2010) examined that Salmonella ESBL+ transconjugants belonging 
to three serovars: Enteritidis, Typhimurium, and Hadar were more sensitive to NHS than 
before conjugation process. It seems that the acquisition of new plasmids from Klebsiella 
pneumoniae (donor) might have unfavourable consequences for these bacteria and increased 
their susceptibility to serum activity. A probable explanation of this could be the remodeling 
of the envelope of the bacterial cells, e.g. OM composition.  

It was shown, that the complex bacterial stress response may be conducted with the 
releasing of the outer membrane vesicles. McBroom and Kuehn (2007) demonstrated that 
the quantity of vesicle release correlates with the level of toxic misfolded protein 
accumulation in the cell envelope. Accumulation of material occurs when cells are 
exposured to damaging stressors such as temperature, nutrient availability, toxic agents. 
This process can act to selectively eliminate unwanted material. Further work is required to 
identify how envelope stress translates into bacterial resistance in serum. Native vesicles 

Searching for Outer Membrane Proteins Typical  
of Serum-Sensitive and Serum-Resistant Phenotypes of Salmonella  

 

271 

contain OM and periplasmic material, and they are released from the bacterial surface 
without loss of membrane integrity. More surprisingly, vesicles from some species contain 
DNA (Nikaido, 2003). These vesicles, however, have not been well characterized in most 
studies. For example, the reported protein composition of vesicles from P. aeruginosa is 
strikingly different from that of the OM (Kadurugamuwa and Beveridge, 1995). Vesicles 
were shown to be enriched in monomeric OM proteins, OmpA, OmpX, and OmpW, but 
contain less of the trimeric porins OmpF and OmpC (Horstman and Kuehn, 2000). Hellman 
et al. (2000) showed that bacterial OMPs are released into serum in complexes that also 
contain LPS. Release of 18-kDa OMP from E. coli J5 into serum was greater for bacteria in 
early logarithmic than in late logarithmic growth and was increased by antibiotics in vitro 
and in vivo. These data raise the question as to whether released OMPs, such as the 18-kDa 
OMP, could play a role in the pathogenesis of Gram-negative sepsis.  

Strain no Sera Concentration of serum 
OMPs 
(kDa)1 

12.5 % 25% or 30% 50% 75% 

SENSITIVE STRAINS 

S. arizonae 
PCM 2543 

NHS 
NBS NT2 sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive 60, 48, 453 

S. arizonae 
PCM 2544 

NHS 
NBS NT sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive

60, 31, 24, 
123 

S. Ngozi PCM 
2514 

NHS 
NBS NT sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive 58, 45, 423 

S. Balboa 
PCM 2552 

NHS 
NBS NT sensitive 

sensitive 
NT 

sensitive 
sensitive
sensitive 49, 46, 393 

S. Hammonia 
PCM 2535 

NHS 
NBS NT sensitive 

sensitive 
NT 

sensitive 
sensitive
sensitive 573 

S. Hagenbeck 
PCM 2534 

NHS 
NBS NT sensitive 

sensitive 
NT 

sensitive 
sensitive
sensitive 47, 313 

S. Dahlem 
PCM 2512 

NHS 
NCS 
NBS 

NT 
sensitive 

NT 

NT 
sensitive 
sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

50 

S. Djakarta 
PCM 2513 

NHS 
NCS 
NBS 

NT 
sensitive 

NT 

NT 
sensitive 
sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

56 

S. Toucra 
PCM 2515 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
sensitive 
sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

none4 

S. Hisingen 
PCM 2536 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
resistant 
sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

56 

S. Sakaraha 
PCM 2538 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
resistant 
resistant 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

none4 
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diarizonae PCM 2511, S. bongori sv. Bongori PCM 2547, S. enterica subsp. salamae sv. 
Erlangen PCM 2533, S. enterica subsp. houtenae sv. Marina PCM 2546, S. enterica subsp. 
enterica sv. Sydney PCM 2551. The strains were obtained from the Polish Collection of 
Microorganisms (PCM), Ludwik Hirszfeld Institute of Immunology and Experimental 
Therapy, Polish Academy of Sciences, Wroclaw, Poland. The rest of the tested strains, 
shown in Table 2) had been isolated from fecal samples from children with gastroenteritis 
at the Lower Silesian Pediatric Center in Wroclaw during 2009-2010, and they were S. 
enterica subsp. enterica sv. Typhimurium (O4), S. enterica subsp. enterica sv. Enteritidis 
(O9), S. enterica subsp. enterica sv. Hadar (O8). Susceptibility of these serovars to 50% 
normal human serum was established by Sarowska et al. (2010).  

Eleven strains of Salmonella O48 were sensitive to the bactericidal effect of human, bovine or 
cord serum, whereas six Salmonella O48 strains, and serotypes of somatic antigen groups, O4, 
O9, and O8 demonstrated higher resistance to the bactericidal activity of the serum. In other 
experiments, aimed at analyzing the mechanism of serum complement activation, serovars, 
which were sensitive to the bactericidal action of serum, were used. Bugla-Ploskonska et al. 
(2010a, 2010b, 2009b) examined serum in which AP or CP/LP pathways of C were inhibited. 
Authors established the following mechanisms of complement activation by Salmonella O48. 

- CP - only the classical/lectin pathways were important in the bactericidal mechanism of 
complement activation, 

- AP - only the alternative pathway was important in the bactericidal mechanism of 
complement activation, 

- CP/AP - independent activation of the classical/lectin pathways and enhancing the 
alternative pathway in the bactericidal mechanism of complement activation, 

- CL + AP - parralel activation of the classical/lectin and enhancing the alternative 
pathway in the antibacterial activity of complement system.  

It is interesting and new information that the strains possessing the same somatic antigen 
group O48 present diverse susceptibility to serum and different patterns of C activation. 

Sarowska and co-workers (2010) examined that Salmonella ESBL+ transconjugants belonging 
to three serovars: Enteritidis, Typhimurium, and Hadar were more sensitive to NHS than 
before conjugation process. It seems that the acquisition of new plasmids from Klebsiella 
pneumoniae (donor) might have unfavourable consequences for these bacteria and increased 
their susceptibility to serum activity. A probable explanation of this could be the remodeling 
of the envelope of the bacterial cells, e.g. OM composition.  

It was shown, that the complex bacterial stress response may be conducted with the 
releasing of the outer membrane vesicles. McBroom and Kuehn (2007) demonstrated that 
the quantity of vesicle release correlates with the level of toxic misfolded protein 
accumulation in the cell envelope. Accumulation of material occurs when cells are 
exposured to damaging stressors such as temperature, nutrient availability, toxic agents. 
This process can act to selectively eliminate unwanted material. Further work is required to 
identify how envelope stress translates into bacterial resistance in serum. Native vesicles 
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contain OM and periplasmic material, and they are released from the bacterial surface 
without loss of membrane integrity. More surprisingly, vesicles from some species contain 
DNA (Nikaido, 2003). These vesicles, however, have not been well characterized in most 
studies. For example, the reported protein composition of vesicles from P. aeruginosa is 
strikingly different from that of the OM (Kadurugamuwa and Beveridge, 1995). Vesicles 
were shown to be enriched in monomeric OM proteins, OmpA, OmpX, and OmpW, but 
contain less of the trimeric porins OmpF and OmpC (Horstman and Kuehn, 2000). Hellman 
et al. (2000) showed that bacterial OMPs are released into serum in complexes that also 
contain LPS. Release of 18-kDa OMP from E. coli J5 into serum was greater for bacteria in 
early logarithmic than in late logarithmic growth and was increased by antibiotics in vitro 
and in vivo. These data raise the question as to whether released OMPs, such as the 18-kDa 
OMP, could play a role in the pathogenesis of Gram-negative sepsis.  

Strain no Sera Concentration of serum 
OMPs 
(kDa)1 

12.5 % 25% or 30% 50% 75% 

SENSITIVE STRAINS 

S. arizonae 
PCM 2543 

NHS 
NBS NT2 sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive 60, 48, 453 

S. arizonae 
PCM 2544 

NHS 
NBS NT sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive

60, 31, 24, 
123 

S. Ngozi PCM 
2514 

NHS 
NBS NT sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive 58, 45, 423 

S. Balboa 
PCM 2552 

NHS 
NBS NT sensitive 

sensitive 
NT 

sensitive 
sensitive
sensitive 49, 46, 393 

S. Hammonia 
PCM 2535 

NHS 
NBS NT sensitive 

sensitive 
NT 

sensitive 
sensitive
sensitive 573 

S. Hagenbeck 
PCM 2534 

NHS 
NBS NT sensitive 

sensitive 
NT 

sensitive 
sensitive
sensitive 47, 313 

S. Dahlem 
PCM 2512 

NHS 
NCS 
NBS 

NT 
sensitive 

NT 

NT 
sensitive 
sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

50 

S. Djakarta 
PCM 2513 

NHS 
NCS 
NBS 

NT 
sensitive 

NT 

NT 
sensitive 
sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

56 

S. Toucra 
PCM 2515 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
sensitive 
sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

none4 

S. Hisingen 
PCM 2536 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
resistant 
sensitive 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

56 

S. Sakaraha 
PCM 2538 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
resistant 
resistant 

sensitive 
sensitive 
sensitive 

sensitive
sensitive
sensitive

none4 
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RESISTANT STRAINS5  

S. sp. PCM 
2548 

NHS 
NCS 
NBS 

NT 
NT 
NT 

NT 
NT 

sensitive 

resistant 
NT 

resistant 

resistant
NT 

resistant

93, 62, 30, 
25, 173 

S. diarizonae 
PCM 2511 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
resistant 
sensitive 

sensitive 
resistant 
sensitive 

sensitive
resistant
sensitive

194, 84, 66, 
8 

S. Bongori 
PCM 2547 

NHS 
NCS 
NBS 

sensitive 
resistant 

NT 

sensitive 
resistant 
sensitive 

sensitive 
resistant 
sensitive 

sensitive
resistant
sensitive

183, 99 

S. Erlangen 
PCM 2533 

NHS 
NCS 
NBS 

sensitive 
resistant 

NT 

sensitive 
resistant 
resistant 

sensitive 
resistant 
sensitive 

sensitive
resistant
sensitive

69, 54, 8 

S. Marina 
PCM 2546 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
resistant 
resistant 

NT 
resistant 
resistant 

resistant
resistant
resistant

41 

S. Sydney 
PCM 2551 

NHS 
NCS 
NBS 

resistant 
resistant 

NT 

sensitive 
resistant 
resistant 

sensitive 
resistant 
resistant 

sensitive
resistant
resistant

74 

S. 
Typhimurium  

NHS 
NCS 
NBS 

NT NT 
resistant 

NT 
NT 

NT 
NT 
NT 

82, 66, 65, 
51, 41, 27, 

25, 17 

S. Enteritidis  
NHS 
NCS 
NBS 

NT NT 
resistant 

NT 
NT 

NT 
NT 
NT 

79, 66, 65, 
53, 41, 29, 

27, 17 

S. Hadar  
NHS 
NCS 
NBS 

NT NT 
resistant 

NT 
NT 

NT 
NT 
NT 

82, 66, 65, 
51, 41, 27, 

25, 17 
References: Bugla-Ploskonska et al. (2011, 2010a, 2010b, 2009b, 2009c); Futoma et al. (2005); Sarowska et 
al. (2010) 
NHS – normal human serum; NCS – normal cord serum; NBS – normal bovine serum 
1 OMPs characteristic for only serum- sensitive strains (not present in serum-resistant strains) or for 
only serum-resistant strains (not present in serum-sensitive strains) 
2 NT – not tested 
3 data presented only in this paper 
4 there are any individual OMPs in this strain when compare to others 
5 strains were regarded as resistant when their survival was above 100% in the highest concentrations of 
serum 

Table 2. The susceptibility of Salmonella strains to NHS, NCS, and NBS put together with 
OMPs 

3.1 The role of sialylated lipopolysaccharide 

Bacteria have evolved mechanisms for evading recognition by the immune system. 
Sialylation of LPS or LOS mediates serum resistance of N. gonorrhoeae (Ram et al., 1998). 
Sialic acids are important constituents of glycoconjugates in animal tissues, which regulate 
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innate immunity. Covering bacterial surfaces with sialylated oligosaccharides mimic those 
of the host (molecular mimicry). Incorporation of NeuAc into the surface components of the 
cell envelope of some pathogenic bacteria inhibits the direct activation of the alternative 
complement pathway (Rautemaa and Meri, 1999). Activation of AP is regulated by an 
interaction between C3b and factor H. It is known that NeuAc can enhance the binding of 
factor H to C3b on the cell surface, which blocks the amplification of the AP of C activation. 
fH is a critical regulator of the C system, and acts a a cofactor for factor I-mediated cleavage 
of C3b. fH also inactivates AP convertase by dissociating Bb from the C3bBb complex 
(Pangburn et al., 1977). Interestingly, the positive effect of LPS sialylation on fH binding 
requires the presence of gonococcal porin PorB, suggesting that sialylation may cause a 
conformational change in the LPS that unmasks novel sites in PorB (Severi et al., 2007). 

Smooth strains of S. Typhimurium (nonsialylated) were usually resistant to the action of 
serum, whereas strains of the Ra chemotype by sera of some piglets were killed (Dlabac, 
1968). It was shown that the LPS O-antigen (O-Ag) plays an important role in resistance to 
complement-mediated serum killing in several Gram-negative bacteria (Bengoechea et al., 
2004, Grossman et al., 1987, Joiner, 1988). It was shown that LPS O-antigen and the outer 
core of Y. enterocolitica do not contribute directly to complement resistance. Instead, the 
major Y. enterocolitica serum resistance determinants include OMPs such as YadA and Ail 
(Kirjavainen et al., 2008). 

It was reported that the amount of O-Ag and its chain length distribution are important 
factors in protecting bacteria from serum complement. Bravo et al. (2008) demonstrated that 
increased amounts of length distribution produced by S. Typhi grown to stationary phase 
confered higher levels of bacterial resistance to human serum. They suggest that O-Ag is 
more important for survival of S. Typhi in serum than the Vi antigen, and that non-
typhoidal serovars are more resistant than serovar Typhi to human serum. 

3.2 The role of OMPs 

The sensitivity of bacteria to the bactericidal activity of serum depends on the structure and 
organization of their outer membrane. About 50% of OM consists of proteins, so their role in 
the pathogenicity of Gram-negative bacteria cannot be dismissed (Koebnik et al., 2000). The 
resistance of bacteria to serum’s lytic activity may be one of the virulence factors essential in 
the development of sepsis. Changes in OMPs‘ expression can result in Gram-negative bacteria 
developing resistance to the bactericidal activity of serum (Bugla and Doroszkiewicz, 2006; 
Weiser and Gotschlich, 1991; White et al., 2005; Attia et al., 2005; Nishio et al., 2005). Studies 
have shown that porins from several bacteria stimulate cells to produce and secrete cytokines 
(Galdiero et al., 1993). Whole bacterial cells, which express on their surface LPS and porins 
both use CD14 when interact with leukocydes. Galdiero and others (2001) showed that CD14 
and CD11a/18 are involved in cytokine responses to LPS, but only CD11a/18 is involved in 
those of porins. Their previous studies (Galdiero et al., 1990) showed that S. Typhimurium 
porins inhibit phagocytosis by activating the adenylate cyclase system. 

Some OMPs amplify the sensitivity of bacteria (Zollinger et al., 1987, Merino et al., 1998, 
Alberti et al., 1993) to serum. Binding of OmpK36 of the serum sensitive strain K. pneumoniae to 
C1q leads to activation of the complement classical pathway and the subsequent deposition of 
C components C3b and C5b-9 on the porin (Alberti et al., 1996). Y. enterocolitica serum 
resistance is dependent of the presence of proteins YadA and Ail, which bind C4b-binding 
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RESISTANT STRAINS5  

S. sp. PCM 
2548 

NHS 
NCS 
NBS 

NT 
NT 
NT 

NT 
NT 

sensitive 

resistant 
NT 

resistant 

resistant
NT 

resistant

93, 62, 30, 
25, 173 

S. diarizonae 
PCM 2511 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
resistant 
sensitive 

sensitive 
resistant 
sensitive 

sensitive
resistant
sensitive

194, 84, 66, 
8 

S. Bongori 
PCM 2547 

NHS 
NCS 
NBS 

sensitive 
resistant 

NT 

sensitive 
resistant 
sensitive 

sensitive 
resistant 
sensitive 

sensitive
resistant
sensitive

183, 99 

S. Erlangen 
PCM 2533 

NHS 
NCS 
NBS 

sensitive 
resistant 

NT 

sensitive 
resistant 
resistant 

sensitive 
resistant 
sensitive 

sensitive
resistant
sensitive

69, 54, 8 

S. Marina 
PCM 2546 

NHS 
NCS 
NBS 

NT 
resistant 

NT 

NT 
resistant 
resistant 

NT 
resistant 
resistant 

resistant
resistant
resistant

41 

S. Sydney 
PCM 2551 

NHS 
NCS 
NBS 

resistant 
resistant 

NT 

sensitive 
resistant 
resistant 

sensitive 
resistant 
resistant 

sensitive
resistant
resistant

74 

S. 
Typhimurium  

NHS 
NCS 
NBS 

NT NT 
resistant 

NT 
NT 

NT 
NT 
NT 

82, 66, 65, 
51, 41, 27, 

25, 17 

S. Enteritidis  
NHS 
NCS 
NBS 

NT NT 
resistant 

NT 
NT 

NT 
NT 
NT 

79, 66, 65, 
53, 41, 29, 

27, 17 

S. Hadar  
NHS 
NCS 
NBS 

NT NT 
resistant 

NT 
NT 

NT 
NT 
NT 

82, 66, 65, 
51, 41, 27, 

25, 17 
References: Bugla-Ploskonska et al. (2011, 2010a, 2010b, 2009b, 2009c); Futoma et al. (2005); Sarowska et 
al. (2010) 
NHS – normal human serum; NCS – normal cord serum; NBS – normal bovine serum 
1 OMPs characteristic for only serum- sensitive strains (not present in serum-resistant strains) or for 
only serum-resistant strains (not present in serum-sensitive strains) 
2 NT – not tested 
3 data presented only in this paper 
4 there are any individual OMPs in this strain when compare to others 
5 strains were regarded as resistant when their survival was above 100% in the highest concentrations of 
serum 

Table 2. The susceptibility of Salmonella strains to NHS, NCS, and NBS put together with 
OMPs 

3.1 The role of sialylated lipopolysaccharide 

Bacteria have evolved mechanisms for evading recognition by the immune system. 
Sialylation of LPS or LOS mediates serum resistance of N. gonorrhoeae (Ram et al., 1998). 
Sialic acids are important constituents of glycoconjugates in animal tissues, which regulate 
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innate immunity. Covering bacterial surfaces with sialylated oligosaccharides mimic those 
of the host (molecular mimicry). Incorporation of NeuAc into the surface components of the 
cell envelope of some pathogenic bacteria inhibits the direct activation of the alternative 
complement pathway (Rautemaa and Meri, 1999). Activation of AP is regulated by an 
interaction between C3b and factor H. It is known that NeuAc can enhance the binding of 
factor H to C3b on the cell surface, which blocks the amplification of the AP of C activation. 
fH is a critical regulator of the C system, and acts a a cofactor for factor I-mediated cleavage 
of C3b. fH also inactivates AP convertase by dissociating Bb from the C3bBb complex 
(Pangburn et al., 1977). Interestingly, the positive effect of LPS sialylation on fH binding 
requires the presence of gonococcal porin PorB, suggesting that sialylation may cause a 
conformational change in the LPS that unmasks novel sites in PorB (Severi et al., 2007). 

Smooth strains of S. Typhimurium (nonsialylated) were usually resistant to the action of 
serum, whereas strains of the Ra chemotype by sera of some piglets were killed (Dlabac, 
1968). It was shown that the LPS O-antigen (O-Ag) plays an important role in resistance to 
complement-mediated serum killing in several Gram-negative bacteria (Bengoechea et al., 
2004, Grossman et al., 1987, Joiner, 1988). It was shown that LPS O-antigen and the outer 
core of Y. enterocolitica do not contribute directly to complement resistance. Instead, the 
major Y. enterocolitica serum resistance determinants include OMPs such as YadA and Ail 
(Kirjavainen et al., 2008). 

It was reported that the amount of O-Ag and its chain length distribution are important 
factors in protecting bacteria from serum complement. Bravo et al. (2008) demonstrated that 
increased amounts of length distribution produced by S. Typhi grown to stationary phase 
confered higher levels of bacterial resistance to human serum. They suggest that O-Ag is 
more important for survival of S. Typhi in serum than the Vi antigen, and that non-
typhoidal serovars are more resistant than serovar Typhi to human serum. 

3.2 The role of OMPs 

The sensitivity of bacteria to the bactericidal activity of serum depends on the structure and 
organization of their outer membrane. About 50% of OM consists of proteins, so their role in 
the pathogenicity of Gram-negative bacteria cannot be dismissed (Koebnik et al., 2000). The 
resistance of bacteria to serum’s lytic activity may be one of the virulence factors essential in 
the development of sepsis. Changes in OMPs‘ expression can result in Gram-negative bacteria 
developing resistance to the bactericidal activity of serum (Bugla and Doroszkiewicz, 2006; 
Weiser and Gotschlich, 1991; White et al., 2005; Attia et al., 2005; Nishio et al., 2005). Studies 
have shown that porins from several bacteria stimulate cells to produce and secrete cytokines 
(Galdiero et al., 1993). Whole bacterial cells, which express on their surface LPS and porins 
both use CD14 when interact with leukocydes. Galdiero and others (2001) showed that CD14 
and CD11a/18 are involved in cytokine responses to LPS, but only CD11a/18 is involved in 
those of porins. Their previous studies (Galdiero et al., 1990) showed that S. Typhimurium 
porins inhibit phagocytosis by activating the adenylate cyclase system. 

Some OMPs amplify the sensitivity of bacteria (Zollinger et al., 1987, Merino et al., 1998, 
Alberti et al., 1993) to serum. Binding of OmpK36 of the serum sensitive strain K. pneumoniae to 
C1q leads to activation of the complement classical pathway and the subsequent deposition of 
C components C3b and C5b-9 on the porin (Alberti et al., 1996). Y. enterocolitica serum 
resistance is dependent of the presence of proteins YadA and Ail, which bind C4b-binding 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

274 

protein, an inhibitor of both the classical and lectin pathways of C (Kirjavainen et al., 2008). 
Another example of the serum resistance phenotype of bacteria is Actinobacillus 
actinomycetemcomitans expressing surface protein Omp100, which traps factor H, an inhibitor 
for C3 (Asakawa et al., 2003). Futoma-Koloch et al. (2006) investigated the serial passage of 
Proteus mirabilis O18 in 90% bovine serum what contributed to over-expression of some classes 
of OMPs. It was also found a large heterogeneity of the OMPs’ profile among Salmonella spp. 
after their passage in serum (Skwara et al., 2011). Studies of Kroll and co-authors (1983) have 
shown that treating E. coli cells with sera also generates changes in their OMPs composition.  

Many years ago, some authors (Joiner et al., 1982; Taylor, 1983) suggested that the nature of 
bacterial resistance to the action of sera is quite complex. Galdiero et al. (1984) showed that 
the C system could be activated by porins isolated from S. Typhimurium. Chaffer et al. 
(1999) showed that E. coli O2 isolates that possess 35 kDa OmpA are higly resistant to the 
bactericidal effect of serum. Others (Cirillo et al., 1996) pointed out that Rck (17-19 kDa) 
protein in S. Typhimurium is associated with high–level serum resistance. This OMP 
probably inhibits lysis of the bacterial cell that occurs with the MAC complex. S. 
Choleraesuis‘ resistance to serum may be enhanced by the presence of the outer membrane 
protein PagC (17 kDa) (Nishio et al., 2005). Rck is a member of a family of OMP including 
PagC of S. Typhimurium (Gunn et al., 1995) and Ail of Y. enterocolitica (Miller et al., 1990). 
Site-directed mutagenesis and “domain-swapping” experiments done with Rck show that 
loop 3 is required for serum resistance and invasion in E. coli (Cirillo et al., 1996).  

Bugla-Ploskonska and co-workers (2011) confirmed that certain OMPs are characteristic of the 
serum-resistant and serum-sensitive phenotypes of Salmonella O48 to the bactericidal action of 
cord serum (see Table 2.). But the SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis) analysis of the OMPs isolated from: S. Hisingen PCM 2536, S. Dahlem PCM 
2512, S. Djakarta PCM 2513, S. Toucra PCM 2515, S. Sakaraha PCM 2538, S. diarizonae PCM 
2511, S. Bongori PCM 2547, S. Erlangen PCM 2533, S. Marina PCM 2546, and S. Sydney PCM 
2551, showed no correlation between numbers of colored stripes within the same path and the 
susceptibility of the tested strains to cord serum. The strain, which was most sensitive to the 
lytic activity of cord serum S. Dahlem PCM 2515 had 32 OMPs with distinct molecular 
weights, while serum-resistant S. Marina PCM 2546 had only 20 OMPs.  

When comparing the results of Bugla-Ploskonska et al. (2011) (data not shown in Fig. 1.), 
Sarowska et al. (2010) (Fig. 1.A) and Futoma-Koloch et al. (data published in this paper) (Fig. 
1.B) one may note different electrophoretic band patterns for OMPs of tested strains of 
Salmonella. The patterns of OMPs (Fig. 1.) are similar to those reported in the literature, and 
allow the identification of the major proteins, including the 36- to 41-kDa proteins known as 
porins (Kamio and Nikaido, 1977). These proteins, which were common in S. Typhimurium, 
S. Enteritidis, and S. Hadar strains, are 66-, 65-, 41-, 27-, and 17-kDa. These results are 
similar to that obtained for S. Typhi by Ortiz et al. (1989), which had 17-, 28-, and 36- to 41-
kDa proteins. While studying the composition of OM of S. Typhimurium, Smit and Nikaido 
(1978) observed that these bacteria contain three porins of 34-, 35-, and 36-kDa. 

As show in Fig 1., the tested strains share the same OMP peptide band located at 35 kDa, the 
region containing the OmpA. This protein has been shown to contribute to the increased 
resistance of E. coli to the bactericidal effect of serum by classical pathway activation. All the 
serum-resistant strains S. sp. PCM 2548 (Fig. 1.B, line 2), S. diarizonae PCM 2511, S. Bongori 
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PCM 2547, S. Erlangen PCM 2533, S. Marina PCM 2546, S. Sydney PCM 2551 (Bugla-
Ploskonska et al., 2011), S. Enteritidis, S. Typhimurium, and S. Hadar (Sarowska et al., 2010) 
(Fig. 1.A, lines 3, 5, 7) possess additional proteins, not present in the strains, which were 
susceptible to serum. This suggests, some OMPs are characteristic of sensitive strains (group 
1), as well as associated with resistant strains (group 2): 

 Group 1, consisting of eleven serovars sensitive to the bactericidal action of serum (see 
Table 2.). The OMPs characteristic of this group of bacteria were not detected in the 
outer membranes of the strains resistant to the bactericidal action of serum: 60-, 58-, 57-, 
56-, 50-, 49-, 48-, 47-, 46-, 45-, 42-, 39-, 31-, 24-, 12-kDa; 

 Group 2, consisting of nine serovars resistant to the bactericidal action of serum (see 
Table 2.) The OMPs characteristic of this group of bacteria were not detected in the 
outer membranes of the strains sensitive to the bactericidal action of serum: 194-, 183-, 
99-, 93-, 84-, 82-, 79-, 74-, 69-, 66-, 65-, 62-, 54-, 53-, 51-, 41-, 30-, 29-, 27-, 25-, 17-, 8-kDa. 

 
(A)     (B) 

Fig. 1. The SDS-PAGE OMPs isolated with Zwittergent 3-141 

The results presented by Sarowska et al. (2010) show that the ESBL conjugative plasmid 
donor strain K. pneumoniae, and recipient strains (S. Enteritidis, S. Typhimurium and S. 
Hadar) were resistant to the bactericidal action of NHS, whereas the three Salmonella 
transconjugants identified as ESBL producers (S. Enteritidis ESBL+, S. Typhimurium ESBL+, 
and S. Hadar ESBL+) demonstrated sensitivity to serum. SDS-PAGE analysis of the OMPs of 
Salmonella transconjugants revealed that the parental strains (Fig. 1.A, lines: 3-S. Enteritidis; 
5-S. Typhimurium, 7-S. Hadar) and transconjugants (Fig. 1.A, lines 4, 6, 8) exhibited slightly 

                                                 
1 Lane 1 (A, B): Molecular Weight Standards (Sigma); (A) 2: K. pneumoniae; 3: S. Enteritidis; 4: S. 
Enteritidis ESBL+; 5: S. Typhimurium; 6: S. Typhimurium ESBL+; Lane 7: S. Hadar; Lane 8: S. Hadar 
ESBL+ (Sarowska et al., 2010); with permission of Editor-In-Chief of Advances in Clinical and Experimental 
Medicine (B) 2: S. sp. PCM 2548; 3: S. Balboa PCM 2552; 4: S. arizonae PCM 2543; 5: S. arizonae PCM 2544; 
6: S. Ngozi PCM 2514; 7: S. Hammonia PCM 2535; 8: S. Hagenbeck PCM 2534 (data shown only in this 
paper). 
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protein, an inhibitor of both the classical and lectin pathways of C (Kirjavainen et al., 2008). 
Another example of the serum resistance phenotype of bacteria is Actinobacillus 
actinomycetemcomitans expressing surface protein Omp100, which traps factor H, an inhibitor 
for C3 (Asakawa et al., 2003). Futoma-Koloch et al. (2006) investigated the serial passage of 
Proteus mirabilis O18 in 90% bovine serum what contributed to over-expression of some classes 
of OMPs. It was also found a large heterogeneity of the OMPs’ profile among Salmonella spp. 
after their passage in serum (Skwara et al., 2011). Studies of Kroll and co-authors (1983) have 
shown that treating E. coli cells with sera also generates changes in their OMPs composition.  

Many years ago, some authors (Joiner et al., 1982; Taylor, 1983) suggested that the nature of 
bacterial resistance to the action of sera is quite complex. Galdiero et al. (1984) showed that 
the C system could be activated by porins isolated from S. Typhimurium. Chaffer et al. 
(1999) showed that E. coli O2 isolates that possess 35 kDa OmpA are higly resistant to the 
bactericidal effect of serum. Others (Cirillo et al., 1996) pointed out that Rck (17-19 kDa) 
protein in S. Typhimurium is associated with high–level serum resistance. This OMP 
probably inhibits lysis of the bacterial cell that occurs with the MAC complex. S. 
Choleraesuis‘ resistance to serum may be enhanced by the presence of the outer membrane 
protein PagC (17 kDa) (Nishio et al., 2005). Rck is a member of a family of OMP including 
PagC of S. Typhimurium (Gunn et al., 1995) and Ail of Y. enterocolitica (Miller et al., 1990). 
Site-directed mutagenesis and “domain-swapping” experiments done with Rck show that 
loop 3 is required for serum resistance and invasion in E. coli (Cirillo et al., 1996).  

Bugla-Ploskonska and co-workers (2011) confirmed that certain OMPs are characteristic of the 
serum-resistant and serum-sensitive phenotypes of Salmonella O48 to the bactericidal action of 
cord serum (see Table 2.). But the SDS-PAGE (sodium dodecyl sulphate-polyacrylamide gel 
electrophoresis) analysis of the OMPs isolated from: S. Hisingen PCM 2536, S. Dahlem PCM 
2512, S. Djakarta PCM 2513, S. Toucra PCM 2515, S. Sakaraha PCM 2538, S. diarizonae PCM 
2511, S. Bongori PCM 2547, S. Erlangen PCM 2533, S. Marina PCM 2546, and S. Sydney PCM 
2551, showed no correlation between numbers of colored stripes within the same path and the 
susceptibility of the tested strains to cord serum. The strain, which was most sensitive to the 
lytic activity of cord serum S. Dahlem PCM 2515 had 32 OMPs with distinct molecular 
weights, while serum-resistant S. Marina PCM 2546 had only 20 OMPs.  

When comparing the results of Bugla-Ploskonska et al. (2011) (data not shown in Fig. 1.), 
Sarowska et al. (2010) (Fig. 1.A) and Futoma-Koloch et al. (data published in this paper) (Fig. 
1.B) one may note different electrophoretic band patterns for OMPs of tested strains of 
Salmonella. The patterns of OMPs (Fig. 1.) are similar to those reported in the literature, and 
allow the identification of the major proteins, including the 36- to 41-kDa proteins known as 
porins (Kamio and Nikaido, 1977). These proteins, which were common in S. Typhimurium, 
S. Enteritidis, and S. Hadar strains, are 66-, 65-, 41-, 27-, and 17-kDa. These results are 
similar to that obtained for S. Typhi by Ortiz et al. (1989), which had 17-, 28-, and 36- to 41-
kDa proteins. While studying the composition of OM of S. Typhimurium, Smit and Nikaido 
(1978) observed that these bacteria contain three porins of 34-, 35-, and 36-kDa. 

As show in Fig 1., the tested strains share the same OMP peptide band located at 35 kDa, the 
region containing the OmpA. This protein has been shown to contribute to the increased 
resistance of E. coli to the bactericidal effect of serum by classical pathway activation. All the 
serum-resistant strains S. sp. PCM 2548 (Fig. 1.B, line 2), S. diarizonae PCM 2511, S. Bongori 
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PCM 2547, S. Erlangen PCM 2533, S. Marina PCM 2546, S. Sydney PCM 2551 (Bugla-
Ploskonska et al., 2011), S. Enteritidis, S. Typhimurium, and S. Hadar (Sarowska et al., 2010) 
(Fig. 1.A, lines 3, 5, 7) possess additional proteins, not present in the strains, which were 
susceptible to serum. This suggests, some OMPs are characteristic of sensitive strains (group 
1), as well as associated with resistant strains (group 2): 

 Group 1, consisting of eleven serovars sensitive to the bactericidal action of serum (see 
Table 2.). The OMPs characteristic of this group of bacteria were not detected in the 
outer membranes of the strains resistant to the bactericidal action of serum: 60-, 58-, 57-, 
56-, 50-, 49-, 48-, 47-, 46-, 45-, 42-, 39-, 31-, 24-, 12-kDa; 

 Group 2, consisting of nine serovars resistant to the bactericidal action of serum (see 
Table 2.) The OMPs characteristic of this group of bacteria were not detected in the 
outer membranes of the strains sensitive to the bactericidal action of serum: 194-, 183-, 
99-, 93-, 84-, 82-, 79-, 74-, 69-, 66-, 65-, 62-, 54-, 53-, 51-, 41-, 30-, 29-, 27-, 25-, 17-, 8-kDa. 

 
(A)     (B) 

Fig. 1. The SDS-PAGE OMPs isolated with Zwittergent 3-141 

The results presented by Sarowska et al. (2010) show that the ESBL conjugative plasmid 
donor strain K. pneumoniae, and recipient strains (S. Enteritidis, S. Typhimurium and S. 
Hadar) were resistant to the bactericidal action of NHS, whereas the three Salmonella 
transconjugants identified as ESBL producers (S. Enteritidis ESBL+, S. Typhimurium ESBL+, 
and S. Hadar ESBL+) demonstrated sensitivity to serum. SDS-PAGE analysis of the OMPs of 
Salmonella transconjugants revealed that the parental strains (Fig. 1.A, lines: 3-S. Enteritidis; 
5-S. Typhimurium, 7-S. Hadar) and transconjugants (Fig. 1.A, lines 4, 6, 8) exhibited slightly 

                                                 
1 Lane 1 (A, B): Molecular Weight Standards (Sigma); (A) 2: K. pneumoniae; 3: S. Enteritidis; 4: S. 
Enteritidis ESBL+; 5: S. Typhimurium; 6: S. Typhimurium ESBL+; Lane 7: S. Hadar; Lane 8: S. Hadar 
ESBL+ (Sarowska et al., 2010); with permission of Editor-In-Chief of Advances in Clinical and Experimental 
Medicine (B) 2: S. sp. PCM 2548; 3: S. Balboa PCM 2552; 4: S. arizonae PCM 2543; 5: S. arizonae PCM 2544; 
6: S. Ngozi PCM 2514; 7: S. Hammonia PCM 2535; 8: S. Hagenbeck PCM 2534 (data shown only in this 
paper). 
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different outer-membrane banding patterns. These changes included the presence or 
absence of particular OMPs. New OMPs (absent before conjugation) with molecular masses 
of 25-kDa and 44-kDa were observed in S. Enteritidis ESBL+ isolate, and 43-kDa in S. 
Typhimurium ESBL+ strain. The acquisition of ESBL plasmids also resulted in the loss of 
some OMPs in the transconjugants compared with the parental strains. In the case of the S. 
Enteritidis ESBL+ isolate, no bands for the 15-, 22-, 53-, 58- and 78-kDa protens were noted. 
For the remaining transconjugants no bands were observed for the 16-, 38-, 44-, 55-, and 82-
kDa proteins (S. Typhimurium ESBL+) and 27-, 65- and 66-kDa (S. Hadar ESBL+).. 

In our study, all the Salmonella strains tested, regardless of their susceptibility to serum, 
possessed the 35-kDa peptide band (Fig. 1.). Note that Rck of S. Typhimurium and S. 
Enteritidis, binds fH, which is accociated with resistance to the alternative pathway of 
complement (Ho et al., 2010), allowing to analyse OMPs patterns on this basis. In the studies 
of Salmonella O48 strains, it was shown that alternative pathway was important in the 
bactericidal mechanisms of C activation, in spite of the fact that some strains had 17- or 19-
kDa proteins, as can be seen in Fig. 1. It seems that any identified agent masks the inhibitory 
properties of 17-19-kDa proteins in Salmonella O48 against the AP pathway.  

Bugla-Ploskonska et al. (2009a, 2011), Futoma-Koloch et al. (2009), and Sarowska et al. (2010) 
used a method of isolating OMPs from bacteria during exponential growth using the 
Zwittergent Z 3-14 detergent (Calbiochem-Behring), primarily used for enrichment of 
proteins from cell lysates. Sulfobetaine 3-14 has a strongly basic quaternary ammonium ion 
and acidic sulfonate with equivalent strength and its zwitterionic character is maintained 
over a wide range of pH. This method was adapted for Salmonella strains using methods 
developed for isolating of OMPs of Branhamella catarrhalis (presently named Moraxella 
catarrhalis) (Murphy and Bartos, 1989, Faden et al., 1992), and Haemophilus influenzae 
(Murphy and Bartos, 1988). There were two modifications introduced into Murphy and 
Bartos’s original method. The first one was that the bacteria were cultured overnight at 37C 
for 18 h within liquid Brain Heart Infusion medium (not on solidified medium, similar as in 
bactericidal assay (YP broth)), secondly, OMPs in a buffer Z, were kept overnight at 4C, 
before they were centrifuged at 8700 rpm at 4C for 10 min. It’s important to emphasize that 
culturing bacteria in liquid or solidified medium may influence the molecular pattern of the 
surface antigens. Harvesting bacteria from plates provides large numbers of cells without the 
need for centrifugation. In this manner, the cells are relatively free from components of the 
growth medium, which could interfere with subsequent procedures. Zwitterionic detergents 
like non-ionic detergents do not possess a net charge; they lack conductivity and 
electrophoretic mobility, and do not bind to ion exchange resins. Like ionic detergents, they 
are also suited for breaking protein-protein interactions (Srirama, 2001).  

Hundreds of articles have been published with the words “Salmonella OMP” or “Salmonella 
porin“. Of note is the review by Nikaido (2003), who has been working in that field during 30 
years of his scientific carrier. He exhaustively described the molecular basis of bacterial OM 
permeability, taking into concideration i.a. protein channels, and LPS. Since the OMPs are 
surface-exposed antigens, they provide attractive targets for the development of vaccines, thus 
various techniques have been developed for their characterization. OMPs isolated with 
Zwittergent Z 3-14 can be also separated with two-dimensional electrophoresis (2-DE). 
Preliminary studies by Futoma-Koloch et al. (2009), Bugla-Ploskonska et al. (2009a) have 
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reported that using the zwitterionic detergent Zwittergent Z 3-14 is suitable to isolate OMPs 
from S. arizonae, S. Dahlem, and other Gram-negative rods such as E. coli O56. Samples of 
these peptides may then be separated by 2-DE in a capillary tube system (Futoma-Koloch et 
al., 2009) (Fig. 2.). It was also shown that the use of the same detergent to isolate OMPs from E. 
coli O56 enables their separation by 2-DE using pH 3-10 immobilized pH gradient IPG strips 
(Bugla-Ploskonska et al., 2009a). Detection of hydrophobic OMPs in 2-D gels is associated with 
certain limitations (Fountoulakis, 2005). The poor solubility of hydrophobic OMP accounts for 
their absence from the 2D gel map, but the addition of zwitterionic detergents can improve 
protein solubilization (Shaw and Riederer, 2006). 

 
Fig. 2. 2-DE profile of OMPs isolated with Zwittergent Z 3-14: S. arizonae PCM 2543 
(Futoma-Koloch et al. 2009)2 

2-DE was carried out with the Mini-PROTEAN 3 System (Bio-Rad) and Protean IEF cell 
and Mini-Protean Tetra Cell (BioRad) respectively (Fig. 2.). Spots of OMPs of S. arizonae 
PCM 2543 were visualized by silver staining. Some modifications were introduced into to 
the original method described by O’Farrell in 1975 (O’Farrell, 1975) in order to improve the 
resolution of OMPs isolated with Zwittergent 3-14. It was necessary to reduce the molar 
concentration of urea and replace Bio-Lyte 5/7 ampholyte with ddH2O in three reagents: the 
first-dimension sample buffer, the first-dimension sample overlay buffer, and the first-
dimension gel monomer solution. Tricine was used instead of glycine in the electrophoresis 
buffer (second dimension). The tube gels were pre-electrophoresed (electrode preparation) 
by running at 200 V for 10 min, 300 V for 15 min, and 400 V for 15 min (power supply 
adaptor - Apelex PS 900S TX) then appropriate prepared samples were loaded on the top 
surfaces of the gels in capillary tubes and separated by IEF on pH 3.0-10.0 at 300 V for 16 h, 
400 V for 2 h, and 800 V for 1 h (Apelex PS 900S TX). Three tube gels per sample were run. 
After the IEF (isoelectring focusing) run was completed, gels were electrophoresed 
according to Laemmli (1970) for 2 h (20 mA/gel) and stained with a Silver Stain PlusTM kit 
(Bio-Rad). Fig. 2. contains a total of 35 spots. The major proteins were found in the acidic 
                                                 
2 With permission of Editor-In-Chief of Polish Journal of Microbiology 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

276 

different outer-membrane banding patterns. These changes included the presence or 
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reported that using the zwitterionic detergent Zwittergent Z 3-14 is suitable to isolate OMPs 
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protein solubilization (Shaw and Riederer, 2006). 
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regions of the gels. This procedure was described in details in paper autorship Futoma-
Koloch et al. (2009). 

The next issue for consideration concerns various methods developed for isolation, separation 
and identification of OMPs. The power of 2-DE in the OMPs analysis was demonstrated by 
Hamid and Jain (2008), who confirmed that OMPs provide promising targets for the 
development of a candidate vaccine against typhoid. 2-DE methodology in conjunction with 
the Western Blot has a potential for the rapid development of specific, safe, and highly 
efficacious vaccines against salmonellosis in human and livestock. Non-detergent 
sulphobetaines were also used by Blisnick and co-workers (1998) to enhance the recovery of 
membrane proteins and active proteases from erythrocytes infected by Plasmodium falciparum, 
a parasite. Protein extracts of parasites obtained with NDSB195 (non-detergent sulfobetaine) 
were separated by IEF, as well as by SDS-PAGE. Proteins were then identified with western 
blotting using specific antibodies. S. Typhimurium served as a model for isolating OMPs by 
the method of Foulaki et al. (1989). From the urea extract a 55-kDa protein was isolated by ion-
exchange chromatography and gel filtration free of LPS. All steps in the isolation of this 
protein were carried out without detergents. 

Huang et al. (2004) presented a newly developed method combining sucrose density 
centrifugation and aqueous two-phase partitioning for the isolation of pure OM from 
Synechocystis sp. The purity of the membrane fractions was verified by immunoblot analysis 
using Ab against specific membrane marker proteins. They have examined the protein 
composition by 2-DE followed by matrix-assisted laser desorption/ionization time–of-flight 
(MALDI-TOF) analysis. Using a combination of two nonionic detergents (CHAPS and ASB-
14), proteins were solubilized and resolved within a range of pH 4.0-7.0. The studies of Ortiz 
et al. (1989) were undertaken to assess the ability of the OMPs of S. Typhi to induce a 
humoral immune response in human with typhoid fever. OMPs in this case were isolated 
with the nonionic detergent, Triton X-100. Proteins were contaminated with approximately 
4% LPS. SDS-PAGE patterns showed protein bands with molecular size ranges from 17 to 70 
kDa. The major group of proteins corresponded to the OmpA. Isibasi et al. (1988) isolated 
OMPs from S. Typhi also with Triton X-100, as described by Schnaitman (1971). Seleim and 
others (2002) performed preparation of the Salmonella OMPs with 2% sarkosyl in 10 mM 
HEPES buffer. Chooneea et al. (2010) attempted to characterize the surface proteome of S. 
Typhimurium using lipid-based protein immobilization technology in the form of LPITM 
FlowCell. No detergents were required and no sample clean up was needed prior to 
downstream analysis. The proteins were then characterized by liquid chromatography – 
tandem mass spectrometry (LC-MS/MS). In these studies 54 OMPs were identified.  

Proteomic analysis of the E. coli OM performed by Molloy and co-workers (2000) included 
isolation of cell membranes by carbonate extraction according to the method of Fujiki and co-
workers (1982). Bolla et al. (2000) developed a method for purification of the major outer 
membrane protein (MOMP) of Campylobacter, involving outer-membrane preparation 
followed by specific detergent extraction and chromatography. In that study, to identify 
poorly expressed porin proteins, they analysed a large amount of outer membrane detergent 
extract by ion-exchange chromatography. This method allowed them to identify and 
characterize a novel porin protein Omp50 of C. jejuni. Extraction of the porin from the 
membrane was carried out in six steps. Two extractions with 0.1% sodium lauryl sarcosinate in 
Tris buffer to solubilize the inner membrane were followed by four successive extractions with 
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n-octyl- polyoxyethylene (octyl-POE; Bachem AG-Switzerland) in 20 mM NaPi (pH 7.6), 
leading to the specic recovery of the outer membrane porin associated with octyl-POE 
micelles. In turn, OMPs of Brucella spp. were extracted with Triton X-114 (Tibor et al., 1999), 
and confirmed to be lipoproteins.  

The preparations of OMPs in the soluble fraction in buffer Z (in a method with Zwittergent 
Z-14) were assayed for the enzymatic activity of succinic dehydrogenase, a marker for the 
cytoplasmic membranes, according to Rockwood et al. (1987). To make certain that the 
extracts of proteins were free of membrane fraction contaminations, Futoma-Koloch and 
others (data shown only in this paper) employed transmission electron microscopy (TEM) 
for imaging OMPs isolated from S. arizonae PCM 2544.  

For electron microscopy investigation:  

a. The isolated material was negatively contrasted with 2 % uranyl acetate in a 
conventional procedure (Fig. 3.A); 

b. For thin-sections isolated material was fixed in 1% osmium tetroxide, dehydrated in 
graded ethanol and embedded in Epon 812. Ultrathinsections were cut with a Reychert 
Ultracut E ultramicrotome and stained with lead citrate (Fig. 3.B). 

The specimens were examined in Tesla BS 540 electron microscope. The proteins appeared 
bright against the dark background. Scale markers correspond to 500 nm. Note, that 
membrane contarrdinants are not present. If they were, they would be visible as white 
linear trails of phospholipid bilayers. Proteins or peptides released from the membranes 
tend to aggregate to assume globular or filamentous clusters of the diameter from 40 nm 
to about 200 nm. 

  
Fig. 3. Transmission electron micrographs of isolated OMPs released with Zwittergent 3-14 
from S. arizonae PCM 2544, bar=500nm, 25 000x 
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4. Salmonella’s OMPs as potential vaccines 
Another aspect of studying OMPs of Gram-negative bacteria is the potential for finding 
molecular candidates for vaccines. Vaccination is an effective tool for the prevention of 
Salmonella infections (Mastroeni et al., 2011). The currently available vaccines against 
salmonellosis can be divided into three major classes: whole-cell killed vaccines, subunit 
vaccines, and live attenuated vaccines. Subunit vaccines such as the ones based on the Vi 
polysaccharides are safe, immunogenic, and are currently licenced for human use. Other 
subunit vaccines such as those based on detoxified LPS, cell extracts, porins, O-
polysaccharides, and O-conjugates have been tested in experimental models (Mastroeni 
and Menager, 2003). Recognition and neutralization of OMPs by the immune system is of 
great importance. When porins are used as immunogens they can ablate bacteremia and 
provide equivalent protection against salmonellosis. Available vaccines containing either 
acetone or heat-killed S. Typhi are of limited value, because they confer short-lived 
protection and they produce unacceptable side effects, due mainly to the presence of 
endotoxin, which prevents their use in children. At the moment there are also several 
vaccines prepared from Vi antigen.  

The trimeric porins show stability to temperature and denaturants, and are also resistant to 
proteolysis. These properties make them good candidates for industrial applications 
towards the development of oral vaccines (Galdiero et al., 1990). Data delivered by Salazar-
Gonzales et al. (2004) showed that S. Typhi porins-based candidate vaccine is safe and 
immunogenic and healthy. They observed that side effects after vaccination were mild and 
transient. Ortiz et al. (1989) established that sera from patients with typhiod fever contained 
M antibodies, which reacted with a protein of 28-kDa. Singh and others (1995) were 
interested in OmpC and OmpD porins from S. Typhimurium because of their potential role 
in diagnostic assays, in antibiotic resistance, and as immunogens for vaccination. 

In animal models, it was shown that mouse monoclonal antibodies were raised against 
recombinant S. Typhi 36-kDa porin monomer (Kissel et al., 1994). Hamid and Jain (Hamid 
and Jain, 2008) investigated OMPs of S. Typhimurium as potential vaccine candidates for 
conferring protection against typhoid. They showed that OMP with an apparent molecular 
mass of 49-kDa were highly immunogenic, evoke humoral and cell-mediated immune 
responses and confer 100% protection to immunized rats. Seleim and co-workers (2002) 
compared patterns of OMPs bands in SDS-electrophoretic analysis, and found common 
protein bands in the range from 20-45 kDa in four serovars of Salmonella (Typhimurium, 
Dublin, Enteritidis, and Anatum) collected from calves’ fecal samples. The OMPs of serovars 
Dublin and Enteritidis reacted similar in the Western Blot method with the antisera collected 
from infected calves. Two protein bands were characteristic, one at, 14.4- and the other at 24-
kDa. The authors conclude that Salmonella OMPs can be employed as effective vaccine 
candidates. Vaccination could confer active immunity and reduce the expenses associated 
with treating Salmonella-infected calves. Studies of Maripandi and Al-Salamah (2010) were 
conducted on S. Enteritidis isolates from chicken meat samples for OMPs analysis. The 
immunoblotting results showed that 14.4- and 24-kDa proteins were good chicken 
immunogens. The authors conclude that these proteins can be used for vaccine preparation 
in the future. Outer membrane proteins 82- and 76-kDa are potentially involved in the 
attachment of S. Enteritidis to the intestinal mucosa. They could be used as vaccines to block 
or reduce S. Enteritidis colonization in chickens (Fadl et al., 2002). Ochoa-Reparaz et al. 
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(2004) state that the immunogenicity of S. Enteritidis porins in infected birds may serve as 
components of an effective subcellular vaccine for poultry salmonellosis.  

VonSpecht and co-workers (1996) tested the ability of the recombinant OprI of P. aeruginosa to 
serve as a protective vaccine against this Gram-negative pathogen. Oral immunization of mice 
with recombinat OprI expressing S. Dublin, induced s-IgA antibodies in the gut mucosa 
against OprI. Recombinant Lactobacillus casei may also express SipC and OmpC antigens for 
vaccination against infections caused by S. Enteritidis (Kajikawa and Shizunobu, 2007). 

Attenuated Salmonella species expressing heterologous antigens are promising candidates 
for the development of mucosal vaccines. This strategy is based on the ability of Salmonella 
bacteria to persist in the antigen-presenting cells (APC) during its migration to the lyphatic 
organs of the mucosal immune system. Oral live vaccines based on recombinant Salmonella 
strains were successfully developed to induce a specific immune response against human 
immunodeficiecy virus, Helicobacter pylori, Clostridium difficile, and human papilloma virus 
in mice and humans (Heinz et al., 2004).  

The ability of OMPs to induce a protective immunity against infection caused by diverse 
Gram-negative bacteria, such as H. influenzae type b (Granoff and Cates, 1986), N. 
meningitidis group B (Wang, 1984), P. aeruginosa (Gilleland et al., 1984), S. Typhimurium 
(Kuusi et al., 1979) and Borrelia bronchiseptica (Montaraz et al., 1985), has been demonstrated 
previously. Witkowska and others (2006) showed that a 38-kDa OMP present in most 
Enterobacteriaceae species is a protein that generates immunological response in human 
organisms and is a good candidate for creating a vaccine against such species as E. coli, 
Shigella flexneri, K. pneumoniae, and Proteus vulgaris. 

5. Conclusions 
The phenomenon of serum resistance of bacteria has a multifactorial basis. Alteration of 
the Gram-negative bacterial envelope, including altered protein and LPS composition, 
may be considered as before general mechanism for survival within the host. Further 
studies are required to better understand all the molecular mechanisms of microbial 
surface remodeling and the process of recognizing of the outer membrane vesicles from 
the bacteria. The role of OMPs, LPSs, and LOSs in determining serum-sensitivity or 
serum-resistance in Salmonella is not entirely clear. It is important to determine which 
OMPs from Salmonella are immunogenic in animals as well as in humans, in order to 
improve subunit vaccines against salmonellosis. 
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against OprI. Recombinant Lactobacillus casei may also express SipC and OmpC antigens for 
vaccination against infections caused by S. Enteritidis (Kajikawa and Shizunobu, 2007). 

Attenuated Salmonella species expressing heterologous antigens are promising candidates 
for the development of mucosal vaccines. This strategy is based on the ability of Salmonella 
bacteria to persist in the antigen-presenting cells (APC) during its migration to the lyphatic 
organs of the mucosal immune system. Oral live vaccines based on recombinant Salmonella 
strains were successfully developed to induce a specific immune response against human 
immunodeficiecy virus, Helicobacter pylori, Clostridium difficile, and human papilloma virus 
in mice and humans (Heinz et al., 2004).  

The ability of OMPs to induce a protective immunity against infection caused by diverse 
Gram-negative bacteria, such as H. influenzae type b (Granoff and Cates, 1986), N. 
meningitidis group B (Wang, 1984), P. aeruginosa (Gilleland et al., 1984), S. Typhimurium 
(Kuusi et al., 1979) and Borrelia bronchiseptica (Montaraz et al., 1985), has been demonstrated 
previously. Witkowska and others (2006) showed that a 38-kDa OMP present in most 
Enterobacteriaceae species is a protein that generates immunological response in human 
organisms and is a good candidate for creating a vaccine against such species as E. coli, 
Shigella flexneri, K. pneumoniae, and Proteus vulgaris. 

5. Conclusions 
The phenomenon of serum resistance of bacteria has a multifactorial basis. Alteration of 
the Gram-negative bacterial envelope, including altered protein and LPS composition, 
may be considered as before general mechanism for survival within the host. Further 
studies are required to better understand all the molecular mechanisms of microbial 
surface remodeling and the process of recognizing of the outer membrane vesicles from 
the bacteria. The role of OMPs, LPSs, and LOSs in determining serum-sensitivity or 
serum-resistance in Salmonella is not entirely clear. It is important to determine which 
OMPs from Salmonella are immunogenic in animals as well as in humans, in order to 
improve subunit vaccines against salmonellosis. 
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1. Introduction 
It is really impossible to estimate the volume of ink that has been spent writing about 
Salmonella since its first description in 1885, by Daniel D. Salmon. Nowadays, performing a 
search on this bacterial genus using web databases originates more than 17 million 
references. Before the web era, the dissemination of information on Salmonella was 
extremely complex or even impossible, and this is probably the reason why Salmonella 
taxonomy has been so difficult to establish during the first century after its description. The 
taxonomy of this bacterial genus still today remains under revision. 

Sadly, Salmonella is the paradigm of a popular microbe by quite regrettable reason: from the 
most common citizen to the most qualified microbiologist, everyone has already talked 
about Salmonella. The reason for this is, surely, its incrimination on severe food poisoning 
outbreaks and in many cases of illness in humans and animals and mortality in humans and 
animals. 
Epidemiological data indicate that the cases of human or animal infections by Salmonella are 
may assume a dramatic dimension. In the European Union, the number of reported human 
cases is approximately 150 thousand each year, with a consistent tendency to decline during 
the last four years. In countries where basic health care cannot be delivered, the most 
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references. Before the web era, the dissemination of information on Salmonella was 
extremely complex or even impossible, and this is probably the reason why Salmonella 
taxonomy has been so difficult to establish during the first century after its description. The 
taxonomy of this bacterial genus still today remains under revision. 

Sadly, Salmonella is the paradigm of a popular microbe by quite regrettable reason: from the 
most common citizen to the most qualified microbiologist, everyone has already talked 
about Salmonella. The reason for this is, surely, its incrimination on severe food poisoning 
outbreaks and in many cases of illness in humans and animals and mortality in humans and 
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Epidemiological data indicate that the cases of human or animal infections by Salmonella are 
may assume a dramatic dimension. In the European Union, the number of reported human 
cases is approximately 150 thousand each year, with a consistent tendency to decline during 
the last four years. In countries where basic health care cannot be delivered, the most 
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dangerous clinical expression of a Salmonella infection, Typhoid fever, affects 16 million 
people per year, with almost 500,000 fatal cases, as estimated by the World Health 
Organization (Pang et al., 1998). 
In fact, not all Salmonella isolates identified worldwide have such devastating consequences 
to human or animal health. Some of the Salmonella seroptypes or serovars are strictly 
adapted to primates (Salmonella Typhi, Salmonella Paratyphi, Salmonella Wien) being referred 
to as prototrophic for man; others are strictly adapted to some animal species (Salmonella 
Gallinarum-Pullorum, Salmonella Abortusovis, Salmonella Abortusequi), being referred to as 
prototrophic to animals; however, the vast majority of the serotypes are zoonotic, being able 
to infect both animals and humans. Salmonella varieties differentiation is based on its 
antigenic mosaic, in a complex combination of somatic (O), flagelar (H) and capsular (Vi) 
antigens. Serotyping according to the Kauffmann-White system, established in the middle of 
the last century, is still recognized as the reference method for discrimination of Salmonella 
varieties. Each combination of different antigens found in a particular Salmonella isolate 
(serotype or serovar) has a specific designation, following the international nomenclature 
based on one hundred years of scientific contributions, which sometimes originated peculiar 
designations (Popoff & Le Minor, 1997; Grimont & Weill, 2007). 
Salmonella is an infectious and contagious bacterium that may be transmitted to humans, 
warm blood animals and reptiles by contaminated drinking water, by raw foods 
consumption, by direct contact with previously infected humans or animals and by 
iatrogenic accidents. 
Food, in particular raw food, is the most common pathway for Salmonella infection, 
especially by zoonotic serotypes. Since the 1950’s, zoonotic Salmonella became dominant in 
human salmonellosis cases. Virulence is strictly dependent on the serotype and it also varies 
with individual competences of each bacterial strain and with host susceptibility. These 
features explain why some serotypes have a higher prevalence in a particular host. In the 
last decades, two serotypes of zoonotic Salmonella showed a clear dominant incidence: 
Salmonella Typhimurium, firstly found in bovines, pigs, pigeons and secondarily in humans, 
while Salmonella Enteritidis, more common in poultry, but firstly found in humans, with the 
exception of Europe (EFSA, 2010b). These two serotypes may be discriminated more deeply 
using epidemiological markers like phage typing, molecular genotyping or other 
methodologies, including profiling for antimicrobial resistance phenotypes (R-type). 
Salmonella Typhimurium is a somatic group B strain with the following antigenic formula: 
4,[5],12:i:1,2. It has been early recognized as a serotype with a variable antigenic structure, 
like the lack of the somatic antigen [5], assuming, in this case, the designation of “variety 
Copenhagen” (very frequent in pigeons and bovines). The antigenic structure modulation of 
Salmonella Typhimurium may be mediated by plasmids, phages or proto-phages infections 
or segregations. 
By the end of the 1980s, some isolates of a monophasic form of Salmonella Typhimurium - 
serotype I,4,[5],12:i:- gained epidemiological relevance, being more and more frequently 
referred to in the literature (Machado & Bernardo, 1990). The prevalence of this monophasic 
serotype has grown, presently being one of the most common Salmonella serotypes isolated 
from humans in several countries (Hopkins, et al., 2010) (Table 1). Other variants have also 
been found: variants lacking the 1st flagellar phase or lacking both (i and 1,2); and also 
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variants without the somatic 1 antigen. The possibility that before the 1990s the scarce 
reports of Salmonella I,4,[5],12:i:- isolation, may reflect the difficulties in serotyping it  being 
the isolates probably designated as Salmonella Typhimurium. At that time it was frequent to 
report some Salmonella serotypes as “Group B” or “untypable” (Switt et al., 2009). 
 

Years of isolation Country Source
1986 Portugal Chicken carcasses 
1993 Thailand Human
1997 Spain Human
1991 Brazil Human
1998 United States Human
2000 Germany Human, food, swine, cattle, broiler 
2003 Italy Human, swine
2005 UK Human
2006 Luxembourg Pork, pigs

Table 1. First time reports of Salmonella 4,[5],12:i: isolation (Adapted from EFSA, 2010b) 

2. Occurrence of Salmonella I,4,[5],12:i:- 
Cases of human infections with serovar I,4,[5],12:i:- have been related to severe illnesess. 
This serovar was responsible for an outbreak in New York City in 1998, in which 70% of the 
cases required hospitalization, being also associated with cases of systemic infections in 
Thailand and in Brazil (Switt et al., 2009). 

Some foodborne outbreaks due to Salmonella I,4,[5],12:i:- have been reported in Europe. In 
2006, Luxembourg signaled two outbreaks caused by a monophasic S. Typhimurium DT 
193, corresponding to 133 human cases, 24 hospitalizations and one death (Mossong et al., 
2007). Pork meat has been incriminated in these Salmonella cases (Mossong et al., 2007).  

In Germany, the number of Salmonella I,4,[5],12:i:- related with human diseases has 
increased since 2000 (Hauser et al., 2010). Since 2006, the same monophasic variant of the 
multidrug-resistant Salmonella DT 193 strain has been associated with sporadic cases of 
salmonellosis, with increasing rates of hospitalization (Trupschuch et al., 2010). In 2008, the 
monophasic I,4,[5],12:i:- variant correspond to up to 42% of all S. Typhimurium isolates 
responsible for human salmonellosis (Hauser et al., 2010). 
In France, official data suggest a gradual increase of Salmonella I,4,[5],12:i:- isolation rate in  
humans. After 2005, the frequency of this particular serovar raised from the eleventh to the 
third place (AFSSA, 2009) and a further significant increase was reported in the first five 
months of 2010 (Bone et al., 2010). In 2008, several outbreaks of Salmonella I,4,[5],12:i:- 
infections were identified in this country, including 13 family outbreaks, three collective 
infections and two hospital infections (AFSSA, 2009). 
In Spain, the number of Salmonella I,4,[5],12:i:- illness cases has consistently increased since 
1997, the year of the first report. Nowadays, the monophasic Salmonella is at the top five 
among the most frequently isolated Salmonella serovars in Spain (de la Torre et al., 2003). 
The epidemiological relevance of this serotype makes it a major cause of concern in Spain 
since the beginning of this Century (Echeita, et al., 1999; Guerra, et al., 2000). 
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variants without the somatic 1 antigen. The possibility that before the 1990s the scarce 
reports of Salmonella I,4,[5],12:i:- isolation, may reflect the difficulties in serotyping it  being 
the isolates probably designated as Salmonella Typhimurium. At that time it was frequent to 
report some Salmonella serotypes as “Group B” or “untypable” (Switt et al., 2009). 
 

Years of isolation Country Source
1986 Portugal Chicken carcasses 
1993 Thailand Human
1997 Spain Human
1991 Brazil Human
1998 United States Human
2000 Germany Human, food, swine, cattle, broiler 
2003 Italy Human, swine
2005 UK Human
2006 Luxembourg Pork, pigs

Table 1. First time reports of Salmonella 4,[5],12:i: isolation (Adapted from EFSA, 2010b) 
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In the UK, human infections by Salmonella I,4,[5],12:i:- began to be reported in 2005, when 47 
cases occurred. In 2009 151 cases occured, representing an increase of more than 30%. 
Almost 30 % of the Salmonella I,4,[5],12:i:- isolates had a R-type ASSuT. In Scotland there was 
also an increase in the number of reports of Salmonella monophasic Group B cases. 
Since 2008, sporadic and diffuse outbreaks related with ready to eat food have also been 
described in the UK linked to a DT 191A Salmonella I,4,[5],12:i:- strain, which is tetracycline-
resistant (Peters et al., 2010). This strain is thought to have originated from infected frozen 
feeder mice imported into the UK for feeding exotic pets. 
In Italy, Salmonella I,4,[5],12:i:- is one of the most frequent serotypes related to human cases 
of salmonellosis (Dionisi et al., 2009). R-type ASSuT represented 75% of the monophasic 
isolates identified in 2008 and 2009. Almost 50 % of the monophasic isolates were identified 
as Salmonella DT193 and 13% as Salmonella U302. 
In The Netherlands, S. I,4,[5],12:i:- was related to human cases for the first time in 2004. 
After that, the number of cases has consistently grown, being the third most prevalent 
serotype responsible for human salmonellosis from 2005 to 2008 (Van Pelt et al., 2009). 
There also many cases reported outside Europe. In the USA, Salmonella I,4,[5],12:i:- 
frequency in human infections has consistently increased from 2002, being now ranked in 
the top six. During 2007, some Salmonella I,4,[5],12:i:- outbreaks occurred in the USA, related 
to frozen chicken pies consumption and also to direct contact with turtles kept as pets (CDC, 
2007a, 2007b). 
Some cases have also been reported in Canada (Switt et al., 2009). 
Salmonella I,4,[5],12:i:- has also been reported in Brazil quite  early, in the 1970s.  In São Paulo 
State, the occurrence of the strain in human infections was reported in the 1990s. Since then, 
the frequency of foodborne outbreaks and of extra-intestinal infections in humans promoted 
by this serovar showed a consistent tendency to increase (Tavechio et al., 2009). 
In Thailand, Salmonella I,4,[5],12:i:- has been classified among the top five Salmonella serovars 
responsible for cases of foodborne salmonellosis (Amavisit, et al., 2005; Pornruangwong et 
al., 2008). 
Human cases of infection with this particular serotype seem to be generally linked to raw 
meat. According to the EFSA zoonoses reports, in 2008 Salmonella I,4,[5],12:i:- has been 
related to 3.1% of Salmonella isolations in pig herds; in 2009, the same serotype has been 
found in 1.2% of the Salmonella positive bovine herds, 3.2% of positive pig herds and 
represented 1.4% of Salmonella isolations in poultry meat. 
A particularly relevant feature of Salmonella I,4,[5],12:i:- is the fact that most virulent isolates 
exhibit a plasmid-mediated resistance to a wide range of antimicrobial compounds. Similar 
to its ancestral lineage - Salmonella Typhimurium DT104 - the monophasic strain I,4,[5],12:i:- 
frequently expresses a multiple resistance to ampicillin (A), streptomycin (S), 
sulphonamides (Su) and tetracyclines (T). This ASSuT antimicrobial resistance pattern is 
chromosomally-encoded (Hopkins et al., 2010).   
The progressive increase of the incidence of this serotype lead some authors to consider 
Salmonella I,4,[5],12:i:- as a possible new pandemic strain (Hopkins, et al., 2010).   
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Data on the number of salmonellosis cases or outbreaks occurring in livestock due to 
Salmonella I,4,[5],12:i:- is not available. This subject needs to be further studied. 

3. Characterization of monophasic Salmonella enterica subsp. enterica 
serovar I,4,[5],12:i:- 
Serotyping divides Salmonella subspecies into subtypes, or serovars, based on the 
immunologic characterization of surface structures, such as O, H and in some cases Vi-
antigens, through the use of polyvalent and monovalent antisera. The full antigenic pool of 
Salmonella [I,4,5,12:i:-] indicates that the somatic O-antigens expressed are I,4,[5],12. The 
underlined O factor 1 (1) means that this factor is determined by phage conversion, being 
present only if the culture is lysogenized by the corresponding converting phage. The factor 
5 between square brackets ([5]) means that the antigen may be present or absent, not having 
a relation with phage conversion. So, in this serovar both factors (1 and 5) can be present or 
absent. 
Most Salmonella strains are biphasic and express two serologically distinct flagellar antigens. 
The two antigens were historically designated as phases and the expression of two different 
phases is mediated at molecular level by an intricate mechanism unique to Salmonella. The 
regulation of phase 1 and phase 2 antigen expressions is under the control of the 
recombinase Hin. This recombinase facilitates the inversion of a promoter element so that it 
either (i) transcribes fljB (which encodes the phase 2 antigen FljB) and fljA (which encodes a 
repressor of fliC, the gene encoding the phase 1 antigen FliC) (Aldridge et al., 2006; 
Yamamoto & Kutsukake, 2006) or (ii) does not transcribe either of these genes. If the 
orientation of this promoter does not allow the transcription of fljB and fljA, the lack of 
repression of fliC transcription leads to the expression of phase 1 flagellar antigens. 
Strains expressing both flagellar types are called biphasic. In contrast, strains defined as 
monophasic fail to express either phase 1 or phase 2 flagellar antigens. S. [1,4,5,12:i:-] 
possess only the phase 1 of the H-antigen “i” and lacks the second phase H antigen, encoded 
by fljB, which either is not present or contains mutation(s) affecting its expression. In 2007, 
Zamperini et al. screened S. 4,[5],12:i:– isolates for phase 1 and phase 2 antigen genes, fliC 
and fljB,  and found that 100% of the isolates were positive for fliC, while 11% were positive 
for fljB. Approximately 89% of these isolates contained complete or partial deletions of the 
phase 2 flagellin gene, fljB, whereas 96% possessed the upstream gene, hin, which encodes 
the DNA invertase involved in "flipping" the fljB promoter.   
Phage typing is a method also used for Salmonella typing based on the lysis of isolates with a 
panel of bacteriophages. Since this technique does not depend on the presence of the second 
phase H antigen, monophasic Salmonella reactions are performed with the same panel of 
phages used for Salmonella serovar Typhimurium (Echeita et al., 2001; Amavisit et al., 2005; 
Mossong et al., 2006). Thus, all phage types that have been recognized so far within 
monophasic Salmonella have also been found in S. serovar Typhimurium. 
For example, the multidrug-resistant Salmonella 4,[5],12:i:– strain detected in Spain in 1997 
was lysed by the S. Typhimurium phage 10 (Echeita et al., 2001). Phage type U302 was also 
detected among S. 4,[5],12:i:– isolates in other countries, such as Denmark (Ethelberg et al., 
2004) and Italy (Dinosi et al., 2009). This phage type has been considered closely related to 
DT104 (Briggs & Fratamico, 1999). 
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However, S. 4,[5],12:i:– isolates have also been classified in other phage types linked to S. 
Typhimurium. In Germany, Hauser et al. (2010) analyzed S. [4,[5],12:i:– isolates obtained 
from different sources (human, swine and pork) and classified 70% of strains as DT193 and 
19% as DT120. In another study, Hopkins et al., (2011) screened a large number of S. 
4,[5],12:i:– strains from different countries (France, The Netherlands, England and Wales, 
Germany, Italy, Spain and Poland), obtained from similar sources as described by Hauser et 
al. (2010), and were able to identify 16 different phage types. However, the most commonly 
identified phage types were DT193, DT120 and RDNC (“Reaction Does Not Conform”). 
DT193 was the most common phage type identified in England and Wales, France, 
Germany, Spain and the Netherlands, while DT120 predominated in Italy and Poland. In 
other studies, S. 4,[5],12:i:– DT193 strains were also isolated from human cases of infection 
and/or pigs in United Kingdom, Luxembourg, United States and Spain (Hampton et al., 
1995; Gebreyes & Altier, 2002; de la Torre et al., 2003; Mossong et al., 2006), while 
monophasic DT120 strains were identified in Italy (Dionisi et al., 2009). 
According to serological characterization, it is difficult to identify the origin of the 
monophasic strains. This strain may be a new variant of the rare serovar Lagos (4,[5],12:i:–), 
or a new variant of the very common serovar Typhimurium [4,5,12:i:1,2], or even a new 
variant of other serovars with similar antigenic pools, such as S. Agama [4,12:i:1,6], S. Farsta 
[4,12:i:e,n,x], S. Tsevie [4,12:i:e,n,z15], S. Cloucester [1,5,12,27:i:l,w], S. Tumodi [1,4,12:i:z6] or 
as S. 4,5,27:i:z35, an unnamed serotype (Switt et al., 2009). However, large scale studies 
suggest that S. 4,[5],12:i:– is genetically related to Typhimurium [4,5,12:i:1,2], and is likely to 
have originated from a S. Typhimurium ancestor (Echeita et al., 2001; Zamperini et al., 2007). 
Monophasic Salmonella could have evolved by two distinct pathways. It could represent 
ancestral forms which did not acquire, though evolution, a second flagellar antigen or the 
required switching mechanism. Alternatively, it could originate as mutants of biphasic 
Salmonella, which have lost either the switching mechanism or the ability to express the 
second flagellar antigen (Burnens et al., 1996). 
The atypical fljB-negative and multidrug-resistant S. 4,[5],12:i:– which emerged and spread 
in Spain in 1997 had a unique sequence specific for S. Typhimurium phage types DT104 and 
U302 and also an IS200 fragment located in a Typhimurium serovar-specific location. Both 
facts strongly suggest that these strains are monophasic variants of S. Typhimurium (Echeita 
et al., 2001). 
On other hand, S. 4,[5],12:i:– DT193 and DT120 strains were classified as monophasic 
variants of S. Typhimurium due to the presence of a Typhimurium-specific fragment of the 
malic acid dehydrogenase gene (Hopkins et al., 2011). However, these strains were negative 
for the DT104- and U302-specific region. Houser et al. (2010) indicated that phage type 
DT193 and DT120 isolates of both serovars presented genetic differences and represent 
different Pulsed-field Gel Electrophoresis (PFGE) clusters. Such differences seem to indicate 
that the S. Typhimurium phage type DT193 lineage was not a direct ancestor of the 
monophasic phage type DT193. In contrast, S. 4,[5],12:i:– phage type DT120 strains showed a 
higher genetic similarity with the S. enterica Typhimurium phage type DT120 strains, 
suggesting that this biphasic subtype was the recent common ancestor of the monophasic 
variant. 
Different mutations and deletions have been associated with the lack of phase 2 flagella 
expression in S. 4,[5],12:i:– isolates. Specifically, some Spanish S. 4,[5],12:i:– isolates appear 
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to be characterized by the deletion of a large fragment, that included fljB, hin, and a DNA 
invertase essential for fljB expression (Garaizar et al., 2002). Most USA isolates characterized 
so far also present deletions that eliminate fljB but maintain hin (Zamperini et al., 2007; 
Soyer et al., 2009). These genetic differences among American and Spanish S. 4,[5],12:i:– 
isolates have also been made evident by PFGE typing (Soyer et al., 2009). Genetic data 
indicate that American and Spanish isolates represent different clonal groups with distinct 
genome deletion patterns. This is consistent with the observation that most Spanish S. 
4,[5],12:i:– isolates are phage type U302 (Echeita et al., 2001). Moreover, PFGE and Multiple-
Locus Variable Number Tandem Repeat Analysis (MLVA) techniques showed that Spanish 
phage type U302 strains seem to be more homogeneous than groups constituted by isolates 
from other countries (Soyer et al., 2009), supporting a clonal origin. Soyer et al. (2009) 
suggested that Spanish Salmonella 4,[5],12:i:– strains might have emerged from a multidrug-
resistant S. Typhimurium strain, while American S. 4,[5],12:i:– strains might have emerged 
from a non-drug-resistant S. Typhimurium strain, through independent events. 
Strains belonging to S. 4,[5],12:i:– that have been recently implicated in infections both in 
humans and farm animals have been further typed using genetic techniques. Guerra et al. 
(2000) studies showed a high genetic homogeneity among 16 Spanish S. 4,[5],12:i:– isolates 
using techniques such as ribotyping, RAPD (Random Amplified Polymorphic DNA 
analysis) and plasmid profiling. However, the use of PFGE techniques could originate 
degrees of heterogeneity that may range from moderate to high, even when applied to 
strains from a single country (Agasan et al., 2002; de la Torre et al., 2003; Zamperini et al., 
2007; Soyer et al., 2009). For example, at least 13 different XbaI PFGE types were found 
among 32 S. 4,[5],12:i:– isolates from Georgia (Zamperini et al., 2007), 44 different XbaI PFGE 
types were detected among 148 isolates from Germany (Hauser et al., 2010) and at least 11 
XbaI PFGE types were found among 23 Spanish S. 4,[5],12:i:– isolates (de la Torre et al., 
2003). Despite their heterogeneity, S. 4,[5],12:i:– strains have been reported to be less 
heterogenic than S. Typhimurium strains (Guerra et al., 2000; Agasan et al., 2002; Soyer et 
al., 2009; Hauser et al., 2010). 
Studies also have showed the occurence of common genetic profiles among S. 4,[5],12:i:– 
isolates obtained from different sources and countries. Zamperini et al. (2007) studies 
revealed the same PFGE profile among poultry and bovine S. 4,[5],12:i:– isolates. In 2011, 
Hopkins et al. compared isolates from humans, pigs and pork using PFGE and detected 
several prevalent genetic profiles common to these three sources (StYMXB.0131, 
STYMXB.0083, STYMXB.0079, STYMXB.0010, STYMXB.0022). Moreover, these profiles were 
detected in isolates from different countries. One PFGE profile, STYMXB.0010, was 
identified in isolates obtained in all the countries surveilled in the referred study. However, 
the authors also found some country-specific differences in the distribution of PFGE 
patterns. For example, nine of the 12 STYMXB.0079 strains originated from Italy, three of the 
five Polish strains were STYMXB.0010 and six of 10 strains from the Netherlands were 
STYMXB.0131. The STYMXB.0079 profile was also the predominant one among 146 human 
S. 4,[5],12:i:– isolates obtained in Italy by Dionisi et al. (2009). 
Typing of monophasic strains using molecular techniques, such as PFGE, have showed that 
these strains differ from S. Lagos strains (Soyer et al., 2009). Data also showed the 
occurrence of some profiles common to S. Typhimurium. Zamperini et al. (2007) examined 
isolates of S. 4,[5],12:i:– and S. Typhimurium collected from animal sources that presented 
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However, S. 4,[5],12:i:– isolates have also been classified in other phage types linked to S. 
Typhimurium. In Germany, Hauser et al. (2010) analyzed S. [4,[5],12:i:– isolates obtained 
from different sources (human, swine and pork) and classified 70% of strains as DT193 and 
19% as DT120. In another study, Hopkins et al., (2011) screened a large number of S. 
4,[5],12:i:– strains from different countries (France, The Netherlands, England and Wales, 
Germany, Italy, Spain and Poland), obtained from similar sources as described by Hauser et 
al. (2010), and were able to identify 16 different phage types. However, the most commonly 
identified phage types were DT193, DT120 and RDNC (“Reaction Does Not Conform”). 
DT193 was the most common phage type identified in England and Wales, France, 
Germany, Spain and the Netherlands, while DT120 predominated in Italy and Poland. In 
other studies, S. 4,[5],12:i:– DT193 strains were also isolated from human cases of infection 
and/or pigs in United Kingdom, Luxembourg, United States and Spain (Hampton et al., 
1995; Gebreyes & Altier, 2002; de la Torre et al., 2003; Mossong et al., 2006), while 
monophasic DT120 strains were identified in Italy (Dionisi et al., 2009). 
According to serological characterization, it is difficult to identify the origin of the 
monophasic strains. This strain may be a new variant of the rare serovar Lagos (4,[5],12:i:–), 
or a new variant of the very common serovar Typhimurium [4,5,12:i:1,2], or even a new 
variant of other serovars with similar antigenic pools, such as S. Agama [4,12:i:1,6], S. Farsta 
[4,12:i:e,n,x], S. Tsevie [4,12:i:e,n,z15], S. Cloucester [1,5,12,27:i:l,w], S. Tumodi [1,4,12:i:z6] or 
as S. 4,5,27:i:z35, an unnamed serotype (Switt et al., 2009). However, large scale studies 
suggest that S. 4,[5],12:i:– is genetically related to Typhimurium [4,5,12:i:1,2], and is likely to 
have originated from a S. Typhimurium ancestor (Echeita et al., 2001; Zamperini et al., 2007). 
Monophasic Salmonella could have evolved by two distinct pathways. It could represent 
ancestral forms which did not acquire, though evolution, a second flagellar antigen or the 
required switching mechanism. Alternatively, it could originate as mutants of biphasic 
Salmonella, which have lost either the switching mechanism or the ability to express the 
second flagellar antigen (Burnens et al., 1996). 
The atypical fljB-negative and multidrug-resistant S. 4,[5],12:i:– which emerged and spread 
in Spain in 1997 had a unique sequence specific for S. Typhimurium phage types DT104 and 
U302 and also an IS200 fragment located in a Typhimurium serovar-specific location. Both 
facts strongly suggest that these strains are monophasic variants of S. Typhimurium (Echeita 
et al., 2001). 
On other hand, S. 4,[5],12:i:– DT193 and DT120 strains were classified as monophasic 
variants of S. Typhimurium due to the presence of a Typhimurium-specific fragment of the 
malic acid dehydrogenase gene (Hopkins et al., 2011). However, these strains were negative 
for the DT104- and U302-specific region. Houser et al. (2010) indicated that phage type 
DT193 and DT120 isolates of both serovars presented genetic differences and represent 
different Pulsed-field Gel Electrophoresis (PFGE) clusters. Such differences seem to indicate 
that the S. Typhimurium phage type DT193 lineage was not a direct ancestor of the 
monophasic phage type DT193. In contrast, S. 4,[5],12:i:– phage type DT120 strains showed a 
higher genetic similarity with the S. enterica Typhimurium phage type DT120 strains, 
suggesting that this biphasic subtype was the recent common ancestor of the monophasic 
variant. 
Different mutations and deletions have been associated with the lack of phase 2 flagella 
expression in S. 4,[5],12:i:– isolates. Specifically, some Spanish S. 4,[5],12:i:– isolates appear 
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to be characterized by the deletion of a large fragment, that included fljB, hin, and a DNA 
invertase essential for fljB expression (Garaizar et al., 2002). Most USA isolates characterized 
so far also present deletions that eliminate fljB but maintain hin (Zamperini et al., 2007; 
Soyer et al., 2009). These genetic differences among American and Spanish S. 4,[5],12:i:– 
isolates have also been made evident by PFGE typing (Soyer et al., 2009). Genetic data 
indicate that American and Spanish isolates represent different clonal groups with distinct 
genome deletion patterns. This is consistent with the observation that most Spanish S. 
4,[5],12:i:– isolates are phage type U302 (Echeita et al., 2001). Moreover, PFGE and Multiple-
Locus Variable Number Tandem Repeat Analysis (MLVA) techniques showed that Spanish 
phage type U302 strains seem to be more homogeneous than groups constituted by isolates 
from other countries (Soyer et al., 2009), supporting a clonal origin. Soyer et al. (2009) 
suggested that Spanish Salmonella 4,[5],12:i:– strains might have emerged from a multidrug-
resistant S. Typhimurium strain, while American S. 4,[5],12:i:– strains might have emerged 
from a non-drug-resistant S. Typhimurium strain, through independent events. 
Strains belonging to S. 4,[5],12:i:– that have been recently implicated in infections both in 
humans and farm animals have been further typed using genetic techniques. Guerra et al. 
(2000) studies showed a high genetic homogeneity among 16 Spanish S. 4,[5],12:i:– isolates 
using techniques such as ribotyping, RAPD (Random Amplified Polymorphic DNA 
analysis) and plasmid profiling. However, the use of PFGE techniques could originate 
degrees of heterogeneity that may range from moderate to high, even when applied to 
strains from a single country (Agasan et al., 2002; de la Torre et al., 2003; Zamperini et al., 
2007; Soyer et al., 2009). For example, at least 13 different XbaI PFGE types were found 
among 32 S. 4,[5],12:i:– isolates from Georgia (Zamperini et al., 2007), 44 different XbaI PFGE 
types were detected among 148 isolates from Germany (Hauser et al., 2010) and at least 11 
XbaI PFGE types were found among 23 Spanish S. 4,[5],12:i:– isolates (de la Torre et al., 
2003). Despite their heterogeneity, S. 4,[5],12:i:– strains have been reported to be less 
heterogenic than S. Typhimurium strains (Guerra et al., 2000; Agasan et al., 2002; Soyer et 
al., 2009; Hauser et al., 2010). 
Studies also have showed the occurence of common genetic profiles among S. 4,[5],12:i:– 
isolates obtained from different sources and countries. Zamperini et al. (2007) studies 
revealed the same PFGE profile among poultry and bovine S. 4,[5],12:i:– isolates. In 2011, 
Hopkins et al. compared isolates from humans, pigs and pork using PFGE and detected 
several prevalent genetic profiles common to these three sources (StYMXB.0131, 
STYMXB.0083, STYMXB.0079, STYMXB.0010, STYMXB.0022). Moreover, these profiles were 
detected in isolates from different countries. One PFGE profile, STYMXB.0010, was 
identified in isolates obtained in all the countries surveilled in the referred study. However, 
the authors also found some country-specific differences in the distribution of PFGE 
patterns. For example, nine of the 12 STYMXB.0079 strains originated from Italy, three of the 
five Polish strains were STYMXB.0010 and six of 10 strains from the Netherlands were 
STYMXB.0131. The STYMXB.0079 profile was also the predominant one among 146 human 
S. 4,[5],12:i:– isolates obtained in Italy by Dionisi et al. (2009). 
Typing of monophasic strains using molecular techniques, such as PFGE, have showed that 
these strains differ from S. Lagos strains (Soyer et al., 2009). Data also showed the 
occurrence of some profiles common to S. Typhimurium. Zamperini et al. (2007) examined 
isolates of S. 4,[5],12:i:– and S. Typhimurium collected from animal sources that presented 
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the same PFGE profile. In another study, Agasan et al. (2002) compared the PFGE profile of 
S. 4,[5],12:i:– strains found in humans in New York City to the profile of S. Typhimurium 
isolates, including S. serovar Typhimurium DTI04, and found that S. 4,[5],12:i:– isolates 
were related to some of the S. Typhimurium isolates examined. Amavisit et al. (2005) 
compared the PFGE profiles of human isolates identified as S. Typhimurium DTI04, 
Typhimurium U302 and 4,[5],12:i:–, showing that four of the S. 4,[5],12:i:– isolates presented 
the same or similar profiles as S. Typhimurium phage type U302. 
In another study, Alcaine et al. (2006) used Multilocus Sequence Typing (MLST) to show 
that ST6 type comprises not only bovine and human S. 4,[5],12:i:– isolates but also 
Typhimurium isolates obtained in the United States. ST6 was unique to S. Typhimurium 
and 4,[5],12:i:–, which supports the initial findings based on characterization of Spanish 
isolates (de la Torre et al., 2003), that S. [4,5,12:i:-] may have emerged from a S. 
Typhimurium ancestor. A MLST technique based on four genes applied to American and 
Spanish isolates belonging to S. 4,[5],12:i:– and to S. Typhimurium classified the vast 
majority of isolates as ST1 (Soyer et al., 2009). Similar results were obtained with other 
molecular fingerprinting techniques e.g. RAPD analysis, plasmid profiling (Sala, 2002; de la 
Torre et al., 2003), MLST (Alcaine et al., 2006) and MLVA/Variable Number of Tandem 
Repeats (VNTR) typing (Laorden et al., 2009; Torpdahl et al., 2009; Hauser et al., 2010; 
Hopkins et al., 2011). All these studies lead to the conclusion that S. 4,[5],12:i:– isolates 
belong to a single genetic lineage or clone and seem closely related to S. Typhimurium 
(Zamperini et al., 2007; Dionisi et al., 2009; Hopkins et al., 2011). 
Overall, the genomic characterization of S. 4,[5],12:i:– isolates suggests that this serovar is 
likely to gather several clones or strains that have independently emerged from S. 
Typhimurium during the last two decades, and have changed through multiple 
independent events involving different clonal groups (Garaizar et al., 2002; Laorden et al., 
2009; Laorden et al., 2010). Although the driver for this evolution remains to be enlightened 
for many epidemic strains antimicrobial resistance may be implicated (Zaidi et al., 2007; 
Bailey et al., 2010). 

4. Antimicrobial resistance traits of Salmonella I,4,[5],12:i:- 
The characterization of zoonotic bacteria virulence factors, including the presence of 
antimicrobial resistance traits, is of major importance for assuring the safeguard of health in 
the wider concept of “one health”. The dissemination of antimicrobial resistant bacteria is a 
well-recognized hazard for public and animal health. 
Several Salmonella serovars are frequently related to human and animal diseases, and this 
genus is recognized worldwide as a major foodborne pathogen. Gastroenteritis due to 
Salmonella is usually characterized by mild to moderate self-limiting symptoms, such as 
diarrhea, abdominal cramps, vomiting and fever. However, some strains are responsible for 
severe infections, such as septicemia, osteomyelitis, pneumonia, and meningitis that occur, 
especially in children and in elderly and immunocompromised individuals (Folley and 
Lynne, 2008a). 
Generally, salmonellosis cases caused by Salmonella I,4,[5],12:i:- strains are severe, requiring 
hospitalization (EFSA, 2010b). The control of severe infections requires antimicrobial 
therapy, generally with fluoroquinolones or ceftriaxone, administrated to children in order 
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to avoid the cartilage damage frequently associated with fluoroquinolone therapy (Folley 
and Lynne, 2008a). Therefore, Salmonella represents a bacterial genus of special concern 
regarding antimicrobial resistance dissemination. 
This serotypes’ resistance profiles may vary, worldwide, from 100% susceptible to 
multidrug resistance. Although S. Typhimurium resistance levels have been decreasing in 
several European countries, the incidence of resistant S. Typhimurium I,4,[5],12:i:- strains 
seems to be escalating (Switt et al., 2009). There are only a few studies available on 
antimicrobial resistance traits and genes present in antimicrobial drug–resistant Salmonella 
serotype 4,[5],12:i:– isolates, which have identified some specific resistance genes and 
genetic mechanisms. The limited data available still hasn’t allowed researchers to identify 
the common ancestor responsible for the emergence of 4,[5],12:i:– isolates with a multidrug 
resistance pattern (MDR), information essential to understand resistance evolution and 
dissemination (Switt et al., 2009). 
Antimicrobial resistance in Salmonella spp. may be due to several resistance determinants 
that can be located either in the bacterial chromosome or in plasmids (Folley and Lynne, 
2008a; Switt et al., 2009). These genetic determinants can be responsible for the expression of 
intrinsic resistant mechanisms, related to the production of ß -lactamases, to the 
modification of the antimicrobial compound by bacterial enzymes, to the variation of 
bacterial permeability, to the presence of efflux pumps or to the modification of target 
receptors (Folley and Lynne, 2008a). 
Antimicrobial resistance may also result from the expression of acquired resistance 
mechanisms, emerging through the occurrence of point mutations in chromosomal genes or 
the acquisition of mobile elements such as plasmids, transposons, and genomic islands 
(Switt et al., 2009). The transfer of resistance determinants may occur directly from the same 
or different bacterial species/genera, or indirectly through the environment (Folley and 
Lynne 2008a; EFSA, 2010b). Intestinal microbiota from humans and animals is often exposed 
to antimicrobial compounds of different classes, concentrations and exposure frequencies, 
used for therapy, prophylaxis or methaphylaxis. This exposure may derive from food/feed 
products or from the environment (Martins da Costa et al., 2007). Emergence, selection and 
dissemination of antimicrobial resistant bacteria are still mainly attributed to the selective 
pressure of antibiotic misuse and abuse (Monroe & Polk, 2000; Sayah et al., 2005), so 
intestinal bacteria can became resistant to some antimicrobial compounds, and therefore 
transmit these resistant traits to Salmonella, which occupies the same ecological niche. 
The presence of one or the combination of several of the above mentioned mechanisms may 
also confer a MDR profile to bacteria. These MDR profiles may comprise major 
antimicrobial compounds, hampering the treatment of severe Salmonella infections (EFSA, 
2010b). 
In 1997, MDR Salmonella 4,[5],12:i:– isolates were identified for the first time in Spain 
(Guerra et al., 2001). The most frequent MDR pattern is the ASSuT tetraresistance pattern, 
isolated from 30% of the human infection cases in the last 5 years and also from farm 
animals (Lucarelli et al., 2010; EFSA, 2010b). This pattern emerged in Italy during the 2000s, 
and has already been identified in Denmark, the United Kingdom, the United States, Spain, 
France, and the Czech Republic (Lucarelli et al., 2010). Genes responsible for this MDR 
phenotype are present in a chromosomal resistance island that usually includes the blaTEM, 
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the same PFGE profile. In another study, Agasan et al. (2002) compared the PFGE profile of 
S. 4,[5],12:i:– strains found in humans in New York City to the profile of S. Typhimurium 
isolates, including S. serovar Typhimurium DTI04, and found that S. 4,[5],12:i:– isolates 
were related to some of the S. Typhimurium isolates examined. Amavisit et al. (2005) 
compared the PFGE profiles of human isolates identified as S. Typhimurium DTI04, 
Typhimurium U302 and 4,[5],12:i:–, showing that four of the S. 4,[5],12:i:– isolates presented 
the same or similar profiles as S. Typhimurium phage type U302. 
In another study, Alcaine et al. (2006) used Multilocus Sequence Typing (MLST) to show 
that ST6 type comprises not only bovine and human S. 4,[5],12:i:– isolates but also 
Typhimurium isolates obtained in the United States. ST6 was unique to S. Typhimurium 
and 4,[5],12:i:–, which supports the initial findings based on characterization of Spanish 
isolates (de la Torre et al., 2003), that S. [4,5,12:i:-] may have emerged from a S. 
Typhimurium ancestor. A MLST technique based on four genes applied to American and 
Spanish isolates belonging to S. 4,[5],12:i:– and to S. Typhimurium classified the vast 
majority of isolates as ST1 (Soyer et al., 2009). Similar results were obtained with other 
molecular fingerprinting techniques e.g. RAPD analysis, plasmid profiling (Sala, 2002; de la 
Torre et al., 2003), MLST (Alcaine et al., 2006) and MLVA/Variable Number of Tandem 
Repeats (VNTR) typing (Laorden et al., 2009; Torpdahl et al., 2009; Hauser et al., 2010; 
Hopkins et al., 2011). All these studies lead to the conclusion that S. 4,[5],12:i:– isolates 
belong to a single genetic lineage or clone and seem closely related to S. Typhimurium 
(Zamperini et al., 2007; Dionisi et al., 2009; Hopkins et al., 2011). 
Overall, the genomic characterization of S. 4,[5],12:i:– isolates suggests that this serovar is 
likely to gather several clones or strains that have independently emerged from S. 
Typhimurium during the last two decades, and have changed through multiple 
independent events involving different clonal groups (Garaizar et al., 2002; Laorden et al., 
2009; Laorden et al., 2010). Although the driver for this evolution remains to be enlightened 
for many epidemic strains antimicrobial resistance may be implicated (Zaidi et al., 2007; 
Bailey et al., 2010). 

4. Antimicrobial resistance traits of Salmonella I,4,[5],12:i:- 
The characterization of zoonotic bacteria virulence factors, including the presence of 
antimicrobial resistance traits, is of major importance for assuring the safeguard of health in 
the wider concept of “one health”. The dissemination of antimicrobial resistant bacteria is a 
well-recognized hazard for public and animal health. 
Several Salmonella serovars are frequently related to human and animal diseases, and this 
genus is recognized worldwide as a major foodborne pathogen. Gastroenteritis due to 
Salmonella is usually characterized by mild to moderate self-limiting symptoms, such as 
diarrhea, abdominal cramps, vomiting and fever. However, some strains are responsible for 
severe infections, such as septicemia, osteomyelitis, pneumonia, and meningitis that occur, 
especially in children and in elderly and immunocompromised individuals (Folley and 
Lynne, 2008a). 
Generally, salmonellosis cases caused by Salmonella I,4,[5],12:i:- strains are severe, requiring 
hospitalization (EFSA, 2010b). The control of severe infections requires antimicrobial 
therapy, generally with fluoroquinolones or ceftriaxone, administrated to children in order 
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to avoid the cartilage damage frequently associated with fluoroquinolone therapy (Folley 
and Lynne, 2008a). Therefore, Salmonella represents a bacterial genus of special concern 
regarding antimicrobial resistance dissemination. 
This serotypes’ resistance profiles may vary, worldwide, from 100% susceptible to 
multidrug resistance. Although S. Typhimurium resistance levels have been decreasing in 
several European countries, the incidence of resistant S. Typhimurium I,4,[5],12:i:- strains 
seems to be escalating (Switt et al., 2009). There are only a few studies available on 
antimicrobial resistance traits and genes present in antimicrobial drug–resistant Salmonella 
serotype 4,[5],12:i:– isolates, which have identified some specific resistance genes and 
genetic mechanisms. The limited data available still hasn’t allowed researchers to identify 
the common ancestor responsible for the emergence of 4,[5],12:i:– isolates with a multidrug 
resistance pattern (MDR), information essential to understand resistance evolution and 
dissemination (Switt et al., 2009). 
Antimicrobial resistance in Salmonella spp. may be due to several resistance determinants 
that can be located either in the bacterial chromosome or in plasmids (Folley and Lynne, 
2008a; Switt et al., 2009). These genetic determinants can be responsible for the expression of 
intrinsic resistant mechanisms, related to the production of ß -lactamases, to the 
modification of the antimicrobial compound by bacterial enzymes, to the variation of 
bacterial permeability, to the presence of efflux pumps or to the modification of target 
receptors (Folley and Lynne, 2008a). 
Antimicrobial resistance may also result from the expression of acquired resistance 
mechanisms, emerging through the occurrence of point mutations in chromosomal genes or 
the acquisition of mobile elements such as plasmids, transposons, and genomic islands 
(Switt et al., 2009). The transfer of resistance determinants may occur directly from the same 
or different bacterial species/genera, or indirectly through the environment (Folley and 
Lynne 2008a; EFSA, 2010b). Intestinal microbiota from humans and animals is often exposed 
to antimicrobial compounds of different classes, concentrations and exposure frequencies, 
used for therapy, prophylaxis or methaphylaxis. This exposure may derive from food/feed 
products or from the environment (Martins da Costa et al., 2007). Emergence, selection and 
dissemination of antimicrobial resistant bacteria are still mainly attributed to the selective 
pressure of antibiotic misuse and abuse (Monroe & Polk, 2000; Sayah et al., 2005), so 
intestinal bacteria can became resistant to some antimicrobial compounds, and therefore 
transmit these resistant traits to Salmonella, which occupies the same ecological niche. 
The presence of one or the combination of several of the above mentioned mechanisms may 
also confer a MDR profile to bacteria. These MDR profiles may comprise major 
antimicrobial compounds, hampering the treatment of severe Salmonella infections (EFSA, 
2010b). 
In 1997, MDR Salmonella 4,[5],12:i:– isolates were identified for the first time in Spain 
(Guerra et al., 2001). The most frequent MDR pattern is the ASSuT tetraresistance pattern, 
isolated from 30% of the human infection cases in the last 5 years and also from farm 
animals (Lucarelli et al., 2010; EFSA, 2010b). This pattern emerged in Italy during the 2000s, 
and has already been identified in Denmark, the United Kingdom, the United States, Spain, 
France, and the Czech Republic (Lucarelli et al., 2010). Genes responsible for this MDR 
phenotype are present in a chromosomal resistance island that usually includes the blaTEM, 
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strA-strB, sul2 and tet(B) genes (Hauser et al., 2010; Lucarelli et al., 2010), having some 
strains additional resistances (Lucarelli et al., 2010; EFSA, 2010b). 
Other multirresistant patterns identified in 4,[5],12:i:– isolates worldwide are the 
ACKGSuTm (showing resistance to ampicillin, chloramphenicol, kanamycin, gentamicin, 
sulfamethoxazole and trimethoprim) and ACKGSuTm with additional resistance to 
nalidixic acid patterns, found in Thailand (Switt et al., 2009); the ACSuGSTTm (showing 
resistance to ampicillin, chloramphenicol, sulfamethoxazole, gentamicin, streptomycin and 
tetracycline) and ACGSSuTSTm patterns, found in Spain (Echeita et al., 1999); the ACSSuT 
pattern, found in the United States (Agasan et al., 2002; Switt et al., 2009); and the 
ACSSpSuT pattern, found in the United Kingdom and other countries (Lucarelli et al., 2010). 
The isolation of multiresistant isolates was also described in Brazil (Switt et al., 2009) and 
Germany (Hauser et al., 2010). 
The MDR phenotypes include 4,[5],12:i:– strains harboring class 1 integrons or large 
resistant plasmids, resistant to ampicillin, chloramphenicol, gentamicin, streptomycin, 
sulfamethoxazole, tetracyclines and trimethoprim. These resistance traits are mainly due to 
the expression of blaTEM-1, which codes for broad spectrum b-lactamases responsible for 
resistance to penicillin and amino-penicillins; of blaCTX-M-1, which codes for extended-
spectrum ß-lactamases; of cmlA1, which codes for an efflux pump responsible for 
chloramphenicol resistance; of aac(3)-IV and aadA2, which code for enzymes that modify 
gentamycin and streptomycin active sites, impairing the action of these drugs; of aadA1, sul1 
and sul2, which code for enzymes responsible for resistance to sulfonamides; of sul3 and 
tet(A), which code for an efflux pump mechanism responsible for tetracycline resistance; 
and of dfrA12, which codes for an enzyme responsible for resistance to trimethoprim (Folley 
and Lynne, 2008a; Guerra et al., 2001; Switt et al., 2009). 
It is important to refer that, despite the road book aiming at controlling antimicrobial use 
and abuse, antimicrobial resistance remains a worldwide problem for both human and 
veterinary medicine. In this context, the boundaries between human and animal health, as 
well as between living organisms and the environment are insubstantial. Besides data from 
clinical studies, resistant bacteria have been described from a variety of environmental 
sources, including domestic sewage, drinking water, rivers, and lakes (Sayah et al., 2005). 

5. Salmonella virulence factors 
Salmonella enterica includes many serovars that cause disease in avian and mammalian hosts 
(Eswarappa et al., 2008). Also, Salmonella sp. is one of the most frequent bacterial food-borne 
pathogens affecting humans. In both animal and human hosts, infections may be present in 
a variety of presentations, from asymptomatic colonization to inflammatory diarrhoea or 
typhoid fever, depending on serovar- and host-specific factors. Colonization of reservoir 
hosts often occurs in the absence of clinical signs; however, some S. enterica serovars 
threaten animal health due to their ability to cause acute enteritis or to translocate from the 
intestine to other organs, causing fever and septicaemia (Stevens, 2009). Also, while certain 
serovars of S. enterica are ubiquitary and cause disease in humans and in a variety of 
animals, other serovars are highly restricted to a specific host (Hensel, 2004). For example, 
ubiquitous serovars such as Typhimurium and Enteritidis tend to produce an acute but self-
limiting enteritis in a wide range of hosts, whereas host-specific serovars are associated with 
severe systemic disease that may not involve diarrhoea, usually affecting healthy adults of a 
single species (e.g. S. Typhi in humans, S. Gallinarum in poultry) (Stevens, 2009). 
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Differences in virulence among Salmonella serovars and variations in the evolution of 
Salmonella spp. infections in several host species have been attributed to the acquisition and 
expression of virulence genes (Zhao, 2001). Salmonella spp. virulence requires the coordinated 
expression of complex arrays of virulence factors that allow the bacterium to evade the host’s 
immune system. All Salmonella serotypes share the ability to invade the host by inducing their 
own uptake into the intestinal epithelial cells. In addition, Salmonella serotypes associated with 
gastroenteritis trigger an intestinal inflammatory and secretory response, whereas serotypes 
that cause enteric fever give raise to systemic infections through their ability to survive and 
replicate in mononuclear phagocytes (Ohl & Miller, 2001). 
Many virulence phenotypes of Salmonella enterica are encoded by genes located in distinct 
chromosome regions, organized in 12 pathogenicity islands (Bhunia, 2008; Eswarappa et al., 
2008; Saroj et al., 2008). These gene clusters, known as Salmonella pathogenicity islands 
(SPIs), are thought to be acquired by horizontal gene transfer. They present a G-C content 
that differs from the remaining chromosome, suggesting acquisition by horizontal transfer. 
While some SPIs are conserved throughout the genus, others are specific for certain serovars 
(Amavisit et al., 2003; Bhunia, 2008; Eswarappa et al., 2008). According to Saroj et al., (2008), 
pathogenicity islands can be transferred between bacteria of different genera, leading to an 
accumulation of different virulence mechanisms in some strains. Therefore, the occurrence 
of SPIs varies between serovars and strains (Hensel, 2004). Pathogenicity islands often 
contain multiple genes functionally related, and required for the expression of a specific 
virulence phenotype, which suggests that the acquisition of a pathogenicity island during 
evolution may in one “quantum leap” open up new host niches for the pathogen (Ohl & 
Miller, 2001; Eswarappa et al., 2008). According to Bhunia (2008), the virulence genes 
responsible for invasion, survival, and extraintestinal spread are distributed in the 
Salmonella pathogenicity islands. For instance, the virulence genes that are involved in the 
intestinal phase of infection are located in SPI-1 and SPI-2. Many pathogenicity islands, 
including SPI-1 and SPI-2, encode specialized devices for the delivery of virulence proteins 
into host cells, termed type III secretion systems (TTSSs) (Eswarappa et al., 2008). The 
remaining SPIs are required for causing systemic infections, intracellular survival, fimbrial 
expression, antibiotic resistance, and Mg2+ and iron uptake (Bhunia, 2008). 
Besides the SPIs, some virulence factors can be encoded in virulence plasmids. Six serovars 
(Typhimurium, Gallinarum, Gallinarum biovar Pullorum, Enteritidis, Dublin, Choleraesuis 
and Abortusovis) typically harbor virulence plasmids of 60-95 kb that contain the spv locus, 
which holds some of the genes that are involved in intracellular survival and multiplication 
of this facultative intracellular pathogen (Tierrez & Garcia-del Portillo, 2005). The typical 
virulence plasmid of S. Typhimurium (pSLT90), is about 90-95 kb, and belongs to the FII 
incompatibility group. 
Regarding the monophasic S. Typhimurium, this serotype has only recently emerged, but it 
comprises a wide variety of different strains (Soyer et al., 2008). For that, consistent data on 
virulence mechanisms are limited. Nevertheless, several studies have already shown that 
not only Salmonella serotype 4,[5],12:i:– isolates are genetically and phenotypically closely 
related to Salmonella serotype Typhimurium (Agasan et al., 2002; Amavisit et al., 2005; de la 
Torre et al. 2003; Delgado et al., 2006; Echeita et al., 2001; Zamperini et al., 2007) but also, 
virulence genes of monophasic S. Typhimurium and their variability are identical to those 
found in S. Typhimurium (Garaizar et al., 2002; Hauser et al., 2009; Soyer et al., 2009; Hauser 
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strA-strB, sul2 and tet(B) genes (Hauser et al., 2010; Lucarelli et al., 2010), having some 
strains additional resistances (Lucarelli et al., 2010; EFSA, 2010b). 
Other multirresistant patterns identified in 4,[5],12:i:– isolates worldwide are the 
ACKGSuTm (showing resistance to ampicillin, chloramphenicol, kanamycin, gentamicin, 
sulfamethoxazole and trimethoprim) and ACKGSuTm with additional resistance to 
nalidixic acid patterns, found in Thailand (Switt et al., 2009); the ACSuGSTTm (showing 
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pattern, found in the United States (Agasan et al., 2002; Switt et al., 2009); and the 
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ubiquitous serovars such as Typhimurium and Enteritidis tend to produce an acute but self-
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Differences in virulence among Salmonella serovars and variations in the evolution of 
Salmonella spp. infections in several host species have been attributed to the acquisition and 
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(Amavisit et al., 2003; Bhunia, 2008; Eswarappa et al., 2008). According to Saroj et al., (2008), 
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Salmonella pathogenicity islands. For instance, the virulence genes that are involved in the 
intestinal phase of infection are located in SPI-1 and SPI-2. Many pathogenicity islands, 
including SPI-1 and SPI-2, encode specialized devices for the delivery of virulence proteins 
into host cells, termed type III secretion systems (TTSSs) (Eswarappa et al., 2008). The 
remaining SPIs are required for causing systemic infections, intracellular survival, fimbrial 
expression, antibiotic resistance, and Mg2+ and iron uptake (Bhunia, 2008). 
Besides the SPIs, some virulence factors can be encoded in virulence plasmids. Six serovars 
(Typhimurium, Gallinarum, Gallinarum biovar Pullorum, Enteritidis, Dublin, Choleraesuis 
and Abortusovis) typically harbor virulence plasmids of 60-95 kb that contain the spv locus, 
which holds some of the genes that are involved in intracellular survival and multiplication 
of this facultative intracellular pathogen (Tierrez & Garcia-del Portillo, 2005). The typical 
virulence plasmid of S. Typhimurium (pSLT90), is about 90-95 kb, and belongs to the FII 
incompatibility group. 
Regarding the monophasic S. Typhimurium, this serotype has only recently emerged, but it 
comprises a wide variety of different strains (Soyer et al., 2008). For that, consistent data on 
virulence mechanisms are limited. Nevertheless, several studies have already shown that 
not only Salmonella serotype 4,[5],12:i:– isolates are genetically and phenotypically closely 
related to Salmonella serotype Typhimurium (Agasan et al., 2002; Amavisit et al., 2005; de la 
Torre et al. 2003; Delgado et al., 2006; Echeita et al., 2001; Zamperini et al., 2007) but also, 
virulence genes of monophasic S. Typhimurium and their variability are identical to those 
found in S. Typhimurium (Garaizar et al., 2002; Hauser et al., 2009; Soyer et al., 2009; Hauser 
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et al., 2010). For example, studies developed by del Cerro et al. (2003) and Guerra et al. 
(2000), demonstrated that strains of monophasic S. Typhimurium presented an homology 
regarding virulence plasmid genes spvC, invE and invA invasion genes, stn enterotoxin 
genes, slyA cytolysin genes and genes associated with survival within macrophages (pho), 
when compared to those typically found in S. Typhimurium 
For all these reasons, it should be noted that, presently, most of the knowledge on SPIs and 
other Salmonella virulence genes of monophasic S. Typhimurium is based on observations 
made in serovar Typhimurium. This serovar is considered a model organism for genetic 
studies, and a wide variety of classical and molecular tools are available for the 
identification and characterization of potential Salmonella virulence genes. 

5.1. Salmonella Pathogenicity Islands 

As above referred, there are at least twelve chromosomally-encoded Salmonella 
pathogenicity islands (SPIs) (Table 2), as follows: 

- SPI-1 is a 43-kb chromosomal locus that was acquired by horizontal gene transfer from 
other pathogenic bacteria during evolution. It contains 31 genes with a major role in the 
invasion of host cells and induction of macrophage apoptosis. It also encodes 
components of the Type III secretion system (TTSS) designated as the Inv/Spa-Type III 
secretion apparatus that includes the secretion apparatus components, effectors, 
chaperones, and regulator (Amavisit et al., 2003; Bhunia, 2008; Eswarappa et al., 2008). 
The major genes present in SPI-1 are invA, invB, invC, invF, invG, hilA, sipA, sipC, sipD, 
spar, orgA, sopB, and sopE. invABCD genes, responsible for the expression of several 
invasion factors that promote bacterial attachment and invasion of M-cells, allowing 
them to cross the epithelial barrier which is the preferential route of Salmonella 
translocation. For example, InvA is an inner membrane protein involved in the 
formation of a channel through which polypeptides are exported. InvH and HilD are 
accessory proteins involved in Salmonella adhesion. InvG is an outer membrane protein 
of the TTSS that plays a critical role in bacterial uptake and protein secretion. 
There are two kinds of effector proteins secreted by the TTSS. One subclass consists of 
InvJ and SpaO, which are involved in the protein secretion through the TTSS. The other 
subclass modulates host cytoskeleton and induces its uptake. SipB and SipC are the major 
proteins, which interact with host cytoskeletal proteins to promote Salmonella uptake. 
Inv/Spa are also responsible for macrophage apoptosis. SipA is an actin-binding protein. 
SopB is an inositol phosphate phosphatase and SopE activates GTP-binding proteins. 
HilA is the central transcriptional regulator of genes located on SPI-1 (Bhunia, 2008). 

- SPI-2 is a 40-kb segment that encodes for 32 genes, only present in members of S. 
enterica, and other type III secretion systems involved in systemic pathogenesis 
(Amavisit et al., 2003; Eswarappa et al., 2008; Bhunia, 2008). The gene products are 
essential for systemic infection and mediate bacterial replication, rather than survival 
within host macrophages (Bhunia, 2008). The majority of these genes are expressed 
during bacterial growth inside the host-cells. SPI-2 carries genes for Spi/Ssa and TTSS 
apparatus, i.e., SpiC, which inhibits the fusion between the Salmonella-containing 
phagosome and the lysosome (Bhunia, 2008). 

- Type III Secretion Systems are expressed by many bacterial pathogens to deliver 
virulence factors to the host cell and to interfere with or subvert normal host cell 
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signaling pathways (Marcus et al., 2000). The TTSS structural genes (including invG, 
prgH and prgK) encode proteins that may form a needle-like structure and are 
responsible for contact dependent secretion or for the delivery of virulence proteins to 
host cells (Zhao, 2001; Bhunia, 2008). This needle-like organelle located in the bacterial 
periphery has four parts: a needle, outer rings, neck, and inner rings. The needle is 
constituted by PrgI and a putative inner rod protein, PrgJ; the outer rings structure by 
InvG; the neck by PrgK; and the base by PrgH that forms the inner rings. The inner 
membrane components include InvC, InvA, SpaP, SpaQ, SpaR, and SpaS proteins 
(Bhunia, 2008). When Salmonella adheres to a target cell, this needle-like structure is 
assumed to form a channel with its base anchored in the cell wall and its tip puncturing 
the membrane of the host cell. Through this channel, Salmonella effectors proteins such 
as SipC, SipA, SopE/E2, and SopB, are injected into the host cell cytoplasm, promoting 
actin polymerization and membrane remodelling which allows the active uptake of 
bacteria by the host cell (Zhao, Y., 2001). 

- SPI-3 is a 17-kb locus conserved between S. enterica serovar Typhi and Typhimurium that is 
also found in S. bongori, being variable in other serovars. SPI-3 harbors 10 genes, including 
the mgtCB operon, which is regulated by PhoPQ and is required for intra-macrophage 
survival and virulence and for magnesium uptake under low magnesium concentrations 
(Amavisit et al., 2003; Bhunia, 2008; Eswarappa et al., 2008). PhoQ is a sensor and PhoP is a 
transcriptional activator that expresses different genes that are required for bacterial 
survival inside the macrophage, as well as in various stressing environments including 
carbon and nitrogen starvation, low pH, low O2 levels, and the presence of defensins. In 
addition, PhoP regulates genes such as spiC and tassC that prevent lysosome fusion with 
the Salmonella-containing vacuole. PhoQ regulon activates pags genes that are essential for 
adaptation during the intracellular life cycle (Bhunia, 2008). 
Salmonella present in the subcellular lamina propria are either engulfed by the 
macrophages or by the dendritic cells, which allows its extraintestinal dissemination. 
The survival of Salmonella within macrophages is generally considered to be essential 
for the translocation of bacteria from the gut-associated lymphoid tissue to the 
mesenteric lymph nodes and from there to the liver and spleen. 

- SPI-4 is a 27-kb locus located next to a putative tRNA gene, containing 18 genes. It is 
thought to encode genes for the Type I secretion system and is suspected to be required 
for intramacrophage survival (Amavisit et al., 2003; Bhunia, 2008). 

- SPI-5 is a 7.6-kb region and encodes six genes. It appears that SPI-5 encodes effector 
proteins for TTSS. SopB, which is translocated by TTSS, is an inositol phosphatase 
involved in triggering fluid secretion responsible for diarrhea. Thus, it is believed that SPI-
5 is possibly responsible for enteric infections (Bhunia, 2008; Eswarappa et al., 2008). 

- SPI-6 is a 59-kb locus present in both serovars Typhi and Typhimurium. It contains the 
saf gene cluster responsible for fimbriae development, pagN responsible for invasion 
traits, and several genes with unknown function (Bhunia, 2008). 
In many studies, bacterial motility was found to be essential for adherence or invasion. 
In many systems, flagella provide the driving force that enable the bacteria to penetrate 
the host mucus layer and reach the host cell surface more rapidly (Zhao, 2001). 
Salmonella expresses different types of fimbriae that promote adhesion to M-cells and 
colonization of intestinal epithelial cells. Type I fimbriae (Fim) binds to α-d-mannose 
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et al., 2010). For example, studies developed by del Cerro et al. (2003) and Guerra et al. 
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regarding virulence plasmid genes spvC, invE and invA invasion genes, stn enterotoxin 
genes, slyA cytolysin genes and genes associated with survival within macrophages (pho), 
when compared to those typically found in S. Typhimurium 
For all these reasons, it should be noted that, presently, most of the knowledge on SPIs and 
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made in serovar Typhimurium. This serovar is considered a model organism for genetic 
studies, and a wide variety of classical and molecular tools are available for the 
identification and characterization of potential Salmonella virulence genes. 

5.1. Salmonella Pathogenicity Islands 

As above referred, there are at least twelve chromosomally-encoded Salmonella 
pathogenicity islands (SPIs) (Table 2), as follows: 
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other pathogenic bacteria during evolution. It contains 31 genes with a major role in the 
invasion of host cells and induction of macrophage apoptosis. It also encodes 
components of the Type III secretion system (TTSS) designated as the Inv/Spa-Type III 
secretion apparatus that includes the secretion apparatus components, effectors, 
chaperones, and regulator (Amavisit et al., 2003; Bhunia, 2008; Eswarappa et al., 2008). 
The major genes present in SPI-1 are invA, invB, invC, invF, invG, hilA, sipA, sipC, sipD, 
spar, orgA, sopB, and sopE. invABCD genes, responsible for the expression of several 
invasion factors that promote bacterial attachment and invasion of M-cells, allowing 
them to cross the epithelial barrier which is the preferential route of Salmonella 
translocation. For example, InvA is an inner membrane protein involved in the 
formation of a channel through which polypeptides are exported. InvH and HilD are 
accessory proteins involved in Salmonella adhesion. InvG is an outer membrane protein 
of the TTSS that plays a critical role in bacterial uptake and protein secretion. 
There are two kinds of effector proteins secreted by the TTSS. One subclass consists of 
InvJ and SpaO, which are involved in the protein secretion through the TTSS. The other 
subclass modulates host cytoskeleton and induces its uptake. SipB and SipC are the major 
proteins, which interact with host cytoskeletal proteins to promote Salmonella uptake. 
Inv/Spa are also responsible for macrophage apoptosis. SipA is an actin-binding protein. 
SopB is an inositol phosphate phosphatase and SopE activates GTP-binding proteins. 
HilA is the central transcriptional regulator of genes located on SPI-1 (Bhunia, 2008). 

- SPI-2 is a 40-kb segment that encodes for 32 genes, only present in members of S. 
enterica, and other type III secretion systems involved in systemic pathogenesis 
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essential for systemic infection and mediate bacterial replication, rather than survival 
within host macrophages (Bhunia, 2008). The majority of these genes are expressed 
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signaling pathways (Marcus et al., 2000). The TTSS structural genes (including invG, 
prgH and prgK) encode proteins that may form a needle-like structure and are 
responsible for contact dependent secretion or for the delivery of virulence proteins to 
host cells (Zhao, 2001; Bhunia, 2008). This needle-like organelle located in the bacterial 
periphery has four parts: a needle, outer rings, neck, and inner rings. The needle is 
constituted by PrgI and a putative inner rod protein, PrgJ; the outer rings structure by 
InvG; the neck by PrgK; and the base by PrgH that forms the inner rings. The inner 
membrane components include InvC, InvA, SpaP, SpaQ, SpaR, and SpaS proteins 
(Bhunia, 2008). When Salmonella adheres to a target cell, this needle-like structure is 
assumed to form a channel with its base anchored in the cell wall and its tip puncturing 
the membrane of the host cell. Through this channel, Salmonella effectors proteins such 
as SipC, SipA, SopE/E2, and SopB, are injected into the host cell cytoplasm, promoting 
actin polymerization and membrane remodelling which allows the active uptake of 
bacteria by the host cell (Zhao, Y., 2001). 

- SPI-3 is a 17-kb locus conserved between S. enterica serovar Typhi and Typhimurium that is 
also found in S. bongori, being variable in other serovars. SPI-3 harbors 10 genes, including 
the mgtCB operon, which is regulated by PhoPQ and is required for intra-macrophage 
survival and virulence and for magnesium uptake under low magnesium concentrations 
(Amavisit et al., 2003; Bhunia, 2008; Eswarappa et al., 2008). PhoQ is a sensor and PhoP is a 
transcriptional activator that expresses different genes that are required for bacterial 
survival inside the macrophage, as well as in various stressing environments including 
carbon and nitrogen starvation, low pH, low O2 levels, and the presence of defensins. In 
addition, PhoP regulates genes such as spiC and tassC that prevent lysosome fusion with 
the Salmonella-containing vacuole. PhoQ regulon activates pags genes that are essential for 
adaptation during the intracellular life cycle (Bhunia, 2008). 
Salmonella present in the subcellular lamina propria are either engulfed by the 
macrophages or by the dendritic cells, which allows its extraintestinal dissemination. 
The survival of Salmonella within macrophages is generally considered to be essential 
for the translocation of bacteria from the gut-associated lymphoid tissue to the 
mesenteric lymph nodes and from there to the liver and spleen. 

- SPI-4 is a 27-kb locus located next to a putative tRNA gene, containing 18 genes. It is 
thought to encode genes for the Type I secretion system and is suspected to be required 
for intramacrophage survival (Amavisit et al., 2003; Bhunia, 2008). 

- SPI-5 is a 7.6-kb region and encodes six genes. It appears that SPI-5 encodes effector 
proteins for TTSS. SopB, which is translocated by TTSS, is an inositol phosphatase 
involved in triggering fluid secretion responsible for diarrhea. Thus, it is believed that SPI-
5 is possibly responsible for enteric infections (Bhunia, 2008; Eswarappa et al., 2008). 

- SPI-6 is a 59-kb locus present in both serovars Typhi and Typhimurium. It contains the 
saf gene cluster responsible for fimbriae development, pagN responsible for invasion 
traits, and several genes with unknown function (Bhunia, 2008). 
In many studies, bacterial motility was found to be essential for adherence or invasion. 
In many systems, flagella provide the driving force that enable the bacteria to penetrate 
the host mucus layer and reach the host cell surface more rapidly (Zhao, 2001). 
Salmonella expresses different types of fimbriae that promote adhesion to M-cells and 
colonization of intestinal epithelial cells. Type I fimbriae (Fim) binds to α-d-mannose 
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receptor in the host cell; long polar fimbriae (Lpf) bind to cells located in the Peyer’s 
patch; and plasmid-encoded fimbriae (Pef) and curli, thin aggregative fimbriae, aid in 
bacterial adhesion to intestinal epithelial cells. Curli helps bacteria to autoaggregate, 
which enhances survival in the presence of stomach acid or biocides (Bhunia, 2008). 

- SPI-7 or Major Pathogenicity Island (MPI) is a 133-kb locus specific for serovar Typhi, 
Dublin, and Paratyphi. Its genes encode for Vi antigen, a capsular polysaccharide that 
illicits high fever in typhoid fever infections. SPI-7 also carries the pil gene cluster 
responsible for type IV pili synthesis and the gene that encodes for the SopE effector 
protein of TTSS (Bhunia, 2008). 

- SPI-8 is a 6.8-kb locus that appears to be specific for serovar Typhi. It carries genes for 
putative bacteriocin biosynthesis but its functional traits have not been fully 
investigated (Bhunia, 2008). 

- SPI-9 is a locus of approximately 16-kb that carries genes for type I secretion system and 
a large putative RTX (repeat in toxin)-like toxin (Bhunia, 2008). SPI-9 is present in S. 
Typhi, and also as a pseudogene in S. Typhimurium (EFSA, 2010) 

- SPI-10 is a 32.8-kb locus found in serovars Typhi and Enteritidis. It contains genes that 
encode for Sef fimbriae (Bhunia, 2008). 

- Salmonella Genomic Island 1 is a 43-kDa locus that contains genes responsible for 
antimicrobial resistance. It was identified in S. Typhimurium DT104, Paratyphi and 
Agona, which are resistant to multiple antibiotics. The DT104 strain has been implicated 
in outbreaks worldwide. It includes genes responsible for five antimicrobial resistance 
phenotypes (ampicillin, chloramphenicol, streptomycin, sulphonamides, and 
tetracycline) that are clustered in a multidrug resistance region and are composed of 
two integrons (Bhunia, 2008). 

- High Pathogenicity Island (HPI) contains genes responsible for siderophore 
biosynthesis, required for iron uptake. The HPI is found in S. enterica (Bhunia, 2008). 

 
Islands Salmonella serovars Length Kb) Functions
SPI - 1 S. enterica and S. bongori 43 TTSS, invasion of host cells 
SPI - 2 S. enterica 40 TTSS, systemic infection 
SPI - 3 S. enterica and S. bongori 17 Mg2+ uptake, macrophage 

survival
SPI - 4 S. enterica and S. bongori 27 Macrophage survival 
SPI - 5 S. enterica and S. bongori 7.6 Enteropathogeniticity 
SPI - 6 S. enterica subsp. enterica 59 Fimbriae
SPI - 7 S. Typhi, S. Dublin, S. Paratphy 133 Vi antigen
SPI - 8 S. Typhi, 6.8 Unknown; putative bacteriocin 

biosynthesis
SPI - 9 S. Typhy 16.3 Type I secretion system and RTX 

– like toxin
SPI - 10 S. Typhi, S. Enteritidis 32.8 Sef fimbriae
SGI - 1 S. Typhimurium (DT104), S.

Partyphi, S. Agona
43 Antibiotic resistance genes 

HPI S. enterica subsp. IIIa, IIIb, IV ? High affinity iron uptake 
Table 2. Main properties and functions of Salmonella pathogenicity islands (SPI) (Adapted 
from Hensel, 2004 and Bhunia, 2008) 
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Presently, there are over 30 Salmonella specific genes that have been used as targets for PCR 
(Polymerase Chain Reaction) to detect and characterize Salmonella. These include invA gene 
sequences that are highly conserved among all Salmonella serotypes, other gene sequences 
also present throughout the genus, and fimbriae protein-encoding genes and antibiotic 
resistance genes (Table 3). 
 

Gene Description Description 
invA Triggers internalization required for invasion of deep tissue cells 
InvE/A Invase proteins
phoP/Q   Intramacrophage survival and enhanced bile resistance
stnB Salmonella enterotoxin gene
irob Iron regulation
slyA Salmolysin
hin/H2 Flagellar phase variation
afgA Thin aggregative fimbriae
fimC Pathogen related fimbrae gene of S. enterica
sefA Major subunit fimbrial protein of serotype Enterica strains 
pefA Fimbrial virulence gene of S. Typhimurium
spvA Virulence plasmid region 
spvB Virulence plasmid region 
spvC Virulence plasmid region that interacts with the host immune system 

and is responsible for an increased growth rate in host cells 
rep-FIIA Plasmid incompatibility group
sprC Virulence gene
sipB-sipC Junction of virulence genes sipB–sipC
himA Encodes a binding protein
his Salmonella genus specific histidine transport operon
prot6e Virulence plasmid region specific for S. Enteritidis
ST M3357 Regulatory protein whose start codon sequence determines the DT 

phenotype exhibiting enhanced virulence

Table 3. Genes Used for the PCR Identification of Salmonella spp. (Adapted from Levin, 
2010) 

6. Conclusions 
Salmonella spp. is one of the major foodborne pathogen responsible for outbreaks worldwide 
(EECDC, EFSA, 2009; Switt et al., 2009), being estimated to be the main pathogen 
responsible for foodborne mortality in the United States (Mead et al., 1999). This bacterial 
genus includes 2,500 identified serotypes, distributed between 2 species: Salmonella enterica 
and Salmonella bongori (Foley and Lynne, 2008a). The emergence of new pathogenic strains 
and serotypes has been described (EFSA, 2010b; Hauser et al., 2010). Due to their increased 
virulence, these strains can rapidly spread among production animals and humans, 
representing a major public health issue (EFSA, 2010b; Hauser et al., 2010). In the mid-1990s 
the emergence of Salmonella enterica subsp. enterica serotype I,4,[5],12:i:-, a monophasic 
variant of Salmonella Typhimurium, has been reported in Europe (Foley et al., 2008b; Hauser 
et al., 2010; Switt et al., 2009). Nowadays it seems to be one of the major serotypes 
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receptor in the host cell; long polar fimbriae (Lpf) bind to cells located in the Peyer’s 
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bacterial adhesion to intestinal epithelial cells. Curli helps bacteria to autoaggregate, 
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protein of TTSS (Bhunia, 2008). 
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antimicrobial resistance. It was identified in S. Typhimurium DT104, Paratyphi and 
Agona, which are resistant to multiple antibiotics. The DT104 strain has been implicated 
in outbreaks worldwide. It includes genes responsible for five antimicrobial resistance 
phenotypes (ampicillin, chloramphenicol, streptomycin, sulphonamides, and 
tetracycline) that are clustered in a multidrug resistance region and are composed of 
two integrons (Bhunia, 2008). 

- High Pathogenicity Island (HPI) contains genes responsible for siderophore 
biosynthesis, required for iron uptake. The HPI is found in S. enterica (Bhunia, 2008). 

 
Islands Salmonella serovars Length Kb) Functions
SPI - 1 S. enterica and S. bongori 43 TTSS, invasion of host cells 
SPI - 2 S. enterica 40 TTSS, systemic infection 
SPI - 3 S. enterica and S. bongori 17 Mg2+ uptake, macrophage 

survival
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SPI - 6 S. enterica subsp. enterica 59 Fimbriae
SPI - 7 S. Typhi, S. Dublin, S. Paratphy 133 Vi antigen
SPI - 8 S. Typhi, 6.8 Unknown; putative bacteriocin 

biosynthesis
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– like toxin
SPI - 10 S. Typhi, S. Enteritidis 32.8 Sef fimbriae
SGI - 1 S. Typhimurium (DT104), S.

Partyphi, S. Agona
43 Antibiotic resistance genes 

HPI S. enterica subsp. IIIa, IIIb, IV ? High affinity iron uptake 
Table 2. Main properties and functions of Salmonella pathogenicity islands (SPI) (Adapted 
from Hensel, 2004 and Bhunia, 2008) 
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Presently, there are over 30 Salmonella specific genes that have been used as targets for PCR 
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pefA Fimbrial virulence gene of S. Typhimurium
spvA Virulence plasmid region 
spvB Virulence plasmid region 
spvC Virulence plasmid region that interacts with the host immune system 

and is responsible for an increased growth rate in host cells 
rep-FIIA Plasmid incompatibility group
sprC Virulence gene
sipB-sipC Junction of virulence genes sipB–sipC
himA Encodes a binding protein
his Salmonella genus specific histidine transport operon
prot6e Virulence plasmid region specific for S. Enteritidis
ST M3357 Regulatory protein whose start codon sequence determines the DT 

phenotype exhibiting enhanced virulence

Table 3. Genes Used for the PCR Identification of Salmonella spp. (Adapted from Levin, 
2010) 
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Salmonella spp. is one of the major foodborne pathogen responsible for outbreaks worldwide 
(EECDC, EFSA, 2009; Switt et al., 2009), being estimated to be the main pathogen 
responsible for foodborne mortality in the United States (Mead et al., 1999). This bacterial 
genus includes 2,500 identified serotypes, distributed between 2 species: Salmonella enterica 
and Salmonella bongori (Foley and Lynne, 2008a). The emergence of new pathogenic strains 
and serotypes has been described (EFSA, 2010b; Hauser et al., 2010). Due to their increased 
virulence, these strains can rapidly spread among production animals and humans, 
representing a major public health issue (EFSA, 2010b; Hauser et al., 2010). In the mid-1990s 
the emergence of Salmonella enterica subsp. enterica serotype I,4,[5],12:i:-, a monophasic 
variant of Salmonella Typhimurium, has been reported in Europe (Foley et al., 2008b; Hauser 
et al., 2010; Switt et al., 2009). Nowadays it seems to be one of the major serotypes 
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responsible for human salmonellosis cases worldwide (EECDC, EFSA, 2009; Switt et al., 
2009). It has also been isolated from several animal species, such as poultry, cattle, swine, 
and turtles, and also from food products, such as poultry and pork products. 
In 2010, the European Food Safety Authority (EFSA) Panel on Biological Hazards (BIOHAZ) 
published a Scientific Opinion alerting for the increasing number of outbreaks in the 
European Union member states promoted by “Salmonella Typhimurium-like” strains. The 
Panel has recommended that these strains should be further typed and characterized, 
particularly in terms of antimicrobial resistance (EFSA, 2010b). 
Studies aiming at fully characterizing the monophasic variants of Salmonella Typhimurium-
like strains (4,[5],12:i:–) isolated from different sources, such as food products, animals and 
the environment, in terms of molecular typing, antimicrobial resistance, virulence traits and 
immune response modulation, are extremely relevant. Data provided by such studies will 
have repercussions in preventive and therapeutic strategies, both in human and veterinary 
medicine. 
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1. Introduction 
The gastrointestinal tract, home to a large flora of commensal bacteria, performs the 
essential role of degradation and absorption of food via gastrointestinal epithelia. The semi-
permeability of the epithelial barrier allows for food-derived nutrients to pass through and 
enter the bloodstream, while simultaneously acting as a physical and chemical barricade 
towards microbes. Despite this, many bacteria have evolved the means to elude the 
gastrointestinal tract and migrate to underlying host tissue, causing disease. These disease- 
causing bacteria are largely thought to obtain their virulence through horizontal gene 
transfer, which has enabled the bacterium to overcome the epithelial barrier and disguise 
itself from the intestinal immune system (Flannagan et al., 2009).  

Salmonella species are facultative, gram-negative intracellular bacteria harbouring over 2000 
serovars; however, only a handful is associated with disease in humans. While Salmonella 
remains the leading cause of bacterial gastroenteritis, it is also one the most extensively 
studied and well characterised bacterial species. Worldwide, Salmonella is thought to cause 
~1.3 billion cases of human disease, including diarrhoea and typhoid fever (McGhie et al., 
2009). Moreover, 3-5% of patients with typhoid fever develop persistent infection of the 
gallbladder which acts as a crucial reservoir to the human-specific Salmonella enteric serotype 
typhi (S. Typhi). The recent development of the streptomycin pre-treated murine model of 
Salmonella enterica serovar typhimurium (S. Typhimurium) has become the pinnacle in 
gaining critical insight into the pathogenesis of diseases caused by Salmonella. More 
specifically, it has enabled scientists to investigate molecular mechanisms of invasion, 
evasion, intracellular survival and persistence of Salmonella in host tissue.  

In this chapter, we aim to decipher the pathogenesis of Salmonella by breaking down and 
exploring the effects of various virulence factors in Salmonella. The knowledge of the 
molecular basis of host-pathogen interactions will bring help bridge the gap between 
molecular events and clinical presentations of Salmonellosis. 

2. Internalization of Salmonella 
2.1 M cells 

Membraneous epithelilal (M) cells are sparsely distributed, specialized cells characterized 
by an irregular microvilli apical surface and a basolateral cytoplasmic invagination (or an 
intraepithelial pocket) which can harbour lymphocytes or macrophages. M cells are not 
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randomly distributed; rather they reside in the specialised follicle-associated epithelium 
(FAE) overlying lymphoid aggregates such as Peyer’s patches. The molecular features of the 
apical surface of M cells promote adherence, uptake and sampling of inert particles and 
microbes within the lumen, which are transferred to the underlying lymphoid tissue where 
immunological responses are initiated (Kraehenbuhl & Neutra, 2000). In most cases, only 
antigens that adhere to the surface of M cells induce strong immunological responses. 
However, several types of bacteria and viruses are known to exploit M cells by selectively 
adhering to the apical surface, internalising themselves and evading mucosal immune 
responses (Neutra et al., 1996; Sansonetti & Phalipon, 1999). Numerous studies have shown 
both S. Typhi (Kohbata et al., 1986; Pascopella et al., 1995) and S. Typhimurium (Clark et al., 
1994; Jones et al., 1994) preferentially target and invade mouse M cells and that S. 
Typhimurium also invades M cells in calf ileal loops (Frost et al., 1997). Despite these 
reports, there is a lack of direct evidence that human M cells are a major site of Salmonella 
invasion, although it is widely speculated that sites of Salmonella evasion in humans parallel 
mice and calf studies. Supporting this is the presence of ulcerations corresponding to the 
position of Peyer’s patches in human typhoid (Owen, 1994).  

Studies of S. Typhimurium invasion in murine and calf M cells have revealed active 
processes of internalization. Membrane ruffles are a crucial determinate of salmonella 
invasion, as demonstrated in cultured epithelial cell lines (Galan & Collmer, 1999). The 
membrane ‘ruffler’ formation results from extensive rearrangement of M cell apical 
membranes due to the redistribution of polymerised actin to form membrane protrusions 
(Clark et al., 1994; Frost et al., 1997; Jones et al., 1994). This process is triggered by a active 
process in which the ultimate result is engulfment of Salmonella. It should be noted that not 
all bacterial uptake by M cells involves specialised adaptive processes. Some of the bacteria 
entry, such as in the case of Salmonella, is performed in a passive fashion by taking 
advantage of the M cell sampling and uptaking abilities. Although M cells appear to play a 
major role in salmonella internalization and evasion, this highly adaptive pathogen is able to 
exploit other routes that all amount to the pathogenesis of Salmonella.  

2.2 Macrophages 

Professional antigen presenting cells, such as macrophages are endlessly sampling luminal 
contents, phagocytising potential pathogens and presenting antigens to adaptive immune 
cells, in a process of maintaining host protection against potentially harmful microbes. 
Phagocytic uptake of gram-negative bacteria (such as Salmonella) is a complex mechanism 
which involves various receptors and interactions. Of particular importance are Pattern-
recognition receptors that recognise pathogen-associated molecular patterns that include 
lipopolysaccharides and flagellin. Macrophages are thought to readily recognise and engulf 
Salmonella in a independent fashion, thus offering an alternative independent point of entry.  

2.3 Enterocytes  

Enterocytes are simple columnar epithelial cells found in the intestine which offer the first 
line of defence against microbes in the lumen. Despite employing a vast array of protective 
features, many microbes including Salmonella have evolved strategies to secure their 
survival in host cells by manipulating cellular structures, as observed in M cells. Therefore, 
Salmonella also invades enterocytes by employing membrane ruffles.  
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2.4 Dendritic cells (DC) 

DCs are a heterogeneous group of cells that are categorized primarily by their resident 
tissue. They are best known for their ability to capture and present antigens and have been 
heavily implicated in host immune responses and self-tolerance. Salmonella appears to 
possess the ability to cross the gut epithelial via DCs. It has been proposed that Salmonella 
from the intestinal lumen is absorbed via dendritic projections that pass between adjacent 
intestinal epithelial cells without disturbing the epithelial barrier integrity (Rescigno et al., 
2001). This is through the utilization of fimbriae which selectively adheres Salmonella to 
dendritic projections, allowing Salmonella to invade DCs, thereby utilizing DCs as an 
additional entry point, as demonstrated in a recent study (Guo et al., 2007). 

3. Virulence genes  
The presence of virulence determinants in S. Typhimurium, and the somewhat related 
pathogenic E.coli, are thought to be acquired by lateral gene transfer (Boyd & Brussow, 2002; 
Schmidt & Hensel, 2004). Pathogenicity islands (PAI) describe chromosomal regions that 
contain virulence genes which are otherwise absent in non-pathogenic or closely related 
strains species (Hacker et al., 1990; Lavigne & Blanc-Potard, 2008). They are typically 
inserted adjacent to tRNA genes and their overall base composition differs markedly from 
the native bacterial chromosome, thereby implying they are acquired from a foreign source 
(Daigle, 2008). According to Schmidt and Hensel, 2004., five major PAI’s have been 
identified in S. Typhimurium, which are referred to as Salmonella pathogenicity islands (SPI) 
(Schmidt & Hensel, 2004). The human-specific S. Typhi contains a chromosomal region of 
virulence, SPI-7, not present in S. Typhimurium which causes unique clinical presentations 
in patients affected, such as typhoid fever.  

3.1 SPI-1 

T3SS-1, encoded by SPI-1, is required for SPI-1-dependant internalisation of non-pathogenic 
cells, such as M cells and epithelial cells, and mediates the translocation of effector proteins 
into eukaryotic cells (Ehrbar et al., 2002; Lostroh & Lee, 2001; Mills et al., 1995). At least 15 
effectors can be translocated by T3SS-1, most of which are encoded on the SPI-1, such as 
SptP, SipA, SipB and AvrA (McGhie et al., 2009). Until recently, T3SS-1 effectors were 
thought only important for the internalization of Salmonella; however recent of studies have 
revealed that many effectors of T3SS-1 have important roles in post-invasion processes that 
are discussed later in this chapter. 

3.2 SPI-2  

T3SS-2, encoded by SPI-2, is required for intracellular replication and immune evasion 
(Ochman et al., 1996; Shea et al., 1996; Waterman & Holden, 2003). Known effectors of T3SS-
2, encoded on SPI-2, include SpiC, SseF, SseG, whereas SifA, SifB, PipB, PipB2, SseI, SseJ, 
SseL, SspH2, GogB are other effectors of T3SS-2 which are encoded on a different loci 
(Lavigne & Blanc-Potard, 2008). To date, the effectors of T3SS-2 remain less understood than 
effectors of T3SS-1, although it is widely established that T3SS-2 is required for survival 
within host cells (Hensel et al., 1998). Several studies have also highlighted the importance 
of SPI-2 in systemic infection, while noting its contribution in intestinal disease and 
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inflammation (Bispham et al., 2001; Coburn et al., 2005; Coombes et al., 2005; Hapfelmeier et 
al., 2005). T3SS-2 evasion processes are discussed in greater detail later in this chapter.  

3.3 SPI-3 

SPI-3 encodes virulence factors that are important in intestinal colonization and intracellular 
survival. MgtC is an inner membrane protein, common to several intracellular pathogens, 
required for intramacrophage survival (Alix & Blanc-Potard, 2007; Blanc-Potard & 
Groisman, 1997). SPI-2 also encodes MisL, a type V secretion system (T5SS) (Blanc-Potard et 
al., 1999; Henderson et al., 2004). Although not much is known about MisL, a recent study of 
S. Typhimurium demonstrates that MisL is important for intestinal colonization by 
promoting S. Typhimurium binding to fibronectin (Dorsey et al., 2005). 

3.4 SPI-4 

SPI-4 encodes a type I secretion system (T1SS) and also a substrate of T1SS, SiiE, a large 
(600kDa) surface-associated non-fimbrial adhensin that contributes to invasion and 
adhension to eukaryotic cells (Gerlach et al., 2007). Although encoded by SPI-4, SiiE is also 
coregulated by SPI-1. Little is known about the precise function of SPI-4, however a study in 
both calf and mouse models have revealed a role of SiiE in colonization and intestinal 
inflammation (Morgan et al., 2007).  

3.5 SPI-5  

Many additional effectors of T3SS-1, including SopA, SopB, SopD, SopE, SopE2, Ssph1 and 
Slrp, are not encoded on SPI-1; rather they are encoded by other horizontally acquired 
elements, such as on SPI-5 (Lavigne & Blanc-Potard, 2008; Wood et al., 1998). Some of these 
effectors, namely SopB and SopE/SopE2 induce dramatic rearrangement of the actin 
cytoskeleton in host cells, which results in large membrane ruffles and subsequent 
internalization of Salmonella (McGhie et al., 2009). 

3.6 SPI-7  

SPI-7 is a large 134 kb segment that encodes the Vi capsular polysaccharide antigen, Type IV 
pili and SopE (Hornick et al., 1970). The viaB locus is a 14Kb region within SPI-7 that 
prevents host recognition of Salmonella by TLR4 and TLR5 (Raffatellu et al., 2005). The locus 
contains genes that synthesize, regulate and export the Vi capsular antigen. The presence of 
the Vi antigen contributes greatly to the virulence in S. Typi, which is required for 
intracellular survival in phagocytes and has been implicated in system dissemination by 
virtue of its role in serum resistance (Hirose et al., 1997; Looney & Steigbigel, 1986). It should 
be noted that SPI-7 is expressed in S. Typhi and is absent in S. Typhimurium. 

3.7 Fimbriae & biofilm  

Four different types of fimbriae are known to be expressed by Salmonella that include type 1 
fimbriae, plasma-encoded fimbriae, long polar fimbriae and thin aggregrative fimbriae (curli), 
all of which seem to have specificities for different cell types (Darwin & Miller, 1999). A recent 
study has shown fimbriae, namely type 1 fimbrial adhesion FimH, mediates Salmonella uptake 
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into murine DCs in a T3SS-independent fashion (Guo et al., 2007). It is thought that 13 fimbrial 
loci exist in Salmonella, which are thought to aid the internalization process through biofilm 
formation, attachment to host cells and colonization (Humphries et al., 2001). Conversely, an 
earlier study has demonstrated a more invasive behavior of an S. Typhi mutant strain carrying 
a deletion of the fim genes (encoding type 1 fimbriae) compared to its wild-type strain (Miyake 
et al., 1998). It is thought that in the absence of type 1 fimbrial adhesions, various interactions 
between bacterial surface proteins and host cells may become more enhanced and result in a 
higher degree of invasion. BapA, a large cell-surface protein is also required for biofilm 
formation and subsequent evasion and colonization, similar to FimH (Latasa et al., 2005). 
BapA is secreted through T1SS (BapBCD) and its expression is orchestrated with genes 
encoding other fimbriae, suggesting important interplay in overall biofilm formation. The 
significance of the biofilm stems from the extreme environmental conditions the bacteria are 
subjected to, and their successful survival lies in their ability to grow in surface-attached 
biofilms protected by an extracellular matrix (Costerton et al., 1995; Davey & O'Toole G, 2000). 
The formation of biofilms, particularly in the gall bladder, contributes greatly to pathogenesis 
of chronically infected S. Typhi individuals. 

3.8 Flagella 

The role of flagella in Salmonellosis remains controversial due, in part, to seemingly 
conflicting studies and poorly understood intracellular mechanisms. For example, the 
evasiveness of Salmonella is increased via flagellar-based motility, despite the fact several 
studies have demonstrated that flagellin monomers are potent inducers of innate immunity 
(Franchi et al., 2006; Miao et al., 2006; Schmitt et al., 2001). Conversely, it has been well 
demonstrated that flagellin interacts with T3SS-1 from Salmonella-infected macrophages and 
is translocated into the cytosol resulting in activation of the inflammasome and subsequent 
cell death via caspase-1 pathway (discussed later in the chapter) (Miao et al., 2007; Ren et al., 
2006; Sun et al., 2007).  

4. Evasion of salmonella 
4.1 The Salmonella-containing vacuole (SCV) 

Following internalization, Salmonella becomes engrossed within a vacuole in which it is able 
to survive and replicate intracellularly. These vacuoles, termed Salmonella-containing 
vacuole (SCV) are characterised by the transformation of cell markers as the vacuole 
matures, displaying late endosome and lysosome markers, particularly lysosomes 
glycoprotein markers (Steele-Mortimer et al., 1999). Concurrent to marker transformation 
post-invasion, SCVs migrate from the periphery plasma membrane to a juxtanuclear 
position at the microtubule-organising centre (Deiwick et al., 2006; Salcedo & Holden, 2003). 
In some cell types, the onset of intracellular replication are marked by the presence of 
Salmonella-induced filaments (Sifs) which are branched membrane tubules expelling from 
the SCV (Drecktrah et al., 2008). Within the SCV, various processes occur, such as Salmonella 
transformation and immune modulation, which are imperative for survival, replication and 
dissemination of Salmonella. Following internalisation of Salmonella and translocation of SPI, 
SPI-effectors are localized to different cellular compartments, such as the Golgi apparatus 
and lysosomes (Freeman et al., 2003; Haraga & Miller, 2003; Knodler et al., 2003; Salcedo & 
Holden, 2003). The differential localisation pattern indicates the ability of SPI-effectors and 
thereby Salmonella to manipulate various aspects of host cell function. 
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inflammation (Bispham et al., 2001; Coburn et al., 2005; Coombes et al., 2005; Hapfelmeier et 
al., 2005). T3SS-2 evasion processes are discussed in greater detail later in this chapter.  

3.3 SPI-3 

SPI-3 encodes virulence factors that are important in intestinal colonization and intracellular 
survival. MgtC is an inner membrane protein, common to several intracellular pathogens, 
required for intramacrophage survival (Alix & Blanc-Potard, 2007; Blanc-Potard & 
Groisman, 1997). SPI-2 also encodes MisL, a type V secretion system (T5SS) (Blanc-Potard et 
al., 1999; Henderson et al., 2004). Although not much is known about MisL, a recent study of 
S. Typhimurium demonstrates that MisL is important for intestinal colonization by 
promoting S. Typhimurium binding to fibronectin (Dorsey et al., 2005). 

3.4 SPI-4 

SPI-4 encodes a type I secretion system (T1SS) and also a substrate of T1SS, SiiE, a large 
(600kDa) surface-associated non-fimbrial adhensin that contributes to invasion and 
adhension to eukaryotic cells (Gerlach et al., 2007). Although encoded by SPI-4, SiiE is also 
coregulated by SPI-1. Little is known about the precise function of SPI-4, however a study in 
both calf and mouse models have revealed a role of SiiE in colonization and intestinal 
inflammation (Morgan et al., 2007).  

3.5 SPI-5  

Many additional effectors of T3SS-1, including SopA, SopB, SopD, SopE, SopE2, Ssph1 and 
Slrp, are not encoded on SPI-1; rather they are encoded by other horizontally acquired 
elements, such as on SPI-5 (Lavigne & Blanc-Potard, 2008; Wood et al., 1998). Some of these 
effectors, namely SopB and SopE/SopE2 induce dramatic rearrangement of the actin 
cytoskeleton in host cells, which results in large membrane ruffles and subsequent 
internalization of Salmonella (McGhie et al., 2009). 

3.6 SPI-7  

SPI-7 is a large 134 kb segment that encodes the Vi capsular polysaccharide antigen, Type IV 
pili and SopE (Hornick et al., 1970). The viaB locus is a 14Kb region within SPI-7 that 
prevents host recognition of Salmonella by TLR4 and TLR5 (Raffatellu et al., 2005). The locus 
contains genes that synthesize, regulate and export the Vi capsular antigen. The presence of 
the Vi antigen contributes greatly to the virulence in S. Typi, which is required for 
intracellular survival in phagocytes and has been implicated in system dissemination by 
virtue of its role in serum resistance (Hirose et al., 1997; Looney & Steigbigel, 1986). It should 
be noted that SPI-7 is expressed in S. Typhi and is absent in S. Typhimurium. 

3.7 Fimbriae & biofilm  

Four different types of fimbriae are known to be expressed by Salmonella that include type 1 
fimbriae, plasma-encoded fimbriae, long polar fimbriae and thin aggregrative fimbriae (curli), 
all of which seem to have specificities for different cell types (Darwin & Miller, 1999). A recent 
study has shown fimbriae, namely type 1 fimbrial adhesion FimH, mediates Salmonella uptake 
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into murine DCs in a T3SS-independent fashion (Guo et al., 2007). It is thought that 13 fimbrial 
loci exist in Salmonella, which are thought to aid the internalization process through biofilm 
formation, attachment to host cells and colonization (Humphries et al., 2001). Conversely, an 
earlier study has demonstrated a more invasive behavior of an S. Typhi mutant strain carrying 
a deletion of the fim genes (encoding type 1 fimbriae) compared to its wild-type strain (Miyake 
et al., 1998). It is thought that in the absence of type 1 fimbrial adhesions, various interactions 
between bacterial surface proteins and host cells may become more enhanced and result in a 
higher degree of invasion. BapA, a large cell-surface protein is also required for biofilm 
formation and subsequent evasion and colonization, similar to FimH (Latasa et al., 2005). 
BapA is secreted through T1SS (BapBCD) and its expression is orchestrated with genes 
encoding other fimbriae, suggesting important interplay in overall biofilm formation. The 
significance of the biofilm stems from the extreme environmental conditions the bacteria are 
subjected to, and their successful survival lies in their ability to grow in surface-attached 
biofilms protected by an extracellular matrix (Costerton et al., 1995; Davey & O'Toole G, 2000). 
The formation of biofilms, particularly in the gall bladder, contributes greatly to pathogenesis 
of chronically infected S. Typhi individuals. 

3.8 Flagella 

The role of flagella in Salmonellosis remains controversial due, in part, to seemingly 
conflicting studies and poorly understood intracellular mechanisms. For example, the 
evasiveness of Salmonella is increased via flagellar-based motility, despite the fact several 
studies have demonstrated that flagellin monomers are potent inducers of innate immunity 
(Franchi et al., 2006; Miao et al., 2006; Schmitt et al., 2001). Conversely, it has been well 
demonstrated that flagellin interacts with T3SS-1 from Salmonella-infected macrophages and 
is translocated into the cytosol resulting in activation of the inflammasome and subsequent 
cell death via caspase-1 pathway (discussed later in the chapter) (Miao et al., 2007; Ren et al., 
2006; Sun et al., 2007).  

4. Evasion of salmonella 
4.1 The Salmonella-containing vacuole (SCV) 

Following internalization, Salmonella becomes engrossed within a vacuole in which it is able 
to survive and replicate intracellularly. These vacuoles, termed Salmonella-containing 
vacuole (SCV) are characterised by the transformation of cell markers as the vacuole 
matures, displaying late endosome and lysosome markers, particularly lysosomes 
glycoprotein markers (Steele-Mortimer et al., 1999). Concurrent to marker transformation 
post-invasion, SCVs migrate from the periphery plasma membrane to a juxtanuclear 
position at the microtubule-organising centre (Deiwick et al., 2006; Salcedo & Holden, 2003). 
In some cell types, the onset of intracellular replication are marked by the presence of 
Salmonella-induced filaments (Sifs) which are branched membrane tubules expelling from 
the SCV (Drecktrah et al., 2008). Within the SCV, various processes occur, such as Salmonella 
transformation and immune modulation, which are imperative for survival, replication and 
dissemination of Salmonella. Following internalisation of Salmonella and translocation of SPI, 
SPI-effectors are localized to different cellular compartments, such as the Golgi apparatus 
and lysosomes (Freeman et al., 2003; Haraga & Miller, 2003; Knodler et al., 2003; Salcedo & 
Holden, 2003). The differential localisation pattern indicates the ability of SPI-effectors and 
thereby Salmonella to manipulate various aspects of host cell function. 
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4.2 Maturation and trafficking of SCV  

Initially, when SCV form, they are characterized by early endocytic markers, such as 
transferrin receptor (TfnR), early endosomal antigen 1 (EEA1) and several Rab GTPases, 
such as Rab4/5 & 11. In an effort to curb or delay lysosomal fusion, SCV deviates from the 
endocytic pathway, thereby reducing the likelihood of lysis of Salmonella. (Steele-Mortimer, 
2008). Maturing SCVs are characterised by replacement of earlier endocytic markers by later 
markers including Rab7, vacuolar ATPase (v-ATPase) and lysosomal membrane 
glycoproteins (1pgs), such as LAMP-1 (Steele-Mortimer, 2008).  

Several studies have implicated the effectors of T3SS-1, namely SopE and SopB in the 
maturation of SCV and replication of Salmonella within. SopE and SopB are required for the 
recruitment of Rab5 within the SCV, which binds the phosphatidylinositol 3-kinase (PI(3)P) 
Vps34 required for LAMP-1 recruitment (Mallo et al., 2008; Mukherjee et al., 2001; Steele-
Mortimer, 2008). Vps34 also acts via PI(3)P on the SCV membrane, which enables 
recruitment of EEA1(Mallo et al., 2008). SopB acts by inhibiting the degradation of 
epidermal growth factor receptor (EGFR) by lysosomes (Dukes et al., 2006). In a recent 
study, SopB has been attributed to the disappearance of late endosomal markers by 
recruiting sorting nexin-1 (SNX-1) which is speculated to down-regulate mannose 6-
phosphate receptor from maturing SCV (Bujny et al., 2008). Collectively, the current data 
pins a role for SopB in diverting SCV trafficking from the endosomal maturation pathway. 
In addition to this, SopB has also been demonstrated to indirectly increase intracellular 
Salmonella replication, via activation of Akt, which in turn deactivates Rab14 GAP, AS160 
(Layton & Galyov, 2007). The activated Rab14 increases intracellular Salmonella replication 
most likely by delaying SCV-lysosomal fusion (Kuijl et al., 2007). On the same note, SpiC, an 
effector of T3SS-2 is thought to prevent fusion of macrophage-late lysosomes with SCV 
(Steele-Mortimer, 2008).  

SseJ, another effector of T3SS-2 on the SPI-2, is localised to the SCVs and SIFs. A study in 
SseJ null mutant mice has revealed that SseJ is required for full virulence of Salmonella (Ruiz-
Albert et al., 2002). More specifically, an in vitro study has revealed deacylase activity of 
SseJ, while portraying its role in esterification of cholesterol, which is enriched in SCV 
(Brumell et al., 2001; Catron et al., 2002; Garner et al., 2002; Ohlson et al., 2005). It is thought 
the esterification of cholesterol could disrupt cell-signalling platforms or inhibit molecular 
interactions of complexes on the SCV, ultimately interfering with vesicular trafficking 
(Ohlson et al., 2005). 

SopA, an effector of SPI-1, promotes bacterial escape from the SCV in HeLa cells (Diao et al., 
2008). It is one of several effectors that is structurally and functionally similar to HECT E3 
ubiquitin ligases and is thought to have a role in disrupting SCV membrane integrity 
(Steele-Mortimer, 2008; Zhang et al., 2006).  

4.3 Sif biogenesis  

As mentioned previously, maturing SCVs migrate from the peripheral towards the 
perinuclear region of the host cell, strategically positioning themselves adjacent to the Golgi 
apparatus. This seems to be important for promoting bacterial replication and survival, and, 
as a recent study suggests, the close proximity of SCV to the Golgi apparatus may enable 
interception of endocytic and exocyclic transport vesicles to stockpile nutrients and/or 

 
Salmonella: Invasion, Evasion & Persistence 

 

319 

membrane materials (Ramsden et al., 2007). In line with this, exocytic transport vesicles are 
able to be averted from their normal path under the influence of SifA, SseG and SseF 
towards the SCV (Kuhle et al., 2006).  

In epithelial cells, SseG and SseF are required for the maintenance of SCV at the 
perinuclear region, while also appearing to be important for intracellular replication 
(Deiwick et al., 2006). SseG and Ssef are thought to either form ‘tethers’ from the SCV to 
the Golgi apparatus or manipulate dynein activity in an attempt to ‘glue’ the SCV to the 
microtubule-organising centre (MTOC) (Kuhle & Hensel, 2002; Ramsden et al., 2007; 
Salcedo & Holden, 2003). SopB is also required for the retention of the SCV within the 
perinuclear region by mediating the phosphorylation of actin-associated motor myosin II 
light chain (MLC) (Wasylnka et al., 2008).  

Once the SCV has positioned itself near the perinuclear region of the host cell, replication is 
initiated and is characterised by LAMP-rich specialised tubulovesicular structures called 
Salmonella-induced filaments (Sifs) that project from the SCV. The fusion of late endosome 
with the SCV is thought to induce Sif formation, however the precise role of Sifs remains 
elusive (McGhie et al., 2009; Steele-Mortimer, 2008). SifA is essential for the formation and 
maintenance of Sifs, by which SifA and two other T3SS-2 effectors, PibB2 and SseJ, cooperate 
to induce and drive extensions of Sif tubules from the juxtanuclear SCV towards the 
periphery of the host cell (Brumell et al., 2002; Henry et al., 2006; Knodler & Steele-
Mortimer, 2005). SifA is localised to the SCV by the TS33-1 effector SipA, where it forms a 
functional complex with the host protein SKIP (SifA and kinesin-interacting protein) (Brawn 
et al., 2007). SKIP has been shown to bind to the PibB2-induced microtubule-based motor 
kinesin-1 that drives Sif extensions (Boucrot et al., 2005; Brawn et al., 2007; Henry et al., 
2006). SKIP also directly interacts with various GTPases such as rab9 which is implicated in 
lysosome positioning and function, potentially displacing it from this complex (Barbero et 
al., 2002; Ganley et al., 2004; Jackson et al., 2008). In addition to this, SifA is also able to bind 
to rab7, uncoupling it from RILP and recruiting RhoA, another GTPase that promotes 
membrane tubulation when activated in the presence of SKIP and SseJ (Harrison et al., 2004; 
Lossi et al., 2008; Ohlson et al., 2008; Ramsden et al., 2007). Moreover, SseF and SseG are 
believed to augment Sif formation via modulation of aggregated endosomal compartments. 
In studies of Salmonella mutants lacking SseF and and SseG, SCVs induced fewer Sifs 
compared to wild type bacteria (Ramsden et al., 2007).  

Salmonella within the SCV have evolved mechanisms that allow it to escape the 
ubiquitination process by employing three T3SS-2 effectors that interfere with host 
ubiquitin pathways (Quezada et al., 2009). SseL is a deubiquitinase that acts via 
modulation of NF-KB, although the downstream effects are unclear (Coombes et al., 2007; 
Le Negrate et al., 2008; Rytkonen et al., 2007). SspH1 and SspH2 are both members of the 
ubiquitin E3 ligases family. More research is required to clearly define a role for these two 
effectors. Nevertheless a study has identified that SspH1 can ubiquitinate ubiquitin 
(Rohde et al., 2007).  

5. Surviving intracellularly 
Salmonella has successfully evolved several strategies to manipulate and supress cellular 
immune responses. SptP GAP and tyrosine phosphatase activities play critical roles in 
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4.2 Maturation and trafficking of SCV  

Initially, when SCV form, they are characterized by early endocytic markers, such as 
transferrin receptor (TfnR), early endosomal antigen 1 (EEA1) and several Rab GTPases, 
such as Rab4/5 & 11. In an effort to curb or delay lysosomal fusion, SCV deviates from the 
endocytic pathway, thereby reducing the likelihood of lysis of Salmonella. (Steele-Mortimer, 
2008). Maturing SCVs are characterised by replacement of earlier endocytic markers by later 
markers including Rab7, vacuolar ATPase (v-ATPase) and lysosomal membrane 
glycoproteins (1pgs), such as LAMP-1 (Steele-Mortimer, 2008).  

Several studies have implicated the effectors of T3SS-1, namely SopE and SopB in the 
maturation of SCV and replication of Salmonella within. SopE and SopB are required for the 
recruitment of Rab5 within the SCV, which binds the phosphatidylinositol 3-kinase (PI(3)P) 
Vps34 required for LAMP-1 recruitment (Mallo et al., 2008; Mukherjee et al., 2001; Steele-
Mortimer, 2008). Vps34 also acts via PI(3)P on the SCV membrane, which enables 
recruitment of EEA1(Mallo et al., 2008). SopB acts by inhibiting the degradation of 
epidermal growth factor receptor (EGFR) by lysosomes (Dukes et al., 2006). In a recent 
study, SopB has been attributed to the disappearance of late endosomal markers by 
recruiting sorting nexin-1 (SNX-1) which is speculated to down-regulate mannose 6-
phosphate receptor from maturing SCV (Bujny et al., 2008). Collectively, the current data 
pins a role for SopB in diverting SCV trafficking from the endosomal maturation pathway. 
In addition to this, SopB has also been demonstrated to indirectly increase intracellular 
Salmonella replication, via activation of Akt, which in turn deactivates Rab14 GAP, AS160 
(Layton & Galyov, 2007). The activated Rab14 increases intracellular Salmonella replication 
most likely by delaying SCV-lysosomal fusion (Kuijl et al., 2007). On the same note, SpiC, an 
effector of T3SS-2 is thought to prevent fusion of macrophage-late lysosomes with SCV 
(Steele-Mortimer, 2008).  

SseJ, another effector of T3SS-2 on the SPI-2, is localised to the SCVs and SIFs. A study in 
SseJ null mutant mice has revealed that SseJ is required for full virulence of Salmonella (Ruiz-
Albert et al., 2002). More specifically, an in vitro study has revealed deacylase activity of 
SseJ, while portraying its role in esterification of cholesterol, which is enriched in SCV 
(Brumell et al., 2001; Catron et al., 2002; Garner et al., 2002; Ohlson et al., 2005). It is thought 
the esterification of cholesterol could disrupt cell-signalling platforms or inhibit molecular 
interactions of complexes on the SCV, ultimately interfering with vesicular trafficking 
(Ohlson et al., 2005). 

SopA, an effector of SPI-1, promotes bacterial escape from the SCV in HeLa cells (Diao et al., 
2008). It is one of several effectors that is structurally and functionally similar to HECT E3 
ubiquitin ligases and is thought to have a role in disrupting SCV membrane integrity 
(Steele-Mortimer, 2008; Zhang et al., 2006).  

4.3 Sif biogenesis  

As mentioned previously, maturing SCVs migrate from the peripheral towards the 
perinuclear region of the host cell, strategically positioning themselves adjacent to the Golgi 
apparatus. This seems to be important for promoting bacterial replication and survival, and, 
as a recent study suggests, the close proximity of SCV to the Golgi apparatus may enable 
interception of endocytic and exocyclic transport vesicles to stockpile nutrients and/or 
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membrane materials (Ramsden et al., 2007). In line with this, exocytic transport vesicles are 
able to be averted from their normal path under the influence of SifA, SseG and SseF 
towards the SCV (Kuhle et al., 2006).  

In epithelial cells, SseG and SseF are required for the maintenance of SCV at the 
perinuclear region, while also appearing to be important for intracellular replication 
(Deiwick et al., 2006). SseG and Ssef are thought to either form ‘tethers’ from the SCV to 
the Golgi apparatus or manipulate dynein activity in an attempt to ‘glue’ the SCV to the 
microtubule-organising centre (MTOC) (Kuhle & Hensel, 2002; Ramsden et al., 2007; 
Salcedo & Holden, 2003). SopB is also required for the retention of the SCV within the 
perinuclear region by mediating the phosphorylation of actin-associated motor myosin II 
light chain (MLC) (Wasylnka et al., 2008).  

Once the SCV has positioned itself near the perinuclear region of the host cell, replication is 
initiated and is characterised by LAMP-rich specialised tubulovesicular structures called 
Salmonella-induced filaments (Sifs) that project from the SCV. The fusion of late endosome 
with the SCV is thought to induce Sif formation, however the precise role of Sifs remains 
elusive (McGhie et al., 2009; Steele-Mortimer, 2008). SifA is essential for the formation and 
maintenance of Sifs, by which SifA and two other T3SS-2 effectors, PibB2 and SseJ, cooperate 
to induce and drive extensions of Sif tubules from the juxtanuclear SCV towards the 
periphery of the host cell (Brumell et al., 2002; Henry et al., 2006; Knodler & Steele-
Mortimer, 2005). SifA is localised to the SCV by the TS33-1 effector SipA, where it forms a 
functional complex with the host protein SKIP (SifA and kinesin-interacting protein) (Brawn 
et al., 2007). SKIP has been shown to bind to the PibB2-induced microtubule-based motor 
kinesin-1 that drives Sif extensions (Boucrot et al., 2005; Brawn et al., 2007; Henry et al., 
2006). SKIP also directly interacts with various GTPases such as rab9 which is implicated in 
lysosome positioning and function, potentially displacing it from this complex (Barbero et 
al., 2002; Ganley et al., 2004; Jackson et al., 2008). In addition to this, SifA is also able to bind 
to rab7, uncoupling it from RILP and recruiting RhoA, another GTPase that promotes 
membrane tubulation when activated in the presence of SKIP and SseJ (Harrison et al., 2004; 
Lossi et al., 2008; Ohlson et al., 2008; Ramsden et al., 2007). Moreover, SseF and SseG are 
believed to augment Sif formation via modulation of aggregated endosomal compartments. 
In studies of Salmonella mutants lacking SseF and and SseG, SCVs induced fewer Sifs 
compared to wild type bacteria (Ramsden et al., 2007).  

Salmonella within the SCV have evolved mechanisms that allow it to escape the 
ubiquitination process by employing three T3SS-2 effectors that interfere with host 
ubiquitin pathways (Quezada et al., 2009). SseL is a deubiquitinase that acts via 
modulation of NF-KB, although the downstream effects are unclear (Coombes et al., 2007; 
Le Negrate et al., 2008; Rytkonen et al., 2007). SspH1 and SspH2 are both members of the 
ubiquitin E3 ligases family. More research is required to clearly define a role for these two 
effectors. Nevertheless a study has identified that SspH1 can ubiquitinate ubiquitin 
(Rohde et al., 2007).  

5. Surviving intracellularly 
Salmonella has successfully evolved several strategies to manipulate and supress cellular 
immune responses. SptP GAP and tyrosine phosphatase activities play critical roles in 
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reversing MAPK activation while AvrA acetyltransferase activity towards MAPK kinases 
inhibits Jnk activation (Jones et al., 2008; Lin et al., 2003; Murli et al., 2001). Moreover, SpvC 
has been shown to directly inhibit Erk, Jnk and p38 MAPKs via its phosphothreonine lyase 
activity (Li et al., 2007; Mazurkiewicz et al., 2008). 

The deubiquitinase activity of SPI-2 effector, SseL, is able to suppress NFκB activation by 
impairing IκBα ubiquitination and degradation (Le Negrate et al., 2008). This is thought to 
be an additional measure by which Salmonella is able to target transcription factors 
downstream from MAPK pathways to ensure immune suppression. AvrA also has a 
reportedly redundant role to SseL deubiquitinase activity and thereby acts in a similar 
manner (Ye et al., 2007). Furthermore, SspH1 inhibits NFkB-dependant gene expression, 
although the precise mechanisms are unclear (Rohde et al., 2007). The production of reactive 
host species by many host cells is imperative for killing intracellular pathogens. This is 
essentially through the employment of NADPH oxidase (NOX2) activity found in 
lysosomes. Salmonella is able to evade this activity by utilizing SodCl, a superoxide 
dismutase, which protects itself from the reactive oxygen species.  

Metal availability in host eukaryotic cells is required for full virulence of Salmonella. Of 
many trace elements reportedly utilised by Salmonella, iron appears most important. Iron is a 
cofactor for various fundamental enzymes and metabolic processes in Salmonella, which 
must compete with the host cell to obtain this ion (Schaible & Kaufmann, 2004). 
Epidemiological evidence from patients with β-thalassaemia has demonstrated an increased 
susceptibility of Salmonella infection (Wanachiwanawin, 2000). Similarly, Salmonella 
virulence was exacerbated in laboratory conditions replicating iron overload (Sawatzki et 
al., 1983). Further evidence of increased virulence of Salmonella in iron favouring conditions 
stems from the attenuated intracellular growth of mutant S. Typhi whose iron uptake 
abilities are impaired (Furman et al., 1994). 

In light of the importance of iron in Salmonella virulence, it is not surprising that Salmonella 
has evolved strategies in acquiring various metals for intracellular survival. The iron 
availability in eukaryotic hosts is limited due to activity of transferrin and natural 
resistance-associated macrophage protein one (Nramp1) (Nairz et al., 2009). Additionally, 
during bouts of inflammation, the antimicrobial protein lipocalin-2 further inhibits bacterial 
iron acquisition, creating an environment highly unfavourable for Salmonella and other 
intracellular bacteria (Raffatellu et al., 2009). Salmonella therefore employs two siderophores, 
enterobactin and salmonchelin, when acquiring iron in highly competitive conditions 
(Muller et al., 2009). Salmonechelin, a glucoslyated derivative of enterobactin, is thought to 
resist or inhibit lipocalin-2 function (Raffatellu et al., 2009). Furthermore, SCVs in 
macrophages contain enough iron to affect activity of metal-responsive promoters, 
independently of Nramp1 (Taylor et al., 2009).  

Magnesium is also significant for intracellular survival of Salmonella and is delivered by three 
distinct systems for uptake: CorA, MgtA and MgtB (Blanc-Potard & Groisman, 1997). Zinc and 
potassium are also implicated in intracellular survival of Salmonella. In low zinc conditions, 
ZnuABC Zn2+ uptake system demonstrates its importance intracellularly, while further studies 
with ZnuABC mutants have supported the importance of zinc acquisition for virulence of 
Salmonella (Ammendola et al., 2007). Finally, the Trk complex system functions as a low-
affinity K+ transporter and resist host antimicrobial peptides(Parra-Lopez et al., 1994). 
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6. Effector modulation of host immunity  
Many SPI effectors can induce symptoms that are the hallmark feature of salmonellosis, 
such as acute intestinal inflammation and diarrhoea, through activation of immune cells and 
release of cytokines. During Salmonella invasion, transcription factors AP-1 and NFκB are 
activated via stimulation of Cdc42 by SPI-1 effectors SopE/SopE2 and SopB. More 
specifically, Erk, Jnk and p38 mitogen-activated protein kinase (MAPK) are unregulated in a 
Raf1-dependant fashion that ultimately result in transcription of AP-1 and NFκB to release 
proinflammatory cytokines such as IL-8, recruiting polymorphonuclear leukocytes (PMNs) 
(Layton & Galyov, 2007; Patel & Galan, 2006, 2005). Concomitantly, SipA triggers the Arf6- 
and phospholipase D signalling cascade, releasing PMN chemoattractant hepoxillin A3 
apically via protein kinase Cα (Layton & Galyov, 2007; Wall et al., 2007). As a result, PMN 
chemoattractant hepoxillin A3 promotes transmigration of PMN across the epithelium into 
the intestinal lumen. The actions of SopB, SopE, SopE2 and SipA are likely to disturb the 
integrity in the epithelial barrier and result further in PMN transmigration whilst promoting 
fluid flux, thereby contributing to diarrhoea (Boyle et al., 2006). SopB is also known to play a 
role in the induction of diarrhoea due to its inositol phosphatase activity, producing 
Ins(1,4,5,6)P4, which promotes cellular chloride ion secetion and fluid flux (Layton & 
Galyov, 2007). Contrary to this, the SPI-1 effector, AvrA,, has been shown to have 
countering effects on ion secretion by stabilising cell permeability and tight junctions in 
intestinal epithelial cells (Liao et al., 2008). This action is believed to have a strategic 
advantage to bacterial survival since disruption of the epithelial lining also increases the 
inflammatory response. Therefore AvrA may help Salmonella survive in the host during by 
dampening intestinal inflammation.  

7. Cell death 
‘From death comes life’ A proverb that seems to rings true during Salmonella infection of 
host cells. The relationship between Salmonella invasion and cell death has been long 
implicated; however the once simplistic model has now evolved to include many different 
mechanisms in which Salmonella prompts cell death. 

In many ways the epithelium provides a barrier, both physical and chemical, that 
demarcates two environments whilst selectively allowing particles to migrate to their new 
world. The internalization of Salmonella alone, mostly by epithelial lining cells, does not 
guarantee access to the underlying tissue. Rather, the phenomenon of cell death is thought 
to create the perfect opportunity for Salmonella to reach and infect Peyer's patches and 
disseminate to systemic tissues in the host. Internalized Salmonella in cultured epithelial cells 
is able to exploit and induce apoptosis in vitro after 8-12 hours, in a manner that is 
characteristic of apoptosis, such as activation of apoptotic caspase-3 and caspase-8 (Kim et 
al., 1998; Paesold et al., 2002; Zeng et al., 2006). Apoptosis is best defined as an active, 
controlled, genetically regulated and ATP-requiring process that results in cell death in the 
face of aging or damaged cells (Danial & Korsmeyer, 2004; Kerr et al., 1972). The bacterial 
invasion and synthesis of bacterial proteins from SPI-2 T3SS-II and spv genes are required 
for intracellular proliferation and induction of apoptosis (Paesold et al., 2002). Additionally, 
following bacterial invasion, host cellular production of inflammatory mediators, such as 
TNF-α and nitric oxide, are all thought to contribute to epithelial cell apoptosis. It should be 
noted that apoptosis of Salmonella-infested epithelial cells is a relatively delayed event, 
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reversing MAPK activation while AvrA acetyltransferase activity towards MAPK kinases 
inhibits Jnk activation (Jones et al., 2008; Lin et al., 2003; Murli et al., 2001). Moreover, SpvC 
has been shown to directly inhibit Erk, Jnk and p38 MAPKs via its phosphothreonine lyase 
activity (Li et al., 2007; Mazurkiewicz et al., 2008). 

The deubiquitinase activity of SPI-2 effector, SseL, is able to suppress NFκB activation by 
impairing IκBα ubiquitination and degradation (Le Negrate et al., 2008). This is thought to 
be an additional measure by which Salmonella is able to target transcription factors 
downstream from MAPK pathways to ensure immune suppression. AvrA also has a 
reportedly redundant role to SseL deubiquitinase activity and thereby acts in a similar 
manner (Ye et al., 2007). Furthermore, SspH1 inhibits NFkB-dependant gene expression, 
although the precise mechanisms are unclear (Rohde et al., 2007). The production of reactive 
host species by many host cells is imperative for killing intracellular pathogens. This is 
essentially through the employment of NADPH oxidase (NOX2) activity found in 
lysosomes. Salmonella is able to evade this activity by utilizing SodCl, a superoxide 
dismutase, which protects itself from the reactive oxygen species.  

Metal availability in host eukaryotic cells is required for full virulence of Salmonella. Of 
many trace elements reportedly utilised by Salmonella, iron appears most important. Iron is a 
cofactor for various fundamental enzymes and metabolic processes in Salmonella, which 
must compete with the host cell to obtain this ion (Schaible & Kaufmann, 2004). 
Epidemiological evidence from patients with β-thalassaemia has demonstrated an increased 
susceptibility of Salmonella infection (Wanachiwanawin, 2000). Similarly, Salmonella 
virulence was exacerbated in laboratory conditions replicating iron overload (Sawatzki et 
al., 1983). Further evidence of increased virulence of Salmonella in iron favouring conditions 
stems from the attenuated intracellular growth of mutant S. Typhi whose iron uptake 
abilities are impaired (Furman et al., 1994). 

In light of the importance of iron in Salmonella virulence, it is not surprising that Salmonella 
has evolved strategies in acquiring various metals for intracellular survival. The iron 
availability in eukaryotic hosts is limited due to activity of transferrin and natural 
resistance-associated macrophage protein one (Nramp1) (Nairz et al., 2009). Additionally, 
during bouts of inflammation, the antimicrobial protein lipocalin-2 further inhibits bacterial 
iron acquisition, creating an environment highly unfavourable for Salmonella and other 
intracellular bacteria (Raffatellu et al., 2009). Salmonella therefore employs two siderophores, 
enterobactin and salmonchelin, when acquiring iron in highly competitive conditions 
(Muller et al., 2009). Salmonechelin, a glucoslyated derivative of enterobactin, is thought to 
resist or inhibit lipocalin-2 function (Raffatellu et al., 2009). Furthermore, SCVs in 
macrophages contain enough iron to affect activity of metal-responsive promoters, 
independently of Nramp1 (Taylor et al., 2009).  

Magnesium is also significant for intracellular survival of Salmonella and is delivered by three 
distinct systems for uptake: CorA, MgtA and MgtB (Blanc-Potard & Groisman, 1997). Zinc and 
potassium are also implicated in intracellular survival of Salmonella. In low zinc conditions, 
ZnuABC Zn2+ uptake system demonstrates its importance intracellularly, while further studies 
with ZnuABC mutants have supported the importance of zinc acquisition for virulence of 
Salmonella (Ammendola et al., 2007). Finally, the Trk complex system functions as a low-
affinity K+ transporter and resist host antimicrobial peptides(Parra-Lopez et al., 1994). 
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6. Effector modulation of host immunity  
Many SPI effectors can induce symptoms that are the hallmark feature of salmonellosis, 
such as acute intestinal inflammation and diarrhoea, through activation of immune cells and 
release of cytokines. During Salmonella invasion, transcription factors AP-1 and NFκB are 
activated via stimulation of Cdc42 by SPI-1 effectors SopE/SopE2 and SopB. More 
specifically, Erk, Jnk and p38 mitogen-activated protein kinase (MAPK) are unregulated in a 
Raf1-dependant fashion that ultimately result in transcription of AP-1 and NFκB to release 
proinflammatory cytokines such as IL-8, recruiting polymorphonuclear leukocytes (PMNs) 
(Layton & Galyov, 2007; Patel & Galan, 2006, 2005). Concomitantly, SipA triggers the Arf6- 
and phospholipase D signalling cascade, releasing PMN chemoattractant hepoxillin A3 
apically via protein kinase Cα (Layton & Galyov, 2007; Wall et al., 2007). As a result, PMN 
chemoattractant hepoxillin A3 promotes transmigration of PMN across the epithelium into 
the intestinal lumen. The actions of SopB, SopE, SopE2 and SipA are likely to disturb the 
integrity in the epithelial barrier and result further in PMN transmigration whilst promoting 
fluid flux, thereby contributing to diarrhoea (Boyle et al., 2006). SopB is also known to play a 
role in the induction of diarrhoea due to its inositol phosphatase activity, producing 
Ins(1,4,5,6)P4, which promotes cellular chloride ion secetion and fluid flux (Layton & 
Galyov, 2007). Contrary to this, the SPI-1 effector, AvrA,, has been shown to have 
countering effects on ion secretion by stabilising cell permeability and tight junctions in 
intestinal epithelial cells (Liao et al., 2008). This action is believed to have a strategic 
advantage to bacterial survival since disruption of the epithelial lining also increases the 
inflammatory response. Therefore AvrA may help Salmonella survive in the host during by 
dampening intestinal inflammation.  

7. Cell death 
‘From death comes life’ A proverb that seems to rings true during Salmonella infection of 
host cells. The relationship between Salmonella invasion and cell death has been long 
implicated; however the once simplistic model has now evolved to include many different 
mechanisms in which Salmonella prompts cell death. 

In many ways the epithelium provides a barrier, both physical and chemical, that 
demarcates two environments whilst selectively allowing particles to migrate to their new 
world. The internalization of Salmonella alone, mostly by epithelial lining cells, does not 
guarantee access to the underlying tissue. Rather, the phenomenon of cell death is thought 
to create the perfect opportunity for Salmonella to reach and infect Peyer's patches and 
disseminate to systemic tissues in the host. Internalized Salmonella in cultured epithelial cells 
is able to exploit and induce apoptosis in vitro after 8-12 hours, in a manner that is 
characteristic of apoptosis, such as activation of apoptotic caspase-3 and caspase-8 (Kim et 
al., 1998; Paesold et al., 2002; Zeng et al., 2006). Apoptosis is best defined as an active, 
controlled, genetically regulated and ATP-requiring process that results in cell death in the 
face of aging or damaged cells (Danial & Korsmeyer, 2004; Kerr et al., 1972). The bacterial 
invasion and synthesis of bacterial proteins from SPI-2 T3SS-II and spv genes are required 
for intracellular proliferation and induction of apoptosis (Paesold et al., 2002). Additionally, 
following bacterial invasion, host cellular production of inflammatory mediators, such as 
TNF-α and nitric oxide, are all thought to contribute to epithelial cell apoptosis. It should be 
noted that apoptosis of Salmonella-infested epithelial cells is a relatively delayed event, 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

322 

which is thought to favour intracellular reproduction, increasing the overall niche of 
intracellular Salmonella (Kim et al., 1998).  

A relatively newly defined form of apoptosis utilized by Salmonella and other intracellular 
residing bacteria is termed pyroptosis. Its unique mechanism, features and inflammatory 
outcome distinguishes it from our current understanding of apoptosis (Fink & Cookson, 
2007; Hersh et al., 1999). Pyroptosis is caspase-1 dependant which is activated in the 
inflammasome during Salmonella infection. This differs from apoptosis in that caspase-3 and 
not caspase-1 is central to cell death (Brennan & Cookson, 2000; Jesenberger et al., 2000). 
Additionally, Caspase-3 is not activated in pyroptosis, nor is caspase-6 and caspase-8. 
Furthermore, the characteristic mitochondrial release of cytochrome c in apoptosis does not 
occur during pyroptosis (Jesenberger et al., 2000). Finally, the unique inflammatory outcome 
of pyroptosis stems from caspase-1 ability to release proinflammatory cytokines IL-1β and 
IL-18 by cleaving their precursor molecules (Fantuzzi & Dinarello, 1999).  

The SPI-1 effector, SipB has been heavily implicated in host cell death of following 
Salmonella internalization of macrophages, as supported by a study which showed reduced 
apoptosis following infection of SPI-1 mutant Salmonella (Monack et al., 2004). SipB is able to 
bind and activate caspase-1, triggering rapid pyroptosis. Flagellin is also demonstrated to be 
necessary in caspase-1-mediated, SPI-1-dependent pyroptosis, as observed in flagellin void 
Salmonella mutants (Franchi et al., 2006; Miao et al., 2006). It should be noted that pyroptosis 
is not limited in macrophages, as caspase-1-dependant death has also been observed in 
Salmonella-infected DCs (van der Velden et al., 2003). Another described pyroptosis in 
Salmonella infected macrophages, dubbed ‘Delayed SPI-2-dependant caspase-1-mediated 
pyroptosis, is thought to be important during the systemic phase of infection, as SPI-1 
effectors and flagellin are both repressed during this stage (Cummings et al., 2005; Fink & 
Cookson, 2007; Schlumberger & Hardt, 2006). Delayed macrophage death also requires 
expression of the spvB gene, as mutations in this gene prevent induction of delayed 
macrophage death (Browne et al., 2002; Libby et al., 2000). Despite this, Spv genes may not 
directly affect cytotoxicity as Spv mutants show attenuated intracellular replication and 
therefore may indirectly affect cytotoxicity through intracellular proliferation of Salmonella 
(Fink & Cookson, 2007). Delayed macrophage pyroptosis may heavily contribute to 
virulence of Salmonella, as dissemination is largely through Salmonella-infected macrophages 
(Fields et al., 1986). Therefore, delaying cell death and the subsequent release of Salmonella 
will allow the bacterium to disseminate further virtually undetected. Finally, an extremely 
late event of apoptosis in Salmonella-infected macrophages has been observed in caspase-1-
deficient macrophages, which is caspase-1-indepedant (Hernandez et al., 2003; Jesenberger 
et al., 2000). SPI-1 and more notably, sipB, are shown to be required for this caspase-1-
indepenant apoptosis in macrophages (Hernandez et al., 2003; Jesenberger et al., 2000). This 
process acts via the release of mitochondrial cytochrome c and activation of caspase-2, 
caspase-3, caspase-6 and caspase-8, resulting in apoptosis (Jesenberger et al., 2000). More 
research is required to clarify the role of caspase-1-independent apoptosis in the 
physiological setting of Salmonellosis. 

The many failsafe’s of Salmonella mediated cell death has caused greater debate on the 
effects in the virulence of Salmonella. In light of the fact that pyroptosis produces an 
inflammatory outcome, one may speculate that this pathway may have important 
implications in host protection. Contrarily, epithelial cell death via apoptosis is believed to 
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enhance bacterial migration and dissemination as this would likely result in a breach of the 
epithelial barrier and thereby allow more Salmonella to pass into underlying tissue. Further 
research in Salmonella mediated cell death may help clarify this seemly paradoxical event.  

8. Serum resistance  
Serum resistance and subsequent typhoid fever is a characteristic phenomenon observed in 
cases of S. Typhi infection. Unlike S. Typhimurium, S. Typhi is host specific and it does not 
persist in animals and thus is inherently difficult to study in vivo conditions. As a result, 
volunteer studies have been essential in establishing the pathogenesis of typhoid fever. 
Following mucosa invasion of S. Typhimurium, host pattern recognition receptors recognise 
various pathogen-associated molecular patterns (PAMPs) that are unique to bacteria. Such 
receptors include Toll-like receptor 4 (TLR-4) which recognises lipopolysaccharide (LPS) 
and TLR-5 that is exclusively expressed on the basolateral surface of epithelial cells which 
recognises and binds flagellin (Gewirtz et al., 2001; Hayashi et al., 2001; Poltorak et al., 1998). 
Activation of TLR signalling induces expression of various proinflammatory cytokines such 
as TNF-α and chemokine IL-8, recruiting neutrophils to the intestinal mucosa. These 
inflammatory markers are essential to the containment and clearance of Salmonella 
infection in the mucosa (Raffatellu et al., 2006). Contrasting this, S. Typhi invasion of the 
intestinal mucosa does not initiate effective immune response, nor triggers the neutrophil 
influx that is characteristic of S. Typhimurium. This is due to the expression of the Vi 
capsular antigen on the SPI-7 that is absent in S. Typhimurium. The expression of the Vi 
capsular antigen in S. Typhi is thought to down-regulate the TLR-mediated host response 
in the intestinal mucosa, ultimately allowing bacteria to escape the immune defence line 
and disseminate to the liver, bone marrow and gall bladder (Tsolis et al., 2008). In human 
colonic epithelial cell lines, capsulated S. Typhi reduces IL-8 production, while in a similar 
study, noncapsulated S. Typhi triggers more IL-8 and TNF-alpha production (Hirose et 
al., 1997; Raffatellu et al., 2005; Sharma & Qadri, 2004). Capsulated S. Typhi interferes 
with TLR5 and TLR4/MD2/CD14 stimulation by flagella and LPS, respectively (Miyake 
et al., 1998). In this view, the Vi capsular antigen appears to deafen the immune system by 
simply reducing immunological stimulation and subsequent response. An earlier study 
has revealed an approximate 10,000-fold decrease in the virulence of non-capsulated S. 
Typhi in an intraperitoneal mouse model of infection (Hone et al., 1988). Similarly, a 
volunteer study has demonstrated a significant increase in disease activity amongst those 
infected with capsulated S. Typhi (Hornick et al., 1970). Finally, vaccination with the Vi 
antigen has confirmed protection during human infection with capsulated S. Typhi 
(Klugman et al., 1987).  

Numerous theories by which the Vi capsular antigen inhibits inflammation have been 
proposed, two of which are most widely accepted. Primarily, Vi capsular antigen may 
physically mask PAMPs, thereby interfering with TLR stimulation (Raffatellu et al., 2006). 
This is supported by studies which found that the Vi antigen blocks the agglutination of S. 
Typhi with anti-LPS serum (Felix, 1934). Vi antigen also inhibits type 1 fimbriae mediated 
agglutination in Saccharomyces cerevisiae, collectively insinuating that the capsule physically 
masks surface structures (Miyake et al., 1998). Secondly, it has been suggested that the Vi 
antigen may attenuate downstream signalling related to IL-8 production (Qadri, 1997; 
Sharma & Qadri, 2004). Despite its early discovery, many questions regarding Vi capsular 
antigen mechanisms remain unanswered. This is due to the limitations of directly studying 
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which is thought to favour intracellular reproduction, increasing the overall niche of 
intracellular Salmonella (Kim et al., 1998).  

A relatively newly defined form of apoptosis utilized by Salmonella and other intracellular 
residing bacteria is termed pyroptosis. Its unique mechanism, features and inflammatory 
outcome distinguishes it from our current understanding of apoptosis (Fink & Cookson, 
2007; Hersh et al., 1999). Pyroptosis is caspase-1 dependant which is activated in the 
inflammasome during Salmonella infection. This differs from apoptosis in that caspase-3 and 
not caspase-1 is central to cell death (Brennan & Cookson, 2000; Jesenberger et al., 2000). 
Additionally, Caspase-3 is not activated in pyroptosis, nor is caspase-6 and caspase-8. 
Furthermore, the characteristic mitochondrial release of cytochrome c in apoptosis does not 
occur during pyroptosis (Jesenberger et al., 2000). Finally, the unique inflammatory outcome 
of pyroptosis stems from caspase-1 ability to release proinflammatory cytokines IL-1β and 
IL-18 by cleaving their precursor molecules (Fantuzzi & Dinarello, 1999).  

The SPI-1 effector, SipB has been heavily implicated in host cell death of following 
Salmonella internalization of macrophages, as supported by a study which showed reduced 
apoptosis following infection of SPI-1 mutant Salmonella (Monack et al., 2004). SipB is able to 
bind and activate caspase-1, triggering rapid pyroptosis. Flagellin is also demonstrated to be 
necessary in caspase-1-mediated, SPI-1-dependent pyroptosis, as observed in flagellin void 
Salmonella mutants (Franchi et al., 2006; Miao et al., 2006). It should be noted that pyroptosis 
is not limited in macrophages, as caspase-1-dependant death has also been observed in 
Salmonella-infected DCs (van der Velden et al., 2003). Another described pyroptosis in 
Salmonella infected macrophages, dubbed ‘Delayed SPI-2-dependant caspase-1-mediated 
pyroptosis, is thought to be important during the systemic phase of infection, as SPI-1 
effectors and flagellin are both repressed during this stage (Cummings et al., 2005; Fink & 
Cookson, 2007; Schlumberger & Hardt, 2006). Delayed macrophage death also requires 
expression of the spvB gene, as mutations in this gene prevent induction of delayed 
macrophage death (Browne et al., 2002; Libby et al., 2000). Despite this, Spv genes may not 
directly affect cytotoxicity as Spv mutants show attenuated intracellular replication and 
therefore may indirectly affect cytotoxicity through intracellular proliferation of Salmonella 
(Fink & Cookson, 2007). Delayed macrophage pyroptosis may heavily contribute to 
virulence of Salmonella, as dissemination is largely through Salmonella-infected macrophages 
(Fields et al., 1986). Therefore, delaying cell death and the subsequent release of Salmonella 
will allow the bacterium to disseminate further virtually undetected. Finally, an extremely 
late event of apoptosis in Salmonella-infected macrophages has been observed in caspase-1-
deficient macrophages, which is caspase-1-indepedant (Hernandez et al., 2003; Jesenberger 
et al., 2000). SPI-1 and more notably, sipB, are shown to be required for this caspase-1-
indepenant apoptosis in macrophages (Hernandez et al., 2003; Jesenberger et al., 2000). This 
process acts via the release of mitochondrial cytochrome c and activation of caspase-2, 
caspase-3, caspase-6 and caspase-8, resulting in apoptosis (Jesenberger et al., 2000). More 
research is required to clarify the role of caspase-1-independent apoptosis in the 
physiological setting of Salmonellosis. 

The many failsafe’s of Salmonella mediated cell death has caused greater debate on the 
effects in the virulence of Salmonella. In light of the fact that pyroptosis produces an 
inflammatory outcome, one may speculate that this pathway may have important 
implications in host protection. Contrarily, epithelial cell death via apoptosis is believed to 
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enhance bacterial migration and dissemination as this would likely result in a breach of the 
epithelial barrier and thereby allow more Salmonella to pass into underlying tissue. Further 
research in Salmonella mediated cell death may help clarify this seemly paradoxical event.  

8. Serum resistance  
Serum resistance and subsequent typhoid fever is a characteristic phenomenon observed in 
cases of S. Typhi infection. Unlike S. Typhimurium, S. Typhi is host specific and it does not 
persist in animals and thus is inherently difficult to study in vivo conditions. As a result, 
volunteer studies have been essential in establishing the pathogenesis of typhoid fever. 
Following mucosa invasion of S. Typhimurium, host pattern recognition receptors recognise 
various pathogen-associated molecular patterns (PAMPs) that are unique to bacteria. Such 
receptors include Toll-like receptor 4 (TLR-4) which recognises lipopolysaccharide (LPS) 
and TLR-5 that is exclusively expressed on the basolateral surface of epithelial cells which 
recognises and binds flagellin (Gewirtz et al., 2001; Hayashi et al., 2001; Poltorak et al., 1998). 
Activation of TLR signalling induces expression of various proinflammatory cytokines such 
as TNF-α and chemokine IL-8, recruiting neutrophils to the intestinal mucosa. These 
inflammatory markers are essential to the containment and clearance of Salmonella 
infection in the mucosa (Raffatellu et al., 2006). Contrasting this, S. Typhi invasion of the 
intestinal mucosa does not initiate effective immune response, nor triggers the neutrophil 
influx that is characteristic of S. Typhimurium. This is due to the expression of the Vi 
capsular antigen on the SPI-7 that is absent in S. Typhimurium. The expression of the Vi 
capsular antigen in S. Typhi is thought to down-regulate the TLR-mediated host response 
in the intestinal mucosa, ultimately allowing bacteria to escape the immune defence line 
and disseminate to the liver, bone marrow and gall bladder (Tsolis et al., 2008). In human 
colonic epithelial cell lines, capsulated S. Typhi reduces IL-8 production, while in a similar 
study, noncapsulated S. Typhi triggers more IL-8 and TNF-alpha production (Hirose et 
al., 1997; Raffatellu et al., 2005; Sharma & Qadri, 2004). Capsulated S. Typhi interferes 
with TLR5 and TLR4/MD2/CD14 stimulation by flagella and LPS, respectively (Miyake 
et al., 1998). In this view, the Vi capsular antigen appears to deafen the immune system by 
simply reducing immunological stimulation and subsequent response. An earlier study 
has revealed an approximate 10,000-fold decrease in the virulence of non-capsulated S. 
Typhi in an intraperitoneal mouse model of infection (Hone et al., 1988). Similarly, a 
volunteer study has demonstrated a significant increase in disease activity amongst those 
infected with capsulated S. Typhi (Hornick et al., 1970). Finally, vaccination with the Vi 
antigen has confirmed protection during human infection with capsulated S. Typhi 
(Klugman et al., 1987).  

Numerous theories by which the Vi capsular antigen inhibits inflammation have been 
proposed, two of which are most widely accepted. Primarily, Vi capsular antigen may 
physically mask PAMPs, thereby interfering with TLR stimulation (Raffatellu et al., 2006). 
This is supported by studies which found that the Vi antigen blocks the agglutination of S. 
Typhi with anti-LPS serum (Felix, 1934). Vi antigen also inhibits type 1 fimbriae mediated 
agglutination in Saccharomyces cerevisiae, collectively insinuating that the capsule physically 
masks surface structures (Miyake et al., 1998). Secondly, it has been suggested that the Vi 
antigen may attenuate downstream signalling related to IL-8 production (Qadri, 1997; 
Sharma & Qadri, 2004). Despite its early discovery, many questions regarding Vi capsular 
antigen mechanisms remain unanswered. This is due to the limitations of directly studying 
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the Vi capsular antigen in vivo in laboratory condition. Vi antigen expression is markedly 
reduced, if not obliterated, when transferred to the laboratory. This characteristic loss of the 
Vi capsular antigen is ascribed to the genetic instability of the SPI-7, which frequently is lost 
in the laboratory passage (Bueno et al., 2004). 

S. Typhi blood isolates from infected patients suggests that Vi antigen expression is 
invariable (Robbins & Robbins, 1984). However, S. Typhi isolates in human stool samples 
revealed a lack of Vi capsular antigen expression, compared to blood samples in the same 
patients (James Craigie, 1936). Moreover, recent in vitro studies have suggested that S. Typhi 
downregulates the expression of the Vi capsular antigen in the intestinal lumen as a result of 
the inherent high osmolarity of the region (Pickard et al., 1994). Concurrently, flagella 
expression is unregulated, while T3SS-1 genes are expressed (Arricau et al., 1998). These 
studies have revealed the transient nature of Vi expression during various stages of S. Typhi 
infection. The environmental shift between the high osmolarity of the intestinal lumen and 
low osmolarity inside the host tissue appears to promote expression of the Vi capsular 
antigen, while simultaneously repressing mobility and invasiveness. Upon invasion into the 
underlying epithelium, S. Typhi encounters low osmolarity within its new environment, 
thus triggering two component regulatory systems RcsBC and OmpR EnvZ. Both 
components activate Vi antigen expression while the expression of flagella and T3SS-1 genes 
are reduced (Arricau et al., 1998; Pickard et al., 1994; Virlogeux et al., 1996). The effects of Vi 
antigen expression on S. Typhi virulence are demonstrated in recent in vitro studies in which 
capsulated S. Typhi is resistant to phagocytosis (Looney & Steigbigel, 1986). These findings 
perplex the role virulent T3SS-1 effectors in intracellular survival of macrophages. 

9. Typhoid fever or septic shock? 
Unlike S. Typhi, S. Typhimurium and other non-typhoidal Salmonella serotypes generally do 
not elicit typhoid fever due to the absence of the SPI-7 and therefore Vi capsular antigen. In 
immunocompetent individuals, non-typhoidal Salmonella serotypes prompt a strong 
immune response, marked by neutrophil influx and inflammatory diarrhoea which help 
contain the infection in the intestinal mucosa. Conversely, immunocompromised patients 
infected with non-typhoidal Salmonella serotypes develop fulminant bacteraemia, a clinical 
presentation markedly different to that of typhoid fever (Tsolis et al., 2008). The failed 
containment of non-typhoidal Salmonella to the intestinal mucous leads to bacterial 
dissemination to the blood stream, prompting an aggressive immune response towards 
bacteria associated LPS. LPS, a known inducer of endotoxic shock, binds the TLR4-MD-2-
CD14 receptor complex inducing an excessive inflammatory response marked by release of 
TNF-α, IFN-γ and IL-1β (Hoebe et al., 2004). Endotoxic shock is characterised by a decrease 
in hypotension and microvascular thrombosis as the result of fibrin deposition in capillaries 
(Waage et al., 1991). LPS is thought to contribute to septic shock and mortality in patients 
with non-typhoidal Salmonella, in part due to the rapid production of TLR4-dependant TNF-
α in macrophages (Engelberts et al., 1991; Wilson et al., 2008). The synergic induction of 
nitric oxide synthase, by TNF-α, IFN-γ and IL-1β, increases production of nitric oxide which 
is a powerful vasodilator contributing to hypotension (Petros et al., 1991). In addition to this, 
TNF-α increases tissue-factor expression on monocytes, resulting in cleavage of serum 
fibrinogen to fibrin (Carlsen et al., 1988). Deposits of fibrin in microvasculature lead to 
intravascular coagulopathy, which can cause organ failure (Waage et al., 1991). Contrary to 
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the robust immunological response to non-typhoidal Salmonella serotypes, S. Typhi induces 
only a weak immune response. This is paralleled in the clinical setting as coagulatory 
abnormalities are not apparent in patients with typhoid fever (Butler et al., 1978). 
Furthermore, serum cytokine levels in patients with typhoid fever were relatively lower 
when compared to patients with gram-negative septic shock (Raffatellu et al., 2006). The 
impaired identification and host response towards S. Typhi is attributed to its ability to 
conceal two important molecular signatures, LPS and flagellin. As mentioned previously, 
the Vi capsular antigen is thought to mask the physical structure of LPS, thereby evading 
TLR4 recognition and subsequent response. Additionally, viaB locus in SPI-7 is also able to 
attenuate TLR5 signalling, albeit via a different mechanism. TviA, a regulatory protein 
encoded by the viaB, suppresses the transcription of locus flhC and flhD, both of which 
encode the master regulator of flagella expression (Winter et al., 2008). As a result, the 
transcription of the flagellin gene fliC is reduced and therefore flagellin is downregulated. 
This unique mechanism allows S. Typhi to evade TLR5 recognition of flagellin.  

10. Persistence 
The vast majority of patients with acute typhoid fever recover following adequate 
treatment; however 3-5% of cases develop a chronic infection in the gall bladder (Levine et 
al., 1982; Merselis et al., 1964). In light of the fact that S. Typhi is a human restrictive 
pathogen, these chronically affected individuals form crucial reservoirs for future spread via 
the faecal and urinal oral route (Bhan et al., 2005; Khatri et al., 2009). Furthermore, 
chronically affected individuals are almost always asymptomic, making identification of 
possible carriers a difficult task (Shpargel et al., 1985; Sinnott & Teall, 1987).  

Epidemiological studies have revealed a strong association between chronic carriers of S. 
Typhi and gallstones (Schioler et al., 1983). Moreover, 90% of chronically affected 
individuals have gallstones (Karaki & Matsubara, 1984). Alongside S. Typhi, many other 
bacterium have been implicated in the development of gallstones and later cholecystitis, an 
inflammation and obstruction of the gallbladder (Capoor et al., 2008; Swidsinski & Lee, 
2001). Despite much research, it remains unclear whether S. Typhi and other bacterium 
directly cause cholecystitis, or rather colonise previously damaged gall bladders (Cohen et 
al., 1987; Vaishnavi et al., 2005; Vogelsang & Boe, 1948). 

Being the site of bile storage, the gall bladder possesses a harsh environment and therefore 
can only be inhabited by organisms resistant to the bile (van Velkinburgh & Gunn, 1999) 
(Thanassi et al., 1997). S. Typhi is known to form biofilms in abiotic and biotic surfaces and it 
is therefore not surprising that S. Typhi forms biofilms in the gall bladder (Ledeboer & 
Jones, 2005). Interestingly, however, formation of Salmonella biofilms on gallstones is 
dependent on the presence of bile (Prouty et al., 2002). Bile is known to interact and 
manipulate gene expression in Salmonella biofilms, such as downregulating SPI-1 genes and 
mobility genes (Crawford et al., 2010; Prouty & Gunn, 2000). Despite this, the effects are 
believed to be minimal and may not dramatically affect the abilitiy of Salmonella’s to invade 
via effectors of SPI-1 or migrate via flagella. As S. Typhi is a human-restricted pathogen, 
utilising laboratory models such as S. Typhimurium does not truly mimic the pathogenesis 
of typhoid fever as S. Typhimurium induces a characteristic neutrophil response that is 
otherwise absent in S. Typhi. Therefore, much of our current understanding of S. Typhi 
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the Vi capsular antigen in vivo in laboratory condition. Vi antigen expression is markedly 
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with non-typhoidal Salmonella, in part due to the rapid production of TLR4-dependant TNF-
α in macrophages (Engelberts et al., 1991; Wilson et al., 2008). The synergic induction of 
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the robust immunological response to non-typhoidal Salmonella serotypes, S. Typhi induces 
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otherwise absent in S. Typhi. Therefore, much of our current understanding of S. Typhi 
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resistance in gall bladders stems from in vitro biofilm models, such as tube biofilm assays 
(TBA)(Gonzalez-Escobedo et al., 2011). Earlier studies have established the essential role of 
biofilm formation on gallstones removed from patients chronically infected with S. Typhi 
(Prouty et al., 2002). More recently, TBAs have revealed the bile-dependant enhancement of 
S. Typhi biofilms and specific binding to cholesterol-coated surfaces, such as in some cases 
of gallstones (Crawford et al., 2008). Furthermore, TBA’s have also confirmed that the 
flagellin subunit fliCI is necessary for initial binding to cholesterol-coated surfaces. In 
addition to this, outer-membrance protein C (OmpC) also affects binding of S. Typhi 
biofilms to cholesterol (Crawford et al., 2010). Following the initial attachment phase, 
formation of microcolonies typically precedes the development to mature biofilm. During 
these two latter stages, extracellular polymeric substances (EPS) help biofilm structural 
development and cell-cell interaction (Costerton et al., 1999). In S. Typhi infected 
gallbladders, EPS is primarily composed of cellulose, colanic acid, Vi capsular antigen, curli 
fimbriae, O antigen capsule and biofilm associated proteins (Gibson et al., 2006; Gonzalez-
Escobedo et al., 2011; Jonas et al., 2007; Ledeboer & Jones, 2005). Although the role of some 
elements in the EPS remain minor, other elements such as cellulose, colonic acid and O 
antigen capsule are crucial for S. Typhi persistence and biofilm development (Crawford et 
al., 2008; Prouty & Gunn, 2003; Prouty et al., 2002).  

Biofilm development is an important component of bacterial survival and persistence. In 
order to decipher the complex interaction between S. Typhi biofilm and gallbladder further 
research is required. Humanised moue models are currently in development and may 
provide useful data by allowing S. Typhi to be studied directly in biofilm formation and 
gallbladder persistence (Song et al., 2010).  

11. Conclusion 
In the last two decades, incredible progress has been made in our understanding of the very 
complex host-Salmonella interactions. Furthermore, current therapeutic developments reflect 
our current knowledge of molecular events during Salmonellosis. Despite this, existing 
animal models used to decipher Salmonella and host interactions have severe limitations and 
implications in the clinical scenario. For example, the scarcity of data on S. Typhi, due to no 
suitable animal models available, has limited our understanding and therefore therapeutic 
development in human typhoid. Although the recently developed streptomycin pre-treated 
murine model has greatly enhanced our understanding of S. Typhimurium, we must 
caution ourselves in over interpreting data as S. Typhimurium mouse model does not 
always reflect the human disease. Until laboratory based in vivo models of S. Typhi are 
established, scientists must rely on a combination of existing models to help increase our 
understanding of the infectious processes.  
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1. Introduction  
Salmonella enterica are members of a Gram-negative enteropathogenic bacteria family, which 
are able to infect a great diversity of hosts, including human. According to serotypes and 
hosts, Salmonella enterica cause a wide range of food- and water-borne diseases ranging from 
self-limiting gastroenteritis to systemic typhoid fever. Moreover, no other known bacterial 
pathogens belonging to a single species show such a remarkable variation in their host 
specificity. Ubiquitous serotypes such as Typhimurium and Enteritidis tend to produce 
acute but self-limiting enteritis in a wide range of hosts, whereas host-specific serotypes are 
associated with severe systemic disease in healthy outbred adults of a single species that 
may not involve diarrhoea (e.g. Gallinarum in poultry). Host-restricted serotypes are 
primarily associated with systemic disease in one host (e.g. Dublin in cattle, Choleraesuis in 
pigs), but may cause disease in a limited number of other species (Velge et al., 2005).  

For all these serotypes, the intestinal barrier crossing constitutes a crucial step for infection 
establishment. As shown in Figure 1, Salmonella can induce their own entry into enterocytes, 
but M cells and CD18-expressing phagocytes also facilitate their translocation through the 
intestinal epithelium (Watson & Holden, 2010). During gastroenteritis pathology, host 
colonization is restricted to the intestinal tract. However, Salmonella also have the ability to 
disseminate to extra-intestinal sites at least via CD18-expressing phagocytes, leading to deep 
organ colonization (Vazquez-Torres et al., 1999). 

Bacterial pathogens have developed two different mechanisms to invade non-phagocytic host 
cells by hijacking physiological cellular processes. Bacteria, such as Listeria monocytogenes and 
Yersinia pseudotuberculosis express surface proteins that interact with receptor on the host cell 
plasma membrane. This interaction promotes an activation of host cell signaling pathways, 
leading to actin remodelling. This process is referred to as a Zipper mechanism and is 
characterized by the induction of little protrusive activity and thin membrane extensions 
(Figure 2A and C) (Cossart & Sansonetti, 2004). Other bacteria, such as Shigella flexneri, do not 
require a receptor but trigger internalization from “inside” via the action of pathogen-effector 
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1. Introduction  
Salmonella enterica are members of a Gram-negative enteropathogenic bacteria family, which 
are able to infect a great diversity of hosts, including human. According to serotypes and 
hosts, Salmonella enterica cause a wide range of food- and water-borne diseases ranging from 
self-limiting gastroenteritis to systemic typhoid fever. Moreover, no other known bacterial 
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associated with severe systemic disease in healthy outbred adults of a single species that 
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establishment. As shown in Figure 1, Salmonella can induce their own entry into enterocytes, 
but M cells and CD18-expressing phagocytes also facilitate their translocation through the 
intestinal epithelium (Watson & Holden, 2010). During gastroenteritis pathology, host 
colonization is restricted to the intestinal tract. However, Salmonella also have the ability to 
disseminate to extra-intestinal sites at least via CD18-expressing phagocytes, leading to deep 
organ colonization (Vazquez-Torres et al., 1999). 

Bacterial pathogens have developed two different mechanisms to invade non-phagocytic host 
cells by hijacking physiological cellular processes. Bacteria, such as Listeria monocytogenes and 
Yersinia pseudotuberculosis express surface proteins that interact with receptor on the host cell 
plasma membrane. This interaction promotes an activation of host cell signaling pathways, 
leading to actin remodelling. This process is referred to as a Zipper mechanism and is 
characterized by the induction of little protrusive activity and thin membrane extensions 
(Figure 2A and C) (Cossart & Sansonetti, 2004). Other bacteria, such as Shigella flexneri, do not 
require a receptor but trigger internalization from “inside” via the action of pathogen-effector 
proteins delivered by specialized protein secretion systems (Schroeder & Hilbi, 2008). 
Translocated effector proteins effectively allow the bacteria to “hijack” many essential 
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intracellular processes and induce a massive reorganization of the host actin cytoskeleton, 
resulting in intense membrane ruffling and internalization of the bacteria. This invasion 
process is referred to as a Trigger mechanism (Figure 2B and D) (Cossart & Sansonetti, 2004).  

 
Fig. 1. Intestinal barrier crossing by Salmonella enterica through M cells, enterocytes or 
following a luminal capture by CD18+ phagocytes such as dendritic cells.  

The reorganization of actin cytoskeleton at the entry site is a crucial step for Trigger and 
Zipper bacterial internalization. In eukaryotic cells, actin exists as a globular monomer (G-
actin) which can assemble to form a filamentous structure (F-actin). In physiological 
conditions, actin polymerization requires different steps. First, nucleation of actin which 
consists in regrouping three actin monomers, is stimulated by cellular factors such as the 
Arp2/3 complex (Mullins et al., 1998). Once nucleated, the addition of ATP-actin-monomers 
at the barbed extremity of the filaments allows actin elongation (Pollard et al., 2000). The 
three-dimensional structure of actin filaments is ensured by capping proteins and other 
actin-binding proteins such as actinin, gelsolin, and villin that enable bundling of filaments 
(Bretscher, 1991; Hartwig & Kwiatkowski, 1991). Actin dynamics regulation is closely 
associated with small Rho guanosine triphosphatase protein (RhoGTPase) activity. 
RhoGTPases cycle between an inactive guanine di-phosphate (GDP)-bound form and an 
active guanine tri-phosphate (GTP)-bound form. The switch between inactive and active 
state is regulated by guanine exchange factors (GEF) which catalyze the exchange of GDP 
with GTP and GTPase activating proteins (GAP) which hydrolyze GTP into GDP to switch 
off their active state. When bound to GTP, Rho GTPases target and activate downstream 
effectors such as proteins from the Wiscott-Aldrich Syndrome protein (WASP) / N-WASP 
Family, leading to nucleator activation and actin reorganization. All these steps are required 
during bacterial internalization.  

 
The Different Strategies Used by Salmonella to Invade Host Cells  

 

341 

 
Fig. 2. Models of Zipper and Trigger invasion mechanisms. (A) The Zipper process is 
initiated by an interaction between a host cell receptor and a bacterial surface protein which 
allows the activation of RhoGTPases and actin polymerization at the entry site. (B) In 
contrast, during the Trigger mechanism, RhoGTPases are targeted by bacterial effectors 
which are directly translocated into host cell via a type–three secretion system, leading to 
actin polymerization and internalization. Electron scanning microscopy pictures show (C) S. 
Enteritidis invading fibroblasts via a Zipper process which is characterized by weak 
membrane rearrangements and (D) via a Trigger process which is characterized by intense 
membrane rearrangements.  

The study of host cell invasion by Salmonella has been initiated in 1967 by Takeuchi 
(Takeuchi, 1967). For decades, it was described in the literature that Salmonella can enter cells 
only via a “Trigger” mechanism mediated by a type-three secretion system (T3SS-1) 
encoded by the Salmonella pathogenicity island-1 (SPI-1) (Ibarra & Steele-Mortimer, 2009). 
Recent data have showed that cell invasion could occur despite the absence of the T3SS-1 
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(Aiastui et al., 2010; Radtke et al., 2010; Rosselin et al., 2011), indicating that the dominant 
paradigm postulating that a functional SPI-1/T3SS is absolutely required for cell entry, 
should be reconsidered. Moreover, the characterization of one T3SS-1-independent invasion 
pathway revealed that Salmonella have also the ability to enter cells via a Zipper process 
mediated by the Rck invasin (Rosselin et al., 2011). Consequently Salmonella are the first 
bacteria found to be able to invade cells both via a Zipper and a Trigger mechanism.  

Here, our current understanding of the different strategies used by Salmonella to invade host 
cells will be summarized and we will focus on how Salmonella are able to manipulate the 
host actin cytoskeleton, leading to discrete or intense membrane rearrangements. The gap of 
our knowledge about these different entry pathways will be discussed.  

2. Invasion mechanism dependent on the T3SS-1  
The Type-Three Secretion System (T3SS-1) is the best characterized invasion system of 
Salmonella. It allows bacterial internalization into non-phagocytic cells via a Trigger 
mechanism which induces massive actin rearrangements and intense membrane ruffling at 
the entry site (Cossart & Sansonetti, 2004). Under environmental conditions that enable the 
expression of the T3SS-1, the secretion apparatus is assembled at the bacterial surface and 
effectors are translocated into the eukaryotic cytosol following an interaction between the 
bacteria and the host cell (Garner et al., 2002; Hayward et al., 2005).  

2.1 T3SS-1 structure 

T3SSs are supramolecular complexes that play a major role in the virulence of many Gram-
negative pathogens by injecting bacterial protein effectors directly into host cells in an 
energy-dependent (ATP) manner (Galan & Wolf-Watz, 2006). These complexes cross both 
inner and outer membranes of bacteria and are able to create a pore in eukaryotic membrane 
upon contact with a host cell. They are made of an exportation apparatus, a basal body, a 
needle and a translocon at the tip of the needle (Figure 3A). The structure of these T3SSs 
shows a high degree of conservation among pathogens (Tampakaki et al., 2004) and the 
Salmonella T3SS-1 apparatus shares in particular a high homology with the T3SS of Shigella, 
also involved in host cell invasion (Groisman & Ochman, 1993).  

The basal body of the T3SS anchors the complex into the bacterial inner and outer membranes 
(Figure 3A). It is composed of PrgH, PrgK and InvG proteins which assemble into an inner 
ring (PrgH and PrgK) and an outer ring (InvG) (Schraidt & Marlovits, 2011). Anchored to the 
basal body via its transmembrane part, the needle protrudes from the outer membrane as a 
long filament of 50 nm length and is composed of the single PrgI protein (Kimbrough & Miller, 
2000). At the extremity of the needle, a complex of three proteins (SipB, SipC, SipD), known as 
the translocon, is able to form a pore in the eukaryotic target cell, allowing the secretion of 
effector proteins (Mattei et al., 2011). SipB, SipC and SipD proteins (also referred to Ssp 
proteins) share homology with other translocon proteins such as IpaB, IpaC and IpaD proteins 
of Shigella (Hueck, 1998). SipD has a hydrophilic domain and interacts directly with the PrgI 
needle protein (Rathinavelan et al., 2011) while the two other proteins of the translocon (SipB 
and SipC) have a hydrophobic domain and are therefore directly involved in the pore 
formation (Hayward et al., 2000; Miki et al., 2004). Particularly, it has been shown that the 
interaction of SipB with cellular cholesterol is necessary for effector translocation (Hayward et 
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al., 2005). Finally, the translocation of T3SS-1 effector proteins requires an exportation 
apparatus located at the inner membrane level and made of highly conserved proteins among 
T3SSs (SpaP, SpaQ, SpaR, SpaS, InvA, InvC and OrgB). The unfolded effectors in association 
with their chaperone are targeted to the exportation apparatus and the ATPase InvC produces 
the energy necessary to the transport of these proteins through the needle (Akeda & Galan, 
2004). The appropriate hierarchy in the secretion process is established by a cytoplasmic 
sorting platform composed of SpaO, OrgA and OrgB (Lara-Tejero et al., 2011). This platform 
sequentially loads the secreted proteins by interacting with their chaperones to ensure a 
specific order of secretion and optimize host cell invasion.  

 
Adapted from Kimbrough and Miller, 2002. 
A. Localization of the T3SS-1 structure proteins. B. Schematic representation of SPI-1 island encoding 
the T3SS-1 proteins. C. Functional classification of SPI-1-encoded proteins. 

Fig. 3. Structure and organization of Salmonella T3SS-1. 
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2.2 Regulation of T3SS-1 expression  

During Salmonella infection, a crucial step is the crossing of the intestinal barrier. The host 
environment encountered by the bacteria, and more particularly the small intestine 
environment, plays a major role in the invasion as it controls expression of the secretion 
apparatus. Coordination of T3SS-1 expression genes, almost all located on the Salmonella 
Pathogenicity Island 1 (SPI-1) is complex and well-timed. In response to different 
environmental stimuli, a sophisticated regulatory network controlling the expression of SPI-
1 has been established (Figure 4). Our purpose here is not to set up the thorough state-of-
the-art on all the regulators involved in Salmonella invasion, but to give a general overview 
of this system (for a review, see (Ellermeier & Slauch, 2007)). 

SPI-1 contains 39 genes encoding structural T3SS-1 proteins (inv/spa and prg operon), 
translocon proteins (SipB, C, D), some effectors (SipA, SptP and AvrA), some chaperones 
(SicA, InvB, SicP) and finally four transcriptional regulators (HilA, hilC, HilD and InvF) 
(Figure 3B and C). Other genes encoding secreted effectors (sopA, sopB, sopD, sopE, sopE2, 
slrP, sspH1, sspH2) are located elsewhere on the chromosome.  

HilA is central for SPI-1 transcriptional regulation. This protein activates directly the 
transcription of prg, inv/spa and sip operons, encoding structural components and some 
secreted effectors of T3SS-1 respectively. In addition, HilA induces the transcription of invF, 
encoding a transcriptional activator and targeting, among others, sip operon, sopE and sopB 
genes (Darwin & Miller, 1999). The sequential expression of HilA and InvF regulators allows 
a hierarchical regulation of invasion genes.  

Then, a second crucial level of SPI-1 transcriptional regulation takes place through the 
regulation of HilA via a feed-forward loop, involving three homologous transcriptional 
regulators: HilC, HilD and RtsA. Each of them binds directly to the hilA promoter and is 
able to activate its own expression. In fact, HilC, HilD and probably RtsA, act as 
derepressors of hilA transcription by counteracting the silencing exerted by nucleoid-
structuring proteins such as H-NS or Hha (Akbar et al., 2003; Queiroz et al., 2011). The 
reason why HilC, HilD and RtsA play such an important role in T3SS-1 expression through 
hilA regulation is that they are at the integration point of a lot of signals that control SPI-1 
expression (Figure 4). In this regulatory circuit, it is currently admitted that HilD has a 
predominant role whereas HilC and RtsA simply act as signal amplifiers. However, it has 
also been shown that these three regulators are also directly implicated in the regulation of 
others invasion genes (Akbar et al., 2003; Ellermeier & Slauch, 2004).  

Moreover, besides these direct regulators, a great number of other hilA regulators, acting 
mainly through HilD, have been identified. Among them, two-component systems play a 
major role. They sense environmental conditions and allow the transmission of different 
signals which modulate T3SS-1 genes expression. Some are able to activate indirectly HilA 
expression such as BarA/SirA and OmpR/EnvZ, whereas others such as PhoP/PhoQ and 
PhoB/PhoR repress it. In fact, HilA expression can also be inhibited. HilE has been 
identified as a negative regulator of hilA transcription preventing HilD activity (Fahlen et al., 
2000; Baxter et al., 2003). It has been suggested that the two-component systems PhoP/PhoQ 
and PhoB/PhoR act through HilE to regulate SPI-1 (Baxter & Jones, 2005).  

As stated above, environmental signals play a major role in Salmonella invasion. Low oxygen 
tension, high osmolarity, high iron concentration, neutral pH are conditions found in the 
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ileum, known to be the preferential invasion site of Salmonella. Thus, as expected in these 
conditions, invasion genes are activated through hilA expression. In contrast, when 
Salmonella are located at unfavorable sites for invasion in the host organism, the presence of 
signals such as bile, secreted into the proximal small intestine or cationic peptides, known to 
exist in macrophages, inhibits T3SS-1 expression (Figure 4). 

Although much has already been identified about the regulation of SPI-1, recently, it 
became more evident that mechanisms regulating this system are more complex than 
previously thought. 

 
Fig. 4. Environmental and transcriptional regulation of SPI-1 encoded genes. HilA is the 
major regulator of SPI-1 and is itself regulated by other regulators such as HilC, HilD, RtsA 
and HilE. When Salmonella reach the small intestine, a low O2 tension, a neutral pH, a high 
iron concentration and a high osmolarity activate SPI-1 expression. In contrast, the presence 
of bile or cationic peptides represses its expression.  

2.3 Subversion of the cellular machinery during T3SS-1-dependent entry 

Among the effectors that are translocated into host cell by the T3SS-1, six are essential to 
cell invasion (SipA, SipC, SopB, SopD, SopE, SopE2) while the other effectors contribute to 
a variety of post-invasion processes such as host cell survival and modulation of the 
inflammatory response (Patel & Galan, 2005). To trigger internalization into cells, effectors 
manipulate actin cytoskeleton either directly or indirectly. They also manipulate the 
delivery of vesicles to the site of bacterial entry to provide additional membrane and 
allow the extension and ruffling of the plasma membrane necessary to promote invasion. 
In later steps, membrane fission occurs to induce the sealing of the future Salmonella-
containing vacuole (SCV) and actin filaments are depolymerized, enabling the host cell to 
recover its normal shape (Figure 5).  
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major role. They sense environmental conditions and allow the transmission of different 
signals which modulate T3SS-1 genes expression. Some are able to activate indirectly HilA 
expression such as BarA/SirA and OmpR/EnvZ, whereas others such as PhoP/PhoQ and 
PhoB/PhoR repress it. In fact, HilA expression can also be inhibited. HilE has been 
identified as a negative regulator of hilA transcription preventing HilD activity (Fahlen et al., 
2000; Baxter et al., 2003). It has been suggested that the two-component systems PhoP/PhoQ 
and PhoB/PhoR act through HilE to regulate SPI-1 (Baxter & Jones, 2005).  

As stated above, environmental signals play a major role in Salmonella invasion. Low oxygen 
tension, high osmolarity, high iron concentration, neutral pH are conditions found in the 
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ileum, known to be the preferential invasion site of Salmonella. Thus, as expected in these 
conditions, invasion genes are activated through hilA expression. In contrast, when 
Salmonella are located at unfavorable sites for invasion in the host organism, the presence of 
signals such as bile, secreted into the proximal small intestine or cationic peptides, known to 
exist in macrophages, inhibits T3SS-1 expression (Figure 4). 

Although much has already been identified about the regulation of SPI-1, recently, it 
became more evident that mechanisms regulating this system are more complex than 
previously thought. 

 
Fig. 4. Environmental and transcriptional regulation of SPI-1 encoded genes. HilA is the 
major regulator of SPI-1 and is itself regulated by other regulators such as HilC, HilD, RtsA 
and HilE. When Salmonella reach the small intestine, a low O2 tension, a neutral pH, a high 
iron concentration and a high osmolarity activate SPI-1 expression. In contrast, the presence 
of bile or cationic peptides represses its expression.  

2.3 Subversion of the cellular machinery during T3SS-1-dependent entry 

Among the effectors that are translocated into host cell by the T3SS-1, six are essential to 
cell invasion (SipA, SipC, SopB, SopD, SopE, SopE2) while the other effectors contribute to 
a variety of post-invasion processes such as host cell survival and modulation of the 
inflammatory response (Patel & Galan, 2005). To trigger internalization into cells, effectors 
manipulate actin cytoskeleton either directly or indirectly. They also manipulate the 
delivery of vesicles to the site of bacterial entry to provide additional membrane and 
allow the extension and ruffling of the plasma membrane necessary to promote invasion. 
In later steps, membrane fission occurs to induce the sealing of the future Salmonella-
containing vacuole (SCV) and actin filaments are depolymerized, enabling the host cell to 
recover its normal shape (Figure 5).  
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Fig. 5. Intracellular activities of the T3SS-1 effectors: SipA and SipC bind actin directly 
whereas SopE, SopE2 and SopB stimulate RhoGTPase activity. SipC and SopE also act in 
cooperation to recruit exocytic vesicles at the entry site. SopB plays diverse roles during 
invasion: it promotes actomyosin contractility and changes phosphoinositide concentrations 
to facilitate the dissociation between actin cytoskeleton and membrane at the entry site. 
SopB also probably triggers the delivery of vesicles to the bacterial entry site in a VAMP-8 
dependent way and activate SopD which seems to contribute to the sealing and the 
formation of the SCV. The last effector SptP turns off the activity of RhoGTPases to allow the 
host cell to regain its initial shape. 

2.3.1 Actin manipulation 

Actin polymerization is an essential process induced by T3SS-1 effectors during entry. Some 
effectors stimulate actin rearrangements indirectly and two effectors, SipA and SipC, 
manipulate actin directly. SipA and SipC are localized at the eukaryotic plasma membrane 
during entry (Scherer et al., 2000) but they are also translocated into the host cell cytoplasm 
(Hueck et al., 1995; Kaniga et al., 1995). 

SipC, as part of the translocon, is required for T3SS-1 effector translocation and involved in 
actin nucleation and bundling. Due to its various functions, a 95% decrease in invasion is 
observed when sipC is deleted (Chang et al., 2005). The C-terminal region of SipC (amino-
acids A321-A409) encodes the effector translocation activity (Chang et al., 2005) and its 
central region (amino-acids N201–S220) binds to actin and induces a rapid nucleation and 
elongation of actin filaments. More precisely the regions containing the amino acids from 
H221–M260 and L381–A409 bind to and bundle actin filaments in vitro (Myeni & Zhou, 
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2010). The bundling activity of SipC is essential for internalization as a sipC mutant lacking 
bundling activity is impaired in cell invasion. SipC dimerization / multimerization seems to 
be required for nucleation and a sipC mutant deficient for multimerization and actin 
nucleation failed to cause severe colitis in a mouse model (Chang et al., 2007).  

As SipC, SipA binds directly to actin (amino acids P446-R685) and modulates cytoskeleton 
dynamics in different ways (Galkin et al., 2002; Higashide et al., 2002). A Salmonella 
Typhimurium sipA mutant exhibits a 60-80% decrease in invasion compared to the wild-
type strain (Perrett & Jepson, 2009), which can be correlated to the fact that SipA is a 
multifunctional effector. First, Zhou et al. (1999b) have observed that SipA reduces the 
critical concentration of G-actin in the cytosol required for polymerization. In addition, to 
facilitate polymerization, SipA also stabilizes actin filaments by displacing ADF / cofilin 
factor which stimulates actin depolymerization and by protecting F-actin from gelsolin 
severing (McGhie et al., 2004). Moreover, SipA enhances actin cross-linking both by 
interacting with T-Plastin, a cellular bundling protein, and by enhancing SipC activity 
(Zhou et al., 1999a; McGhie et al., 2001). Interestingly, Perrett and Jepson have 
demonstrated that a sipA deletion induces a decrease in host cell invasion but without 
affecting the frequency of membrane ruffle formation (Perrett & Jepson, 2009). By 
visualizing the membrane ruffles in the absence of SipA, they have observed that SipA is 
required to ensure the spatial localization of actin rearrangement beneath invading 
Salmonella for efficient uptake of bacteria. 

In contrast to SipA and SipC, SopB, SopE and SopE2 exert their activity into host cells by 
inducing actin polymerization in an indirect way. They activate RhoGTPases which are key 
cellular effectors that regulate actin cytoskeleton remodeling (Patel & Galan, 2005).  

During Salmonella T3SS-1 dependent invasion, SopE and SopE2 effectors mimic GEF 
activity to activate RhoGTPases. Their activation induces actin polymerization by 
stimulating downstream cellular proteins such as N-WASP, WAVE and WASH which 
activate the Arp2/3 nucleator complex (Buchwald et al., 2002; Schlumberger et al., 2003). 
SopE specifically targets the Rho GTPases Rac and Cdc42 in vitro whereas SopE2 only 
activates Cdc42 (Friebel et al., 2001). The role of Rac in Salmonella T3SS-1-dependent entry 
is well characterized but the role of Cdc42 is controversial. Criss et al. (2001) have 
demonstrated by using dominant negative forms and by pull-down assays that, in 
contrast to non-polarized cells, Cdc42 is not required and not activated during invasion of 
MCDK polarized epithelial cells. In the same way, Patel and Galan have observed that the 
depletion of Cdc42 by RNA interference (RNAi) in COS-2 and Henle-407 had no effect on 
membrane ruffling and efficient uptake (Patel & Galan, 2006). In contrast, a recent 
genome-scale RNAi screening in HeLA cells indicated that Cdc42 depletion induced a 
70% decrease in invasion, suggesting that it is required for the T3SS-1-dependent invasion 
process (Misselwitz et al., 2011). All together, it is difficult to conclude about the 
involvement of Cdc42 during T3SS-1-dependent entry.  

Salmonella mutant strains lacking both sopE and sopE2 are still able to invade cells in a SopB 
dependent way (Zhou et al., 2001). SopB is an inositol phosphatase which shares homology 
with eukaryotic phopho-inositol (PI) phosphatases (Norris et al., 1998). Like SopE and 
SopE2, SopB targets a GTPase from the Rho family, RhoG, but in an indirect manner since 
SopB activates the GEF protein that allows RhoG activation (Patel & Galan, 2006). Once 
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observed when sipC is deleted (Chang et al., 2005). The C-terminal region of SipC (amino-
acids A321-A409) encodes the effector translocation activity (Chang et al., 2005) and its 
central region (amino-acids N201–S220) binds to actin and induces a rapid nucleation and 
elongation of actin filaments. More precisely the regions containing the amino acids from 
H221–M260 and L381–A409 bind to and bundle actin filaments in vitro (Myeni & Zhou, 
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2010). The bundling activity of SipC is essential for internalization as a sipC mutant lacking 
bundling activity is impaired in cell invasion. SipC dimerization / multimerization seems to 
be required for nucleation and a sipC mutant deficient for multimerization and actin 
nucleation failed to cause severe colitis in a mouse model (Chang et al., 2007).  

As SipC, SipA binds directly to actin (amino acids P446-R685) and modulates cytoskeleton 
dynamics in different ways (Galkin et al., 2002; Higashide et al., 2002). A Salmonella 
Typhimurium sipA mutant exhibits a 60-80% decrease in invasion compared to the wild-
type strain (Perrett & Jepson, 2009), which can be correlated to the fact that SipA is a 
multifunctional effector. First, Zhou et al. (1999b) have observed that SipA reduces the 
critical concentration of G-actin in the cytosol required for polymerization. In addition, to 
facilitate polymerization, SipA also stabilizes actin filaments by displacing ADF / cofilin 
factor which stimulates actin depolymerization and by protecting F-actin from gelsolin 
severing (McGhie et al., 2004). Moreover, SipA enhances actin cross-linking both by 
interacting with T-Plastin, a cellular bundling protein, and by enhancing SipC activity 
(Zhou et al., 1999a; McGhie et al., 2001). Interestingly, Perrett and Jepson have 
demonstrated that a sipA deletion induces a decrease in host cell invasion but without 
affecting the frequency of membrane ruffle formation (Perrett & Jepson, 2009). By 
visualizing the membrane ruffles in the absence of SipA, they have observed that SipA is 
required to ensure the spatial localization of actin rearrangement beneath invading 
Salmonella for efficient uptake of bacteria. 

In contrast to SipA and SipC, SopB, SopE and SopE2 exert their activity into host cells by 
inducing actin polymerization in an indirect way. They activate RhoGTPases which are key 
cellular effectors that regulate actin cytoskeleton remodeling (Patel & Galan, 2005).  

During Salmonella T3SS-1 dependent invasion, SopE and SopE2 effectors mimic GEF 
activity to activate RhoGTPases. Their activation induces actin polymerization by 
stimulating downstream cellular proteins such as N-WASP, WAVE and WASH which 
activate the Arp2/3 nucleator complex (Buchwald et al., 2002; Schlumberger et al., 2003). 
SopE specifically targets the Rho GTPases Rac and Cdc42 in vitro whereas SopE2 only 
activates Cdc42 (Friebel et al., 2001). The role of Rac in Salmonella T3SS-1-dependent entry 
is well characterized but the role of Cdc42 is controversial. Criss et al. (2001) have 
demonstrated by using dominant negative forms and by pull-down assays that, in 
contrast to non-polarized cells, Cdc42 is not required and not activated during invasion of 
MCDK polarized epithelial cells. In the same way, Patel and Galan have observed that the 
depletion of Cdc42 by RNA interference (RNAi) in COS-2 and Henle-407 had no effect on 
membrane ruffling and efficient uptake (Patel & Galan, 2006). In contrast, a recent 
genome-scale RNAi screening in HeLA cells indicated that Cdc42 depletion induced a 
70% decrease in invasion, suggesting that it is required for the T3SS-1-dependent invasion 
process (Misselwitz et al., 2011). All together, it is difficult to conclude about the 
involvement of Cdc42 during T3SS-1-dependent entry.  

Salmonella mutant strains lacking both sopE and sopE2 are still able to invade cells in a SopB 
dependent way (Zhou et al., 2001). SopB is an inositol phosphatase which shares homology 
with eukaryotic phopho-inositol (PI) phosphatases (Norris et al., 1998). Like SopE and 
SopE2, SopB targets a GTPase from the Rho family, RhoG, but in an indirect manner since 
SopB activates the GEF protein that allows RhoG activation (Patel & Galan, 2006). Once 
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activated, RhoG induces actin polymerization at the entry site presumably by stimulating 
the Arp2/3 complex (Patel & Galan, 2006). A sopB deletion in S. Typhimurium induces a 
50% decrease in invasion. But when sopB deletion is coupled with a sopE deletion, Salmonella 
uptake is drastically impaired (Zhou et al., 2001), demonstrating that all the T3SS-1 effectors 
work in concert to trigger entry.  

Recently, SopB was also shown to manipulate actomyosin contractility to mediate 
invasion. SopB recruits myosin II by activating RhoA and its Rho kinase downstream 
effector. In contrast to the process leading to actin polymerization during Salmonella entry, 
myosin II recruitment at the entry site is independent on Arp2/3 nucleator activity 
(Hanisch et al., 2011).  

In addition, different cellular proteins are involved during the T3SS-1 dependent entry of 
Salmonella without the identification of the bacterial effector responsible of this effect. This 
includes the focal adhesion kinase FAK, the Abelson tyrosine kinase Abl, and Shank3 (Shi & 
Casanova, 2006; Huett et al., 2009; Ly & Casanova, 2009). During Salmonella uptake, FAK acts 
as a scaffolding protein, but not as a protein tyrosine kinase and its interaction with p130Cas 
is involved in actin reorganization and membrane ruffle formation (Shi & Casanova, 2006). 
But how Salmonella can nucleate assembly of focal adhesion-like complexes is still unclear 
and further research is needed to determine if this mechanism involves secreted bacterial 
effector proteins, other transmembrane host proteins, or both. Another scaffolding protein 
Shank3 also seems to regulate actin rearrangement during entry but the mechanisms leading 
to its recruitment and its activation have to be elucidated (Huett et al., 2009). As the 
experiments were performed using HeLa cells which are highly permissive to the T3SS-1-
dependent entry and with bacterial culture conditions that allow T3SS-1 expression, it is 
more probable that the Salmonella entry process inducing Shank3 recruitment is dependent 
on the T3SS-1. However, a T3SS-1-independent invasion process could also be involved 
because no mutant deficient for T3SS-1 expression was used as a control to analyze the 
involvement of Shank3.  

Abelson tyrosine kinase Abl is also involved during Salmonella invasion as well as its 
effectors Abi1, a member of the WAVE2 complex, and CrkII (Ly & Casanova, 2009). Abi1 
could thus enhance actin polymerization at the entry site but the role of CrkII during the 
invasion process remains poorly characterized. 

2.3.2 Subversion of exocytosis machinery and membrane fusion during entry 

Recent data indicate that membrane fusion is a major process involved during entry, 
suggesting that membrane ruffling requires the addition of intracellular membrane. A 
study focusing on the subversion of the host exocyst complex during Salmonella entry has 
showed cooperation between SipC and SopE (Nichols & Casanova, 2010). The exocyst is 
an octomeric complex (Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, Exo84) involved in 
vesicular trafficking which directs post-Golgi vesicules at specific site on the plasma 
membrane prior to their fusion. Nichols and Casanova have demonstrated that the mature 
exocyst complex is recruited at the entry site through an interaction between its subunit 
Exo70 and SipC. A depletion of exo70 or Sec5, another component of the exocyst complex, 
impairs S. Typhimurium invasion. Moreover, they have shown that SopE activates the 
Ras-related protein RalA, a small GTPase required for exocyst complex assembly (Nichols 
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& Casanova, 2010). It appears that SopE and SipC effectors manipulate the host exocyst to 
bring new membrane at the entry site in order to allow the formation of membrane ruffles 
and internalization. 

SopB is also involved in this membrane fusion process through its inositol phosphatase 
activity. Dai et al. (2007) have shown that SopB-generated PI3P at the entry site leads to the 
recruitment of VAMP8, a host V-SNARE protein that mediates fusion between early and late 
endosomes. Moreover, depletion of VAMP8 by RNAi induces a decrease in invasion rate of 
a wild-type S. Typhimurium strain which is equivalent to that obtained with a sopB mutant. 
Thus, it seems that SopB promotes invasion by manipulating eukaryotic vesicular trafficking 
probably to induce fusion of intracellular vesicles to the cell membrane at the entry site. 

How these events of vesicle-membrane fusion interact with actin cytoskeleton 
rearrangements to trigger entry has not been investigated yet. These different processes 
may synergize to induce internalization since actin dynamics is closely related to the 
metabolism of phosphoinosides (Honda et al., 1999; Sechi & Wehland, 2000). However, 
VAMP8 which seems to be a marker of membrane fusion involved during S. 
Typhimurium invasion does not co-localize with F-actin during entry (Dai et al., 2007). In 
addition, it could be interesting to better characterize the role of the cellular factor 
IQGAP1 which is required for Salmonella uptake and acts following an interaction with 
actin and the RhoGTPases Rac1 and Cdc42 (Brown et al., 2007). Indeed, IQGAP1 is known 
to regulate actin architecture and interestingly, it also seems to act as a regulator of 
exocytosis by interacting with Exo70 (Rittmeyer et al., 2008). IQGAP1 could thus be one of 
the missing links between actin rearrangement and membrane fusion during Salmonella 
entry. Further studies could overcome this issue. 

2.3.3 Phagosome closure and restoration of the host cell normal shape 

As described above, inositol phosphatase activity of SopB drives to changes in cellular 
phosphoinosite concentrations at the bacteria/cell contact. In addition to generate PI3P at the 
entry site, translocation of SopB into host cells also induces PI(4,5)P2 hydrolysis, which leads to 
an almost complete absence of PI(4,5)P2 at the membrane invagination regions (Terebiznik et 
al., 2002). By reducing the local concentration of PI(4,5)P2, SopB destabilizes cytoskeleton-
plasma membrane interactions, thus reducing the rigidity of the membrane and promoting 
invasion by facilitating the fission and the sealing of the future Salmonella-containing vacuole. 
In addition to SopB, SopD also contributes to membrane fission. Boonyom et al. have 
demonstrated that a sopD deletion, like the sopB mutant, leads to a decrease in membrane 
fission during invasion and that SopD is recruited at the bacterial invasion site dependently on 
the phosphatase activity of SopB (Bakowski et al., 2007). Thus, SopD seems to cooperate with 
SopB and contribute to Salmonella uptake by facilitating membrane fission at the entry site 
leading to the formation of the SCV (Bakowski et al., 2007).  

Following the formation of intense membrane ruffling and internalization, the eukaryotic cell 
regains its normal shape, inducing the closure of the vacuole of endocytosis containing the 
bacteria. The restoration of actin cytoskeleton is promoted by the effector SptP, a tyrosine 
phosphatase which inactivates the RhoGTPases Rac-1 and Cdc42 by stimulating their intrinsic 
GTPase activity (Fu & Galan, 1998; Fu & Galan, 1999). The N- terminal region of SptP interacts 
with Rac-1 and Cdc42 and a structural study of SptP indicates that this effector mimics the 
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activated, RhoG induces actin polymerization at the entry site presumably by stimulating 
the Arp2/3 complex (Patel & Galan, 2006). A sopB deletion in S. Typhimurium induces a 
50% decrease in invasion. But when sopB deletion is coupled with a sopE deletion, Salmonella 
uptake is drastically impaired (Zhou et al., 2001), demonstrating that all the T3SS-1 effectors 
work in concert to trigger entry.  

Recently, SopB was also shown to manipulate actomyosin contractility to mediate 
invasion. SopB recruits myosin II by activating RhoA and its Rho kinase downstream 
effector. In contrast to the process leading to actin polymerization during Salmonella entry, 
myosin II recruitment at the entry site is independent on Arp2/3 nucleator activity 
(Hanisch et al., 2011).  

In addition, different cellular proteins are involved during the T3SS-1 dependent entry of 
Salmonella without the identification of the bacterial effector responsible of this effect. This 
includes the focal adhesion kinase FAK, the Abelson tyrosine kinase Abl, and Shank3 (Shi & 
Casanova, 2006; Huett et al., 2009; Ly & Casanova, 2009). During Salmonella uptake, FAK acts 
as a scaffolding protein, but not as a protein tyrosine kinase and its interaction with p130Cas 
is involved in actin reorganization and membrane ruffle formation (Shi & Casanova, 2006). 
But how Salmonella can nucleate assembly of focal adhesion-like complexes is still unclear 
and further research is needed to determine if this mechanism involves secreted bacterial 
effector proteins, other transmembrane host proteins, or both. Another scaffolding protein 
Shank3 also seems to regulate actin rearrangement during entry but the mechanisms leading 
to its recruitment and its activation have to be elucidated (Huett et al., 2009). As the 
experiments were performed using HeLa cells which are highly permissive to the T3SS-1-
dependent entry and with bacterial culture conditions that allow T3SS-1 expression, it is 
more probable that the Salmonella entry process inducing Shank3 recruitment is dependent 
on the T3SS-1. However, a T3SS-1-independent invasion process could also be involved 
because no mutant deficient for T3SS-1 expression was used as a control to analyze the 
involvement of Shank3.  

Abelson tyrosine kinase Abl is also involved during Salmonella invasion as well as its 
effectors Abi1, a member of the WAVE2 complex, and CrkII (Ly & Casanova, 2009). Abi1 
could thus enhance actin polymerization at the entry site but the role of CrkII during the 
invasion process remains poorly characterized. 
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Recent data indicate that membrane fusion is a major process involved during entry, 
suggesting that membrane ruffling requires the addition of intracellular membrane. A 
study focusing on the subversion of the host exocyst complex during Salmonella entry has 
showed cooperation between SipC and SopE (Nichols & Casanova, 2010). The exocyst is 
an octomeric complex (Sec3, Sec5, Sec6, Sec8, Sec10, Sec15, Exo70, Exo84) involved in 
vesicular trafficking which directs post-Golgi vesicules at specific site on the plasma 
membrane prior to their fusion. Nichols and Casanova have demonstrated that the mature 
exocyst complex is recruited at the entry site through an interaction between its subunit 
Exo70 and SipC. A depletion of exo70 or Sec5, another component of the exocyst complex, 
impairs S. Typhimurium invasion. Moreover, they have shown that SopE activates the 
Ras-related protein RalA, a small GTPase required for exocyst complex assembly (Nichols 
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& Casanova, 2010). It appears that SopE and SipC effectors manipulate the host exocyst to 
bring new membrane at the entry site in order to allow the formation of membrane ruffles 
and internalization. 

SopB is also involved in this membrane fusion process through its inositol phosphatase 
activity. Dai et al. (2007) have shown that SopB-generated PI3P at the entry site leads to the 
recruitment of VAMP8, a host V-SNARE protein that mediates fusion between early and late 
endosomes. Moreover, depletion of VAMP8 by RNAi induces a decrease in invasion rate of 
a wild-type S. Typhimurium strain which is equivalent to that obtained with a sopB mutant. 
Thus, it seems that SopB promotes invasion by manipulating eukaryotic vesicular trafficking 
probably to induce fusion of intracellular vesicles to the cell membrane at the entry site. 

How these events of vesicle-membrane fusion interact with actin cytoskeleton 
rearrangements to trigger entry has not been investigated yet. These different processes 
may synergize to induce internalization since actin dynamics is closely related to the 
metabolism of phosphoinosides (Honda et al., 1999; Sechi & Wehland, 2000). However, 
VAMP8 which seems to be a marker of membrane fusion involved during S. 
Typhimurium invasion does not co-localize with F-actin during entry (Dai et al., 2007). In 
addition, it could be interesting to better characterize the role of the cellular factor 
IQGAP1 which is required for Salmonella uptake and acts following an interaction with 
actin and the RhoGTPases Rac1 and Cdc42 (Brown et al., 2007). Indeed, IQGAP1 is known 
to regulate actin architecture and interestingly, it also seems to act as a regulator of 
exocytosis by interacting with Exo70 (Rittmeyer et al., 2008). IQGAP1 could thus be one of 
the missing links between actin rearrangement and membrane fusion during Salmonella 
entry. Further studies could overcome this issue. 

2.3.3 Phagosome closure and restoration of the host cell normal shape 

As described above, inositol phosphatase activity of SopB drives to changes in cellular 
phosphoinosite concentrations at the bacteria/cell contact. In addition to generate PI3P at the 
entry site, translocation of SopB into host cells also induces PI(4,5)P2 hydrolysis, which leads to 
an almost complete absence of PI(4,5)P2 at the membrane invagination regions (Terebiznik et 
al., 2002). By reducing the local concentration of PI(4,5)P2, SopB destabilizes cytoskeleton-
plasma membrane interactions, thus reducing the rigidity of the membrane and promoting 
invasion by facilitating the fission and the sealing of the future Salmonella-containing vacuole. 
In addition to SopB, SopD also contributes to membrane fission. Boonyom et al. have 
demonstrated that a sopD deletion, like the sopB mutant, leads to a decrease in membrane 
fission during invasion and that SopD is recruited at the bacterial invasion site dependently on 
the phosphatase activity of SopB (Bakowski et al., 2007). Thus, SopD seems to cooperate with 
SopB and contribute to Salmonella uptake by facilitating membrane fission at the entry site 
leading to the formation of the SCV (Bakowski et al., 2007).  

Following the formation of intense membrane ruffling and internalization, the eukaryotic cell 
regains its normal shape, inducing the closure of the vacuole of endocytosis containing the 
bacteria. The restoration of actin cytoskeleton is promoted by the effector SptP, a tyrosine 
phosphatase which inactivates the RhoGTPases Rac-1 and Cdc42 by stimulating their intrinsic 
GTPase activity (Fu & Galan, 1998; Fu & Galan, 1999). The N- terminal region of SptP interacts 
with Rac-1 and Cdc42 and a structural study of SptP indicates that this effector mimics the 
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activity of host cell GAPs factors (Stebbins & Galan, 2000). Interestingly, SptP is regulated by 
two different mechanisms in order to delay its activity in host cell compared to that of SopE or 
SipA. A microscopy analysis revealed that SipA is injected earlier than SptP in the host 
cytoplasm, which would imply that SipA has a higher affinity for the exportation apparatus of 
the T3SS-1 than SptP (Winnen et al., 2008). Moreover, SptP degradation by the host cell 
proteasome occurs later than SopE degradation (Kubori & Galan, 2003). 

2.4 T3SS-1 contribution to Salmonella pathogenesis 

The T3SS-1 is the main invasion factor of Salmonella in vitro. Nevertheless, its contribution to 
pathogenesis depends on the model used. In vivo studies with S. Dublin and S. 
Typhimurium serotypes have demonstrated that the T3SS-1 is essential for intestinal 
colonization and is required to induce enterocolitis in bovine, rabbit and murine models 
(Wallis & Galyov, 2000). In contrast, recent studies demonstrate that different serotypes of 
Salmonella lacking T3SS-1 still have the ability to invade in vitro cells of diverse origins and 
can be pathogenic in different in vivo infection models (Aiastui et al., 2010; Rosselin et al., 
2011). In addition, it was shown that the T3SS-1 is not required for Salmonella internalization 
into a 3-Dimensional intestinal epithelium (Radtke et al., 2010). Moreover, a SPI-1 mutant of 
S. Gallinarum exhibits a reduced invasiveness into avian cells but is fully virulent in adult 
chicken (Jones et al., 2001). In S. Enteritidis and S. Typhimurium, the T3SS-1 is not essential 
during systemic infection of one week-old chicken or BalB/c mouse nor during the 
intestinal colonization of rabbit ileal loops (Coombes et al., 2005; Jones et al., 2007; Karasova 
et al., 2010). Moreover, S. Senftenberg strains lacking SPI-1 are isolated from human clinical 
cases, suggesting that the T3SS-1 is dispensable by this serotype for the establishment of 
infection in humans (Hu et al., 2008).  

Taken together, these results indicate that T3SS-1- independent invasion mechanisms also 
play an important role in Salmonella infection and pathogenesis. 

3. Invasion mechanisms independent of the T3SS-1 
A Salmonella mutant, unable to express its T3SS-1 is still able to invade numerous cell lines and 
cell types and is shown to induce both intense and local membrane rearrangements (Rosselin 
et al., 2011). However, to date, little is known about the entry factors mediating these T3SS-1 
independent invasion mechanisms. Here, we describe and sum up the state-of-art regarding 
these new invasion systems. Rck, PagN and HlyE are the three invasins identified as involved 
in Salmonella uptake. Moreover, Rosselin et al. (2011) have described that others unknown 
invasion factors exist although they are still not identified.  

3.1 The Rck invasin 

Among invasins that play a role in Salmonella invasion in a T3SS-1-independent way, Rck 
is clearly the best characterized. Rck is an 17kDa outer membrane protein (OMP) encoded 
by the large virulence plasmid of S. Enteritidis and S. Typhimurium (Heffernan et al., 
1992; Rotger & Casadesus, 1999). In addition to its ability to induce adhesion to and 
invasion of eukaryotic cells, Rck confers a high resistance level to complement killing by 
preventing the formation of the membrane attack complex (Heffernan et al., 1992; Cirillo et 
al., 1996; Rosselin et al., 2010).  
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3.1.1 Rck structure 

Rck is a member of an outer membrane protein family named “Ail/Lom family”. This 
family consists of five members (Rck, Ail, Lom, OmpX and PagC) which are predicted to 
have eight transmembrane beta-sheets and four cell surface-exposed loops. Even if these 
proteins present a similar conformation, they have different functions. Rck and Ail (encoded 
by a chromosomal gene of Yersinia Enterocolitica) share the ability to promote serum 
resistance and epithelial cell invasion. These proteins do not exhibit homologous regions 
that could be related to these two identical roles. In Ail, the cell invasion property is 
associated with loop2 whereas loop3 and more precisely the region from the amino acids 
G113 to V159 was shown to be the minimal region of Rck required and sufficient for cell 
adhesion and invasion (Miller et al., 2001; Rosselin et al., 2010).  

Another member of this family involved in virulence is PagC which is encoded by a phoP-
regulated gene on the Salmonella chromosome and plays a role in intracellular macrophage 
survival in Salmonella (Miller et al., 1989; Gunn et al., 1995). Others members of this family 
are OmpX of Enterobacter cloacae (Mecsas et al., 1995) and Lom, a protein expressed by 
bacteriophage λ from lysogenic E. coli (Reeve & Shaw, 1979) but none of them have known 
virulence-associated phenotype.  

3.1.2 Rck regulation  

A genetic screening performed in S. Typhimurium to identify genes regulated by SdiA 
(suppressor of division inhibition), a transcriptional regulator of quorum sensing, has 
suggested that rck belongs to a putative operon called the “rck operon” whose expression is 
activated by SdiA in an Acyl Homoserine Lactone (AHLs)-dependent manner (Figure 6) 
(Ahmer et al., 1998; Michael et al., 2001).  

The rck operon contains 6 open reading frames: pefI, srgD, srgA, srgB, rck and srgC (Figure 6). 
Two genes in this operon, pefI (plasmid encoded fimbriae) and srgA (sdiA-regulated gene), 
affect the expression and function of the pef operon located upstream of the rck operon and 
involved in the biosynthesis of the Pef fimbriae. pefI encodes a transcriptional regulator of 
the pef operon, and SrgA is a DsbA paralog that efficiently oxidizes the disulfide bond of 
PefA, the major structural subunit of the Pef fimbriae (Bouwman et al., 2003). These fimbriae 
are involved in biofilm formation, adhesion to murine small intestine and fluid 
accumulation in the infant mouse (Baumler et al., 1996; Ledeboer et al., 2006). Also localized 
on the rck operon, srgD encodes a putative transcriptional regulator. Recently, it has been 
shown that SrgD acts in cooperation with PefI to induce a synergistic negative regulation of 
flagellar genes expression (Wozniak et al., 2009; Wallar et al., 2011). The remaining genes on 
the rck operon have unknown functions and encode a putative outer membrane protein, 
SrgB, and a putative transcriptional regulator, SrgC. 

Another locus regulated by SdiA-AHLs has been identified during screening. This 
chromosomal locus encodes a single gene named srgE (STM1554) (Ahmer et al., 1998). No 
function for SrgE is described but a computational approach has suggested that SrgE is 
secreted by the T3SS-1 (Samudrala et al., 2009) (Figure 6).  

As E. coli and Klebsiella, Salmonella lack an AHL synthase and thus do not produce AHLs. 
However, SdiA can detect and bind AHLs produced by others bacterial species (Michael et 
al., 2001). SdiA is a LuxR homologue and has two functional domains. The C-terminal 
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activity of host cell GAPs factors (Stebbins & Galan, 2000). Interestingly, SptP is regulated by 
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1992; Rotger & Casadesus, 1999). In addition to its ability to induce adhesion to and 
invasion of eukaryotic cells, Rck confers a high resistance level to complement killing by 
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on the rck operon, srgD encodes a putative transcriptional regulator. Recently, it has been 
shown that SrgD acts in cooperation with PefI to induce a synergistic negative regulation of 
flagellar genes expression (Wozniak et al., 2009; Wallar et al., 2011). The remaining genes on 
the rck operon have unknown functions and encode a putative outer membrane protein, 
SrgB, and a putative transcriptional regulator, SrgC. 

Another locus regulated by SdiA-AHLs has been identified during screening. This 
chromosomal locus encodes a single gene named srgE (STM1554) (Ahmer et al., 1998). No 
function for SrgE is described but a computational approach has suggested that SrgE is 
secreted by the T3SS-1 (Samudrala et al., 2009) (Figure 6).  

As E. coli and Klebsiella, Salmonella lack an AHL synthase and thus do not produce AHLs. 
However, SdiA can detect and bind AHLs produced by others bacterial species (Michael et 
al., 2001). SdiA is a LuxR homologue and has two functional domains. The C-terminal 
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region contains a predicted helix-turn-helix motif implicated in DNA binding and a N-
terminal domain called “autoinducer domain” that interacts with AHLs. By NMR analysis, 
Yao et al. (2007) have shown that a direct interaction between SdiA and AHLs is required for 
SdiA folding and function.  

Temperature also affects rck operon expression. At temperature below 30°C, the 
transcription of rck operon is repressed, while srgE is repressed only at temperature below 
22°C (Smith & Ahmer, 2003)(Figure 6). As SdiA expression is not temperature regulated, 
another level of rck operon regulation remains to be identified.  

In addition, a transcriptomic study has shown that Hha and its paralogue YdgH could be 
involved in the regulation of the rck operon (Vivero et al., 2008).  

 
Fig. 6. Regulation of rck operon expression. When bound to AHLs, SdiA activates the 
expression of rck operon and srgE. Under temperatures that are lower than 30°C or 22°C, the 
expression of rck operon and srgE is inhibited, respectively. 

3.1.3 Rck-mediated entry mechanism 

When a rck mutant is grown under swarming conditions known to induce SdiA expression, 
a 2-3 fold decrease in epithelial cell invasion has been observed compared to the wild-type 
strain (Rosselin et al., 2010). Moreover, in standard culture conditions, Rck overexpression 
leads to an increase in invasion.  

By using both an initially non-invasive E. coli strain overexpressing Rck and latex beads 
coated with the minimal region of Rck inducing invasion (G113-V159), it was demonstrated 
that Rck alone is able to induce entry by a receptor-mediated process. This mechanism 
promotes local actin remodelling and weak and closely adherent membrane extensions 
(Rosselin et al., 2010). Salmonella can thus enter cells through two distinct mechanisms: the 
Trigger mechanism mediated by its T3SS-1 apparatus and a Zipper mechanism induced by 
Rck. A model of this Zipper entry process is shown in figure 7. Following an interaction 
between Rck and its unknown cellular receptor, it was shown by using specific drugs and a 
dominant negative form that the class I PI3-kinase made of the p85-p110 heterodimer is 
required for Rck mediated entry. Moreover, Rck induces an increase in the interactions 
between p85 and phosphotyrosine residues, leading to the class I PI3-Kinase activation. 
Pharmacological approaches or Akt knockout cells also demonstrate that Akt is necessary to 
Rck-mediated internalization. Probably by binding to PI(3,4,5)P3, Akt is recruited at the 
entry site and activated in a PI3-Kinase dependent way (Mijouin et al., 2012). 
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The GTPase Rho is not involved during the Rck entry process but the use of dominant 
negatives demonstrates that Rac1 and Cdc42 are required (Rosselin et al., 2010). Moreover, 
Rac1 is recruited at the entry site and Rck induces an increase in the level of active Rac1, 
demonstrating that it activates this GTPase (Rosselin et al., 2010; Mijouin et al., 2012). Rac1 
activation occurs downstream on the PI-3kinase activity. Finally, overexpression of 
inhibitory constructs has shown that actin polymerization is dependent on the Arp2/3 
nucleator complex during Rck-mediated entry (Rosselin et al., 2010).  

 
Fig. 7. Model of the cellular signaling pathway induces by Rck and leading to invasion. This 
Zipper entry process involves different cellular proteins: Class I PI3-Kinase, Akt, Rac and 
Cdc42, the Arp2/3 complex and actin. Dotted arrows: possible signalling events and/or 
interactions. 

3.1.4 Rck contribution to Salmonella pathogenesis 

The role of Rck in Salmonella invasion is clearly demonstrated in vitro, but its role in 
Salmonella pathogenesis is poorly understood. Indeed, in vivo conditions allowing rck 
expression are unclear. The fact that Rck is regulated by SdiA, a quorum sensing regulator 
suggests an intestinal role of this invasin (Ahmer et al., 1998). However, the mechanisms 
leading to SdiA activation and rck expression are not well characterized. SdiA activation 
has been investigated in different hosts including rabbit, guinea pig, cow, turtle, mouse, 
pig and chicken but no activated-SdiA has been detected in the gastro-intestinal tract of 
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region contains a predicted helix-turn-helix motif implicated in DNA binding and a N-
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expression of rck operon and srgE is inhibited, respectively. 

3.1.3 Rck-mediated entry mechanism 

When a rck mutant is grown under swarming conditions known to induce SdiA expression, 
a 2-3 fold decrease in epithelial cell invasion has been observed compared to the wild-type 
strain (Rosselin et al., 2010). Moreover, in standard culture conditions, Rck overexpression 
leads to an increase in invasion.  

By using both an initially non-invasive E. coli strain overexpressing Rck and latex beads 
coated with the minimal region of Rck inducing invasion (G113-V159), it was demonstrated 
that Rck alone is able to induce entry by a receptor-mediated process. This mechanism 
promotes local actin remodelling and weak and closely adherent membrane extensions 
(Rosselin et al., 2010). Salmonella can thus enter cells through two distinct mechanisms: the 
Trigger mechanism mediated by its T3SS-1 apparatus and a Zipper mechanism induced by 
Rck. A model of this Zipper entry process is shown in figure 7. Following an interaction 
between Rck and its unknown cellular receptor, it was shown by using specific drugs and a 
dominant negative form that the class I PI3-kinase made of the p85-p110 heterodimer is 
required for Rck mediated entry. Moreover, Rck induces an increase in the interactions 
between p85 and phosphotyrosine residues, leading to the class I PI3-Kinase activation. 
Pharmacological approaches or Akt knockout cells also demonstrate that Akt is necessary to 
Rck-mediated internalization. Probably by binding to PI(3,4,5)P3, Akt is recruited at the 
entry site and activated in a PI3-Kinase dependent way (Mijouin et al., 2012). 
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The GTPase Rho is not involved during the Rck entry process but the use of dominant 
negatives demonstrates that Rac1 and Cdc42 are required (Rosselin et al., 2010). Moreover, 
Rac1 is recruited at the entry site and Rck induces an increase in the level of active Rac1, 
demonstrating that it activates this GTPase (Rosselin et al., 2010; Mijouin et al., 2012). Rac1 
activation occurs downstream on the PI-3kinase activity. Finally, overexpression of 
inhibitory constructs has shown that actin polymerization is dependent on the Arp2/3 
nucleator complex during Rck-mediated entry (Rosselin et al., 2010).  

 
Fig. 7. Model of the cellular signaling pathway induces by Rck and leading to invasion. This 
Zipper entry process involves different cellular proteins: Class I PI3-Kinase, Akt, Rac and 
Cdc42, the Arp2/3 complex and actin. Dotted arrows: possible signalling events and/or 
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3.1.4 Rck contribution to Salmonella pathogenesis 

The role of Rck in Salmonella invasion is clearly demonstrated in vitro, but its role in 
Salmonella pathogenesis is poorly understood. Indeed, in vivo conditions allowing rck 
expression are unclear. The fact that Rck is regulated by SdiA, a quorum sensing regulator 
suggests an intestinal role of this invasin (Ahmer et al., 1998). However, the mechanisms 
leading to SdiA activation and rck expression are not well characterized. SdiA activation 
has been investigated in different hosts including rabbit, guinea pig, cow, turtle, mouse, 
pig and chicken but no activated-SdiA has been detected in the gastro-intestinal tract of 
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these animals, except for turtles which were found to be co-infected with AHLs-
producing Aeromonas hydrophila (Smith et al., 2008). Another work has demonstrated that 
SdiA is activated in mice previously infected with Yersinia enterocolitica, which is able to 
synthesize AHLs (Dyszel et al., 2010). However, in these conditions, SdiA activation does 
not confer a fitness advantage for Salmonella intestinal colonization in comparison to a 
sdiA mutant (Dyszel et al., 2010). These results suggest that even if SdiA activation is 
achieved when AHL-producing strains colonize the gastrointestinal tract, it is not always 
sufficient to induce the expression of its regulon including rck. To assess the role of SdiA 
and its regulon during intestinal infection, Dyszel et al. (2010) have constructed a 
Salmonella strain able to produce AHLs. After co-infection of mice with the AHL-
producing Salmonella strain and a sdiA mutant, it was shown that the constant activation 
of SdiA confers a selective advantage to Salmonella. Moreover, a loss of this selective 
advantage was observed when all individual SdiA-regulated genes were deleted, 
including rck, suggesting a role during intestinal colonization. Nevertheless, an in vivo 
model allowing a physiological activation of SdiA would be needed to assess the 
contribution of Rck to intestinal infection.  

In addition, as rck is also regulated by an unidentified SdiA-independent system (Smith et 
al., 2008), it is conceivable that Rck invasion mechanism is not restricted to the 
gastrointestinal tract. Considering that Rck is also involved in the resistance to complement 
killing, a systemic function of Rck is possible. 

3.2 The PagN invasin 

In addition to the T3SS-1 and Rck, the PagN outer membrane protein has also been 
identified as being involved in Salmonella invasion (Lambert & Smith, 2008). pagN, is 
localized on the centisome 7 genomic island and is widely distributed among Salmonella 
enterica serotypes (Folkesson et al., 1999). The pagN ORF was originally identified during a 
TnphoA random-insertion screening in S. Typhimurium performed to discover PhoP-
activated genes (Belden & Miller, 1994). 

3.2.1 PagN structure 

PagN shares similarity to both the Tia and Hek invasins of E. coli, and presents 39% and 42% 
identity in amino acids with these two invasins, respectively. Tia and Hek are predicted to 
have eight transmembrane regions, four long exposed extracellular loops and three short 
periplasmic turns (Mammarappallil & Elsinghorst, 2000; Fagan et al., 2008). Thus, PagN 
probably adopts a similar conformation as that of Hek and Tia.  

3.2.2 PagN regulation 

The pagN (phoP-activated gene) gene is phoP-regulated. The PhoP/PhoQ system is a two-
component transcriptional regulatory system which modulates transcription of a multitude 
of virulence genes in Salmonella. This regulatory system is composed of the PhoQ sensor 
kinase (located at the membrane) and the PhoP response regulator. In response to specific 
stimuli such as acidified macrophage phagosome environment or low Mg2+ concentration, 
PhoQ is auto-phosphorylated and transfers its phosphates to the cytoplasmic DNA-binding 
protein PhoP, regulating specific genes.  
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3.2.3 PagN-mediated entry mechanism 

Lambert & Smith (2008) have demonstrated that pagN deletion in S. Typhimurium leads to 
a 3-fold decrease in invasion of enterocytes without altering cell adhesion. At the cellular 
level, the PagN-mediated entry process is poorly characterized. It was only shown that 
actin polymerization is required during invasion (Lambert & Smith, 2008) and that PagN 
is able to interact with extracellular heparin proteoglycans (Lambert & Smith, 2009). 
However, proteoglycans cannot transduce a signaling cascade so it is probable that they 
act as co-receptors for invasion and not as the receptor itself. Moreover, although an 
interaction between PagN and heparin has been suggested, no clear heparin-binding 
motif was detected. Moreover, all PagN loops are required for invasion in epithelial cells 
(Lambert & Smith, 2009).   

3.2.4 PagN contribution to Salmonella pathogenesis 

PagN is required for survival in BALB/c mice (Heithoff et al., 1999) and a pagN mutant is 
less competitive to colonize the spleen of mice compared to its parental strain (Conner et al., 
1998). However, the role of PagN in Salmonella pathogenesis is still unclear. pagN is activated 
by PhoP and thus maximally expressed intracellularly, a condition in which the SPI-1 island 
encoding the T3SS-1 is downregulated (Conner et al., 1998; Heithoff et al., 1999; Eriksson et 
al., 2003). Lambert & Smith (2008) thus postulate that bacteria which exit epithelial cells or 
macrophages have an optimal level of PagN expression, but have a low T3SS-1 expression 
and this might facilitate subsequent interactions with mammalian cells that the pathogen 
encounters after host cell destruction. 

3.3 The HlyE invasin  

The hlyE gene is localized on the Salmonella pathogenicity island SPI-18 and is expressed 
by serotypes associated with systemic infection in humans including S. Typhi and S. 
Paratyphi A (Fuentes et al., 2008). The hlyE sequence shares more than 90% identity with 
that of Escherichia coli HlyE (ClyA) hemolysin.The HlyE protein is able to lyse epithelial 
cells when exported from bacterial cell via outer membrane vesicule release (Wai et al., 
2003). Recently, Fuentes et al. (2008) have demonstratred that HlyE contributes to 
epithelial cell invasion of S. Typhi. However, the cellular events leading to HlyE-mediated 
invasion have not been characterized.  

In vivo studies have shown that HlyE contributes to colonization of mouse deep organs 
(Fuentes et al., 2008). However, how HlyE participates in establishment of systemic infection 
of Salmonella is not well understood. 

3.4 Non-identified invasion factors 

Several studies have revealed that invasion systems in S. Typhimurium and S. Enteritidis 
are not restricted to the T3SS-1, Rck and PagN. Indeed, a strain which does not express 
rck, pagN and the T3SS-1 is still able to significantly invade fibroblasts, epithelial and 
endothelial cells (Rosselin et al., 2011). Results obtained by Aiastui et al. (2010) and van 
Sorge et al. (2011) have reinforced the idea that non-identified invasion factors are 
involved during entry into these cell types since Salmonella strains that cannot express the 
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these animals, except for turtles which were found to be co-infected with AHLs-
producing Aeromonas hydrophila (Smith et al., 2008). Another work has demonstrated that 
SdiA is activated in mice previously infected with Yersinia enterocolitica, which is able to 
synthesize AHLs (Dyszel et al., 2010). However, in these conditions, SdiA activation does 
not confer a fitness advantage for Salmonella intestinal colonization in comparison to a 
sdiA mutant (Dyszel et al., 2010). These results suggest that even if SdiA activation is 
achieved when AHL-producing strains colonize the gastrointestinal tract, it is not always 
sufficient to induce the expression of its regulon including rck. To assess the role of SdiA 
and its regulon during intestinal infection, Dyszel et al. (2010) have constructed a 
Salmonella strain able to produce AHLs. After co-infection of mice with the AHL-
producing Salmonella strain and a sdiA mutant, it was shown that the constant activation 
of SdiA confers a selective advantage to Salmonella. Moreover, a loss of this selective 
advantage was observed when all individual SdiA-regulated genes were deleted, 
including rck, suggesting a role during intestinal colonization. Nevertheless, an in vivo 
model allowing a physiological activation of SdiA would be needed to assess the 
contribution of Rck to intestinal infection.  

In addition, as rck is also regulated by an unidentified SdiA-independent system (Smith et 
al., 2008), it is conceivable that Rck invasion mechanism is not restricted to the 
gastrointestinal tract. Considering that Rck is also involved in the resistance to complement 
killing, a systemic function of Rck is possible. 
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In addition to the T3SS-1 and Rck, the PagN outer membrane protein has also been 
identified as being involved in Salmonella invasion (Lambert & Smith, 2008). pagN, is 
localized on the centisome 7 genomic island and is widely distributed among Salmonella 
enterica serotypes (Folkesson et al., 1999). The pagN ORF was originally identified during a 
TnphoA random-insertion screening in S. Typhimurium performed to discover PhoP-
activated genes (Belden & Miller, 1994). 

3.2.1 PagN structure 

PagN shares similarity to both the Tia and Hek invasins of E. coli, and presents 39% and 42% 
identity in amino acids with these two invasins, respectively. Tia and Hek are predicted to 
have eight transmembrane regions, four long exposed extracellular loops and three short 
periplasmic turns (Mammarappallil & Elsinghorst, 2000; Fagan et al., 2008). Thus, PagN 
probably adopts a similar conformation as that of Hek and Tia.  

3.2.2 PagN regulation 

The pagN (phoP-activated gene) gene is phoP-regulated. The PhoP/PhoQ system is a two-
component transcriptional regulatory system which modulates transcription of a multitude 
of virulence genes in Salmonella. This regulatory system is composed of the PhoQ sensor 
kinase (located at the membrane) and the PhoP response regulator. In response to specific 
stimuli such as acidified macrophage phagosome environment or low Mg2+ concentration, 
PhoQ is auto-phosphorylated and transfers its phosphates to the cytoplasmic DNA-binding 
protein PhoP, regulating specific genes.  
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3.2.3 PagN-mediated entry mechanism 
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macrophages have an optimal level of PagN expression, but have a low T3SS-1 expression 
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3.3 The HlyE invasin  

The hlyE gene is localized on the Salmonella pathogenicity island SPI-18 and is expressed 
by serotypes associated with systemic infection in humans including S. Typhi and S. 
Paratyphi A (Fuentes et al., 2008). The hlyE sequence shares more than 90% identity with 
that of Escherichia coli HlyE (ClyA) hemolysin.The HlyE protein is able to lyse epithelial 
cells when exported from bacterial cell via outer membrane vesicule release (Wai et al., 
2003). Recently, Fuentes et al. (2008) have demonstratred that HlyE contributes to 
epithelial cell invasion of S. Typhi. However, the cellular events leading to HlyE-mediated 
invasion have not been characterized.  

In vivo studies have shown that HlyE contributes to colonization of mouse deep organs 
(Fuentes et al., 2008). However, how HlyE participates in establishment of systemic infection 
of Salmonella is not well understood. 

3.4 Non-identified invasion factors 

Several studies have revealed that invasion systems in S. Typhimurium and S. Enteritidis 
are not restricted to the T3SS-1, Rck and PagN. Indeed, a strain which does not express 
rck, pagN and the T3SS-1 is still able to significantly invade fibroblasts, epithelial and 
endothelial cells (Rosselin et al., 2011). Results obtained by Aiastui et al. (2010) and van 
Sorge et al. (2011) have reinforced the idea that non-identified invasion factors are 
involved during entry into these cell types since Salmonella strains that cannot express the 
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T3SS-1 still enter into epithelial cells, endothelial cells and  fibroblasts in a significant way. 
Moreover, invasion analyses of a 3-D intestinal epithelium by S. Typhimurium have also 
highlighted the fact that Salmonella possess non-characterized invasion factors (Radtke et 
al., 2010).  

Actin network remodeling and membrane rearrangements induced by these unknown 
factors have been visualized by confocal and electron microscopy as well as both Zipper-
like and Trigger-like membrane alterations (Rosselin et al., 2011). Identification of these 
factors is required to confirm these observations. It suggests that Salmonella express non-
identified invasins able to mediate a Zipper process and factor(s) other than the T3SS-1 
that induce Trigger-like invasion process(es). Type IV or type VI secretion systems are 
good candidates to induce Trigger-like cellular structures as they are able to translocate 
proteins directly into the host cell cytosol and as they are major virulence determinants 
involved in the pathogenesis of diverse Gram-negative bacteria (Oliveira et al., 2006; 
Filloux et al., 2008; Blondel et al., 2010).  

These observations thus open new avenues for identification of new invasion factors.  

4. Conclusions and perspectives  
Until recently, it was accepted that Salmonella enter cells only via its T3SS-1, which 
mediates a Trigger entry process. The T3SS-1-dependent invasion system has been widely 
described in the literature both at the bacterial and the cellular molecular levels. 
Moreover, the requirement of the T3SS-1 during intestinal and systemic infections has 
been demonstrated in some animals (Wallis & Galyov, 2000). However, an increasing 
number of reports describe that different serotypes of Salmonella can induce host infection 
without a functional T3SS-1 (Penheiter et al., 1997; Jones et al., 2001; Karasova et al., 2010). 
This has been demonstrated with T3SS-1 mutants but also with clinical Salmonella strains 
(Hu et al., 2008). However, the majority of Salmonella invasion system studies have 
focused on the T3SS-1 and we have little information concerning the T3SS-1-independent 
entry processes. Several invasins including PagN, Rck and HlyE have been recently 
identified in Salmonella and different investigations have provided evidences for other 
non-identified invasion factors (Aiastui et al., 2010; Radtke et al., 2010; Rosselin et al., 2011; 
van Sorge et al., 2011). In addition, the vast majority of this information has been obtained 
in a mouse model and with S. Typhimurium and much less data are available for other 
serotypes especially those adapted to pigs, cattle or poultry which represent major 
reservoirs of Salmonella. Salmonella enterica contain, over 2,500 diverse serotypes that have 
different host ranges, and cause diseases with severity ranging from subclinical 
colonization to serious systemic disease. Because the essential feature of the pathogenicity 
of Salmonella is its interaction with host cells, the identification of new entry routes could, 
in part, explain their different host ranges and disease symptoms.  

The finding that Salmonella serotypes use different cell receptors and cell routes for host 
infection shows that the contribution of Salmonella genes to pathogenesis may be more 
complex than previously thought. These findings are changing our classical view of 
Salmonella pathogenicity. This new paradigm will modify the understanding of the 
mechanisms that lead to the different Salmonella-induced diseases and could allow us to 
revisit the host specificity bases. 

 
The Different Strategies Used by Salmonella to Invade Host Cells  

 

357 

5. References  
Ahmer, B. M., van Reeuwijk, J., Timmers, C. D., Valentine, P. J. & Heffron, F. (1998). 

Salmonella typhimurium encodes an SdiA homolog, a putative quorum sensor of 
the LuxR family, that regulates genes on the virulence plasmid. J Bacteriol. Vol. 180, 
No. 5, pp. 1185-93. 

Aiastui, A., Pucciarelli, M. G. & Garcia-del Portillo, F. (2010). Salmonella enterica serovar 
typhimurium invades fibroblasts by multiple routes differing from the entry into 
epithelial cells. Infect Immun. Vol. 78, No. 6, pp. 2700-13. 

Akbar, S., Schechter, L. M., Lostroh, C. P. & Lee, C. A. (2003). AraC/XylS family members, 
HilD and HilC, directly activate virulence gene expression independently of HilA 
in Salmonella typhimurium. Mol Microbiol. Vol. 47, No. 3, pp. 715-28. 

Akeda, Y. & Galan, J. E. (2004). Genetic analysis of the Salmonella enterica type III secretion-
associated ATPase InvC defines discrete functional domains. J Bacteriol. Vol. 186, 
No. 8, pp. 2402-12. 

Bakowski, M. A., Cirulis, J. T., Brown, N. F., Finlay, B. B. & Brumell, J. H. (2007). SopD acts 
cooperatively with SopB during Salmonella enterica serovar Typhimurium invasion. 
Cell Microbiol. Vol. 9, No. 12, pp. 2839-55. 

Baumler, A. J., Tsolis, R. M., Bowe, F. A., Kusters, J. G., Hoffmann, S. & Heffron, F. (1996). 
The pef fimbrial operon of Salmonella typhimurium mediates adhesion to murine 
small intestine and is necessary for fluid accumulation in the infant mouse. Infect 
Immun. Vol. 64, No. 1, pp. 61-8. 

Baxter, M. A., Fahlen, T. F., Wilson, R. L. & Jones, B. D. (2003). HilE interacts with HilD and 
negatively regulates hilA transcription and expression of the Salmonella enterica 
serovar Typhimurium invasive phenotype. Infect Immun. Vol. 71, No. 3, pp. 1295-305. 

Baxter, M. A. & Jones, B. D. (2005). The fimYZ genes regulate Salmonella enterica Serovar 
Typhimurium invasion in addition to type 1 fimbrial expression and bacterial 
motility. Infect Immun. Vol. 73, No. 3, pp. 1377-85. 

Belden, W. J. & Miller, S. I. (1994). Further characterization of the PhoP regulon: 
identification of new PhoP-activated virulence loci. Infect Immun. Vol. 62, No. 11, 
pp. 5095-101. 

Blondel, C. J., Yang, H. J., Castro, B., Chiang, S., Toro, C. S., Zaldivar, M., Contreras, I., 
Andrews-Polymenis, H. L. & Santiviago, C. A. (2010). Contribution of the type VI 
secretion system encoded in SPI-19 to chicken colonization by Salmonella enterica 
serotypes Gallinarum and Enteritidis. PLoS One. Vol. 5, No. 7, pp. e11724. 

Boonyom, R., Karavolos, M.H., Bulmer, D.M. & Khan, C.M. (2010). /Salmonella/ 
pathogenicity island 1 (SPI-1) type III secretion of SopD involves N- and C-terminal 
signals and direct binding to the InvC ATPase. Microbiology. vol.156, No.6, pp 
1805-14.  

Bouwman, C. W., Kohli, M., Killoran, A., Touchie, G. A., Kadner, R. J. & Martin, N. L. (2003). 
Characterization of SrgA, a Salmonella enterica serovar Typhimurium virulence 
plasmid-encoded paralogue of the disulfide oxidoreductase DsbA, essential for 
biogenesis of plasmid-encoded fimbriae. J Bacteriol. Vol. 185, No. 3, pp. 991-1000. 

Bretscher, M. S. (1991). Lipid flow in locomoting cells. Science. Vol. 251, No. 4991, pp. 317-8. 
Brown, M. D., Bry, L., Li, Z. & Sacks, D. B. (2007). IQGAP1 regulates Salmonella invasion 

through interactions with actin, Rac1, and Cdc42. J Biol Chem. Vol. 282, No. 41, pp. 
30265-72. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

356 

T3SS-1 still enter into epithelial cells, endothelial cells and  fibroblasts in a significant way. 
Moreover, invasion analyses of a 3-D intestinal epithelium by S. Typhimurium have also 
highlighted the fact that Salmonella possess non-characterized invasion factors (Radtke et 
al., 2010).  

Actin network remodeling and membrane rearrangements induced by these unknown 
factors have been visualized by confocal and electron microscopy as well as both Zipper-
like and Trigger-like membrane alterations (Rosselin et al., 2011). Identification of these 
factors is required to confirm these observations. It suggests that Salmonella express non-
identified invasins able to mediate a Zipper process and factor(s) other than the T3SS-1 
that induce Trigger-like invasion process(es). Type IV or type VI secretion systems are 
good candidates to induce Trigger-like cellular structures as they are able to translocate 
proteins directly into the host cell cytosol and as they are major virulence determinants 
involved in the pathogenesis of diverse Gram-negative bacteria (Oliveira et al., 2006; 
Filloux et al., 2008; Blondel et al., 2010).  

These observations thus open new avenues for identification of new invasion factors.  

4. Conclusions and perspectives  
Until recently, it was accepted that Salmonella enter cells only via its T3SS-1, which 
mediates a Trigger entry process. The T3SS-1-dependent invasion system has been widely 
described in the literature both at the bacterial and the cellular molecular levels. 
Moreover, the requirement of the T3SS-1 during intestinal and systemic infections has 
been demonstrated in some animals (Wallis & Galyov, 2000). However, an increasing 
number of reports describe that different serotypes of Salmonella can induce host infection 
without a functional T3SS-1 (Penheiter et al., 1997; Jones et al., 2001; Karasova et al., 2010). 
This has been demonstrated with T3SS-1 mutants but also with clinical Salmonella strains 
(Hu et al., 2008). However, the majority of Salmonella invasion system studies have 
focused on the T3SS-1 and we have little information concerning the T3SS-1-independent 
entry processes. Several invasins including PagN, Rck and HlyE have been recently 
identified in Salmonella and different investigations have provided evidences for other 
non-identified invasion factors (Aiastui et al., 2010; Radtke et al., 2010; Rosselin et al., 2011; 
van Sorge et al., 2011). In addition, the vast majority of this information has been obtained 
in a mouse model and with S. Typhimurium and much less data are available for other 
serotypes especially those adapted to pigs, cattle or poultry which represent major 
reservoirs of Salmonella. Salmonella enterica contain, over 2,500 diverse serotypes that have 
different host ranges, and cause diseases with severity ranging from subclinical 
colonization to serious systemic disease. Because the essential feature of the pathogenicity 
of Salmonella is its interaction with host cells, the identification of new entry routes could, 
in part, explain their different host ranges and disease symptoms.  

The finding that Salmonella serotypes use different cell receptors and cell routes for host 
infection shows that the contribution of Salmonella genes to pathogenesis may be more 
complex than previously thought. These findings are changing our classical view of 
Salmonella pathogenicity. This new paradigm will modify the understanding of the 
mechanisms that lead to the different Salmonella-induced diseases and could allow us to 
revisit the host specificity bases. 

 
The Different Strategies Used by Salmonella to Invade Host Cells  

 

357 

5. References  
Ahmer, B. M., van Reeuwijk, J., Timmers, C. D., Valentine, P. J. & Heffron, F. (1998). 

Salmonella typhimurium encodes an SdiA homolog, a putative quorum sensor of 
the LuxR family, that regulates genes on the virulence plasmid. J Bacteriol. Vol. 180, 
No. 5, pp. 1185-93. 

Aiastui, A., Pucciarelli, M. G. & Garcia-del Portillo, F. (2010). Salmonella enterica serovar 
typhimurium invades fibroblasts by multiple routes differing from the entry into 
epithelial cells. Infect Immun. Vol. 78, No. 6, pp. 2700-13. 

Akbar, S., Schechter, L. M., Lostroh, C. P. & Lee, C. A. (2003). AraC/XylS family members, 
HilD and HilC, directly activate virulence gene expression independently of HilA 
in Salmonella typhimurium. Mol Microbiol. Vol. 47, No. 3, pp. 715-28. 

Akeda, Y. & Galan, J. E. (2004). Genetic analysis of the Salmonella enterica type III secretion-
associated ATPase InvC defines discrete functional domains. J Bacteriol. Vol. 186, 
No. 8, pp. 2402-12. 

Bakowski, M. A., Cirulis, J. T., Brown, N. F., Finlay, B. B. & Brumell, J. H. (2007). SopD acts 
cooperatively with SopB during Salmonella enterica serovar Typhimurium invasion. 
Cell Microbiol. Vol. 9, No. 12, pp. 2839-55. 

Baumler, A. J., Tsolis, R. M., Bowe, F. A., Kusters, J. G., Hoffmann, S. & Heffron, F. (1996). 
The pef fimbrial operon of Salmonella typhimurium mediates adhesion to murine 
small intestine and is necessary for fluid accumulation in the infant mouse. Infect 
Immun. Vol. 64, No. 1, pp. 61-8. 

Baxter, M. A., Fahlen, T. F., Wilson, R. L. & Jones, B. D. (2003). HilE interacts with HilD and 
negatively regulates hilA transcription and expression of the Salmonella enterica 
serovar Typhimurium invasive phenotype. Infect Immun. Vol. 71, No. 3, pp. 1295-305. 

Baxter, M. A. & Jones, B. D. (2005). The fimYZ genes regulate Salmonella enterica Serovar 
Typhimurium invasion in addition to type 1 fimbrial expression and bacterial 
motility. Infect Immun. Vol. 73, No. 3, pp. 1377-85. 

Belden, W. J. & Miller, S. I. (1994). Further characterization of the PhoP regulon: 
identification of new PhoP-activated virulence loci. Infect Immun. Vol. 62, No. 11, 
pp. 5095-101. 

Blondel, C. J., Yang, H. J., Castro, B., Chiang, S., Toro, C. S., Zaldivar, M., Contreras, I., 
Andrews-Polymenis, H. L. & Santiviago, C. A. (2010). Contribution of the type VI 
secretion system encoded in SPI-19 to chicken colonization by Salmonella enterica 
serotypes Gallinarum and Enteritidis. PLoS One. Vol. 5, No. 7, pp. e11724. 

Boonyom, R., Karavolos, M.H., Bulmer, D.M. & Khan, C.M. (2010). /Salmonella/ 
pathogenicity island 1 (SPI-1) type III secretion of SopD involves N- and C-terminal 
signals and direct binding to the InvC ATPase. Microbiology. vol.156, No.6, pp 
1805-14.  

Bouwman, C. W., Kohli, M., Killoran, A., Touchie, G. A., Kadner, R. J. & Martin, N. L. (2003). 
Characterization of SrgA, a Salmonella enterica serovar Typhimurium virulence 
plasmid-encoded paralogue of the disulfide oxidoreductase DsbA, essential for 
biogenesis of plasmid-encoded fimbriae. J Bacteriol. Vol. 185, No. 3, pp. 991-1000. 

Bretscher, M. S. (1991). Lipid flow in locomoting cells. Science. Vol. 251, No. 4991, pp. 317-8. 
Brown, M. D., Bry, L., Li, Z. & Sacks, D. B. (2007). IQGAP1 regulates Salmonella invasion 

through interactions with actin, Rac1, and Cdc42. J Biol Chem. Vol. 282, No. 41, pp. 
30265-72. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

358 

Buchwald, G., Friebel, A., Galan, J. E., Hardt, W. D., Wittinghofer, A. & Scheffzek, K. (2002). 
Structural basis for the reversible activation of a Rho protein by the bacterial toxin 
SopE. EMBO J. Vol. 21, No. 13, pp. 3286-95. 

Chang, J., Chen, J. & Zhou, D. (2005). Delineation and characterization of the actin 
nucleation and effector translocation activities of Salmonella SipC. Mol Microbiol. 
Vol. 55, No. 5, pp. 1379-89. 

Chang, J., Myeni, S. K., Lin, T. L., Wu, C. C., Staiger, C. J. & Zhou, D. (2007). SipC 
multimerization promotes actin nucleation and contributes to Salmonella-induced 
inflammation. Mol Microbiol. Vol. 66, No. 6, pp. 1548-56. 

Cirillo, D. M., Heffernan, E. J., Wu, L., Harwood, J., Fierer, J. & Guiney, D. G. (1996). 
Identification of a domain in Rck, a product of the Salmonella typhimurium 
virulence plasmid, required for both serum resistance and cell invasion. Infect 
Immun. Vol. 64, No. 6, pp. 2019-23. 

Conner, C. P., Heithoff, D. M. & Mahan, M. J. (1998). In vivo gene expression: contributions 
to infection, virulence, and pathogenesis. Curr Top Microbiol Immunol. Vol. 225, No., 
pp. 1-12. 

Coombes, B. K., Wickham, M. E., Lowden, M. J., Brown, N. F. & Finlay, B. B. (2005). Negative 
regulation of Salmonella pathogenicity island 2 is required for contextual control of 
virulence during typhoid. Proc Natl Acad Sci U S A. Vol. 102, No. 48, pp. 17460-5. 

Cossart, P. & Sansonetti, P. J. (2004). Bacterial invasion: the paradigms of enteroinvasive 
pathogens. Science. Vol. 304, No. 5668, pp. 242-8. 

Criss, A. K., Ahlgren, D. M., Jou, T. S., McCormick, B. A. & Casanova, J. E. (2001). The 
GTPase Rac1 selectively regulates Salmonella invasion at the apical plasma 
membrane of polarized epithelial cells. J Cell Sci. Vol. 114, No. Pt 7, pp. 1331-41. 

Dai, S., Zhang, Y., Weimbs, T., Yaffe, M. B. & Zhou, D. (2007). Bacteria-generated PtdIns(3)P 
recruits VAMP8 to facilitate phagocytosis. Traffic. Vol. 8, No. 10, pp. 1365-74. 

Darwin, K. H. & Miller, V. L. (1999). InvF is required for expression of genes encoding 
proteins secreted by the SPI1 type III secretion apparatus in Salmonella 
typhimurium. J Bacteriol. Vol. 181, No. 16, pp. 4949-54. 

Dyszel, J. L., Smith, J. N., Lucas, D. E., Soares, J. A., Swearingen, M. C., Vross, M. A., Young, 
G. M. & Ahmer, B. M. (2010). Salmonella enterica serovar Typhimurium can detect 
acyl homoserine lactone production by Yersinia enterocolitica in mice. J Bacteriol. 
Vol. 192, No. 1, pp. 29-37. 

Ellermeier, C. D. & Slauch, J. M. (2004). RtsA coordinately regulates DsbA and the Salmonella 
pathogenicity island 1 type III secretion system. J Bacteriol. Vol. 186, No. 1, pp. 68-79. 

Ellermeier, J. R. & Slauch, J. M. (2007). Adaptation to the host environment: regulation of the 
SPI1 type III secretion system in Salmonella enterica serovar Typhimurium. Curr 
Opin Microbiol. Vol. 10, No. 1, pp. 24-9. 

Eriksson, S., Lucchini, S., Thompson, A., Rhen, M. & Hinton, J. C. (2003). Unravelling the 
biology of macrophage infection by gene expression profiling of intracellular 
Salmonella enterica. Mol Microbiol. Vol. 47, No. 1, pp. 103-18. 

Fagan, R. P., Lambert, M. A. & Smith, S. G. (2008). The hek outer membrane protein of 
Escherichia coli strain RS218 binds to proteoglycan and utilizes a single 
extracellular loop for adherence, invasion, and autoaggregation. Infect Immun. Vol. 
76, No. 3, pp. 1135-42. 

Fahlen, T. F., Mathur, N. & Jones, B. D. (2000). Identification and characterization of mutants 
with increased expression of hilA, the invasion gene transcriptional activator of 
Salmonella typhimurium. FEMS Immunol Med Microbiol. Vol. 28, No. 1, pp. 25-35. 

 
The Different Strategies Used by Salmonella to Invade Host Cells  

 

359 

Filloux, A., Hachani, A. & Bleves, S. (2008). The bacterial type VI secretion machine: yet 
another player for protein transport across membranes. Microbiology. Vol. 154, No. 
Pt 6, pp. 1570-83. 

Folkesson, A., Advani, A., Sukupolvi, S., Pfeifer, J. D., Normark, S. & Lofdahl, S. (1999). 
Multiple insertions of fimbrial operons correlate with the evolution of Salmonella 
serovars responsible for human disease. Mol Microbiol. Vol. 33, No. 3, pp. 612-22. 

Friebel, A., Ilchmann, H., Aepfelbacher, M., Ehrbar, K., Machleidt, W. & Hardt, W. D. (2001). 
SopE and SopE2 from Salmonella typhimurium activate different sets of 
RhoGTPases of the host cell. J Biol Chem. Vol. 276, No. 36, pp. 34035-40. 

Fu, Y. & Galan, J. E. (1998). The Salmonella typhimurium tyrosine phosphatase SptP is 
translocated into host cells and disrupts the actin cytoskeleton. Mol Microbiol. Vol. 
27, No. 2, pp. 359-68. 

Fu, Y. & Galan, J. E. (1999). A Salmonella protein antagonizes Rac-1 and Cdc42 to mediate 
host-cell recovery after bacterial invasion. Nature. Vol. 401, No. 6750, pp. 293-7. 

Fuentes, J. A., Villagra, N., Castillo-Ruiz, M. & Mora, G. C. (2008). The Salmonella Typhi hlyE 
gene plays a role in invasion of cultured epithelial cells and its functional transfer 
to S. Typhimurium promotes deep organ infection in mice. Res Microbiol. Vol. 159, 
No. 4, pp. 279-87. 

Galan, J. E. & Wolf-Watz, H. (2006). Protein delivery into eukaryotic cells by type III 
secretion machines. Nature. Vol. 444, No. 7119, pp. 567-73. 

Galkin, V. E., Orlova, A., VanLoock, M. S., Zhou, D., Galan, J. E. & Egelman, E. H. (2002). 
The bacterial protein SipA polymerizes G-actin and mimics muscle nebulin. Nat 
Struct Biol. Vol. 9, No. 7, pp. 518-21. 

Garner, M. J., Hayward, R. D. & Koronakis, V. (2002). The Salmonella pathogenicity island 1 
secretion system directs cellular cholesterol redistribution during mammalian cell 
entry and intracellular trafficking. Cell Microbiol. Vol. 4, No. 3, pp. 153-65. 

Groisman, E. A. & Ochman, H. (1993). Cognate gene clusters govern invasion of host 
epithelial cells by Salmonella typhimurium and Shigella flexneri. EMBO J. Vol. 12, 
No. 10, pp. 3779-87. 

Gunn, J. S., Alpuche-Aranda, C. M., Loomis, W. P., Belden, W. J. & Miller, S. I. (1995). 
Characterization of the Salmonella typhimurium pagC/pagD chromosomal region. J 
Bacteriol. Vol. 177, No. 17, pp. 5040-7. 

Hanisch, J., Kolm, R., Wozniczka, M., Bumann, D., Rottner, K. & Stradal, T. E. (2011). 
Activation of a RhoA/myosin II-dependent but Arp2/3 complex-independent 
pathway facilitates Salmonella invasion. Cell Host Microbe. Vol. 9, No. 4, pp. 273-85. 

Hartwig, J. H. & Kwiatkowski, D. J. (1991). Actin-binding proteins. Curr Opin Cell Biol. Vol. 
3, No. 1, pp. 87-97. 

Hayward, R. D., Cain, R. J., McGhie, E. J., Phillips, N., Garner, M. J. & Koronakis, V. (2005). 
Cholesterol binding by the bacterial type III translocon is essential for virulence 
effector delivery into mammalian cells. Mol Microbiol. Vol. 56, No. 3, pp. 590-603. 

Hayward, R. D., McGhie, E. J. & Koronakis, V. (2000). Membrane fusion activity of purified 
SipB, a Salmonella surface protein essential for mammalian cell invasion. Mol 
Microbiol. Vol. 37, No. 4, pp. 727-39. 

Heffernan, E. J., Harwood, J., Fierer, J. & Guiney, D. (1992). The Salmonella typhimurium 
virulence plasmid complement resistance gene rck is homologous to a family of 
virulence-related outer membrane protein genes, including pagC and ail. J Bacteriol. 
Vol. 174, No. 1, pp. 84-91. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

358 

Buchwald, G., Friebel, A., Galan, J. E., Hardt, W. D., Wittinghofer, A. & Scheffzek, K. (2002). 
Structural basis for the reversible activation of a Rho protein by the bacterial toxin 
SopE. EMBO J. Vol. 21, No. 13, pp. 3286-95. 

Chang, J., Chen, J. & Zhou, D. (2005). Delineation and characterization of the actin 
nucleation and effector translocation activities of Salmonella SipC. Mol Microbiol. 
Vol. 55, No. 5, pp. 1379-89. 

Chang, J., Myeni, S. K., Lin, T. L., Wu, C. C., Staiger, C. J. & Zhou, D. (2007). SipC 
multimerization promotes actin nucleation and contributes to Salmonella-induced 
inflammation. Mol Microbiol. Vol. 66, No. 6, pp. 1548-56. 

Cirillo, D. M., Heffernan, E. J., Wu, L., Harwood, J., Fierer, J. & Guiney, D. G. (1996). 
Identification of a domain in Rck, a product of the Salmonella typhimurium 
virulence plasmid, required for both serum resistance and cell invasion. Infect 
Immun. Vol. 64, No. 6, pp. 2019-23. 

Conner, C. P., Heithoff, D. M. & Mahan, M. J. (1998). In vivo gene expression: contributions 
to infection, virulence, and pathogenesis. Curr Top Microbiol Immunol. Vol. 225, No., 
pp. 1-12. 

Coombes, B. K., Wickham, M. E., Lowden, M. J., Brown, N. F. & Finlay, B. B. (2005). Negative 
regulation of Salmonella pathogenicity island 2 is required for contextual control of 
virulence during typhoid. Proc Natl Acad Sci U S A. Vol. 102, No. 48, pp. 17460-5. 

Cossart, P. & Sansonetti, P. J. (2004). Bacterial invasion: the paradigms of enteroinvasive 
pathogens. Science. Vol. 304, No. 5668, pp. 242-8. 

Criss, A. K., Ahlgren, D. M., Jou, T. S., McCormick, B. A. & Casanova, J. E. (2001). The 
GTPase Rac1 selectively regulates Salmonella invasion at the apical plasma 
membrane of polarized epithelial cells. J Cell Sci. Vol. 114, No. Pt 7, pp. 1331-41. 

Dai, S., Zhang, Y., Weimbs, T., Yaffe, M. B. & Zhou, D. (2007). Bacteria-generated PtdIns(3)P 
recruits VAMP8 to facilitate phagocytosis. Traffic. Vol. 8, No. 10, pp. 1365-74. 

Darwin, K. H. & Miller, V. L. (1999). InvF is required for expression of genes encoding 
proteins secreted by the SPI1 type III secretion apparatus in Salmonella 
typhimurium. J Bacteriol. Vol. 181, No. 16, pp. 4949-54. 

Dyszel, J. L., Smith, J. N., Lucas, D. E., Soares, J. A., Swearingen, M. C., Vross, M. A., Young, 
G. M. & Ahmer, B. M. (2010). Salmonella enterica serovar Typhimurium can detect 
acyl homoserine lactone production by Yersinia enterocolitica in mice. J Bacteriol. 
Vol. 192, No. 1, pp. 29-37. 

Ellermeier, C. D. & Slauch, J. M. (2004). RtsA coordinately regulates DsbA and the Salmonella 
pathogenicity island 1 type III secretion system. J Bacteriol. Vol. 186, No. 1, pp. 68-79. 

Ellermeier, J. R. & Slauch, J. M. (2007). Adaptation to the host environment: regulation of the 
SPI1 type III secretion system in Salmonella enterica serovar Typhimurium. Curr 
Opin Microbiol. Vol. 10, No. 1, pp. 24-9. 

Eriksson, S., Lucchini, S., Thompson, A., Rhen, M. & Hinton, J. C. (2003). Unravelling the 
biology of macrophage infection by gene expression profiling of intracellular 
Salmonella enterica. Mol Microbiol. Vol. 47, No. 1, pp. 103-18. 

Fagan, R. P., Lambert, M. A. & Smith, S. G. (2008). The hek outer membrane protein of 
Escherichia coli strain RS218 binds to proteoglycan and utilizes a single 
extracellular loop for adherence, invasion, and autoaggregation. Infect Immun. Vol. 
76, No. 3, pp. 1135-42. 

Fahlen, T. F., Mathur, N. & Jones, B. D. (2000). Identification and characterization of mutants 
with increased expression of hilA, the invasion gene transcriptional activator of 
Salmonella typhimurium. FEMS Immunol Med Microbiol. Vol. 28, No. 1, pp. 25-35. 

 
The Different Strategies Used by Salmonella to Invade Host Cells  

 

359 

Filloux, A., Hachani, A. & Bleves, S. (2008). The bacterial type VI secretion machine: yet 
another player for protein transport across membranes. Microbiology. Vol. 154, No. 
Pt 6, pp. 1570-83. 

Folkesson, A., Advani, A., Sukupolvi, S., Pfeifer, J. D., Normark, S. & Lofdahl, S. (1999). 
Multiple insertions of fimbrial operons correlate with the evolution of Salmonella 
serovars responsible for human disease. Mol Microbiol. Vol. 33, No. 3, pp. 612-22. 

Friebel, A., Ilchmann, H., Aepfelbacher, M., Ehrbar, K., Machleidt, W. & Hardt, W. D. (2001). 
SopE and SopE2 from Salmonella typhimurium activate different sets of 
RhoGTPases of the host cell. J Biol Chem. Vol. 276, No. 36, pp. 34035-40. 

Fu, Y. & Galan, J. E. (1998). The Salmonella typhimurium tyrosine phosphatase SptP is 
translocated into host cells and disrupts the actin cytoskeleton. Mol Microbiol. Vol. 
27, No. 2, pp. 359-68. 

Fu, Y. & Galan, J. E. (1999). A Salmonella protein antagonizes Rac-1 and Cdc42 to mediate 
host-cell recovery after bacterial invasion. Nature. Vol. 401, No. 6750, pp. 293-7. 

Fuentes, J. A., Villagra, N., Castillo-Ruiz, M. & Mora, G. C. (2008). The Salmonella Typhi hlyE 
gene plays a role in invasion of cultured epithelial cells and its functional transfer 
to S. Typhimurium promotes deep organ infection in mice. Res Microbiol. Vol. 159, 
No. 4, pp. 279-87. 

Galan, J. E. & Wolf-Watz, H. (2006). Protein delivery into eukaryotic cells by type III 
secretion machines. Nature. Vol. 444, No. 7119, pp. 567-73. 

Galkin, V. E., Orlova, A., VanLoock, M. S., Zhou, D., Galan, J. E. & Egelman, E. H. (2002). 
The bacterial protein SipA polymerizes G-actin and mimics muscle nebulin. Nat 
Struct Biol. Vol. 9, No. 7, pp. 518-21. 

Garner, M. J., Hayward, R. D. & Koronakis, V. (2002). The Salmonella pathogenicity island 1 
secretion system directs cellular cholesterol redistribution during mammalian cell 
entry and intracellular trafficking. Cell Microbiol. Vol. 4, No. 3, pp. 153-65. 

Groisman, E. A. & Ochman, H. (1993). Cognate gene clusters govern invasion of host 
epithelial cells by Salmonella typhimurium and Shigella flexneri. EMBO J. Vol. 12, 
No. 10, pp. 3779-87. 

Gunn, J. S., Alpuche-Aranda, C. M., Loomis, W. P., Belden, W. J. & Miller, S. I. (1995). 
Characterization of the Salmonella typhimurium pagC/pagD chromosomal region. J 
Bacteriol. Vol. 177, No. 17, pp. 5040-7. 

Hanisch, J., Kolm, R., Wozniczka, M., Bumann, D., Rottner, K. & Stradal, T. E. (2011). 
Activation of a RhoA/myosin II-dependent but Arp2/3 complex-independent 
pathway facilitates Salmonella invasion. Cell Host Microbe. Vol. 9, No. 4, pp. 273-85. 

Hartwig, J. H. & Kwiatkowski, D. J. (1991). Actin-binding proteins. Curr Opin Cell Biol. Vol. 
3, No. 1, pp. 87-97. 

Hayward, R. D., Cain, R. J., McGhie, E. J., Phillips, N., Garner, M. J. & Koronakis, V. (2005). 
Cholesterol binding by the bacterial type III translocon is essential for virulence 
effector delivery into mammalian cells. Mol Microbiol. Vol. 56, No. 3, pp. 590-603. 

Hayward, R. D., McGhie, E. J. & Koronakis, V. (2000). Membrane fusion activity of purified 
SipB, a Salmonella surface protein essential for mammalian cell invasion. Mol 
Microbiol. Vol. 37, No. 4, pp. 727-39. 

Heffernan, E. J., Harwood, J., Fierer, J. & Guiney, D. (1992). The Salmonella typhimurium 
virulence plasmid complement resistance gene rck is homologous to a family of 
virulence-related outer membrane protein genes, including pagC and ail. J Bacteriol. 
Vol. 174, No. 1, pp. 84-91. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

360 

Heithoff, D. M., Conner, C. P., Hentschel, U., Govantes, F., Hanna, P. C. & Mahan, M. J. 
(1999). Coordinate intracellular expression of Salmonella genes induced during 
infection. J Bacteriol. Vol. 181, No. 3, pp. 799-807. 

Higashide, W., Dai, S., Hombs, V. P. & Zhou, D. (2002). Involvement of SipA in modulating 
actin dynamics during Salmonella invasion into cultured epithelial cells. Cell 
Microbiol. Vol. 4, No. 6, pp. 357-65. 

Honda, A., Nogami, M., Yokozeki, T., Yamazaki, M., Nakamura, H., Watanabe, H., 
Kawamoto, K., Nakayama, K., Morris, A. J., Frohman, M. A. & Kanaho, Y. (1999). 
Phosphatidylinositol 4-phosphate 5-kinase alpha is a downstream effector of the 
small G protein ARF6 in membrane ruffle formation. Cell. Vol. 99, No. 5, pp. 521-32. 

Hu, Q., Coburn, B., Deng, W., Li, Y., Shi, X., Lan, Q., Wang, B., Coombes, B. K. & Finlay, B. 
B. (2008). Salmonella enterica serovar Senftenberg human clinical isolates lacking 
SPI-1. J Clin Microbiol. Vol. 46, No. 4, pp. 1330-6. 

Hueck, C. J. (1998). Type III protein secretion systems in bacterial pathogens of animals and 
plants. Microbiol Mol Biol Rev. Vol. 62, No. 2, pp. 379-433. 

Hueck, C. J., Hantman, M. J., Bajaj, V., Johnston, C., Lee, C. A. & Miller, S. I. (1995). 
Salmonella typhimurium secreted invasion determinants are homologous to 
Shigella Ipa proteins. Mol Microbiol. Vol. 18, No. 3, pp. 479-90. 

Huett, A., Leong, J. M., Podolsky, D. K. & Xavier, R. J. (2009). The cytoskeletal scaffold 
Shank3 is recruited to pathogen-induced actin rearrangements. Exp Cell Res. Vol. 
315, No. 12, pp. 2001-11. 

Ibarra, J. A. & Steele-Mortimer, O. (2009). Salmonella--the ultimate insider. Salmonella 
virulence factors that modulate intracellular survival. Cell Microbiol. Vol. 11, No. 11, 
pp. 1579-86. 

Jones, M. A., Hulme, S. D., Barrow, P. A. & Wigley, P. (2007). The Salmonella pathogenicity 
island 1 and Salmonella pathogenicity island 2 type III secretion systems play a 
major role in pathogenesis of systemic disease and gastrointestinal tract 
colonization of Salmonella enterica serovar Typhimurium in the chicken. Avian 
Pathol. Vol. 36, No. 3, pp. 199-203. 

Jones, M. A., Wigley, P., Page, K. L., Hulme, S. D. & Barrow, P. A. (2001). Salmonella enterica 
serovar Gallinarum requires the Salmonella pathogenicity island 2 type III secretion 
system but not the Salmonella pathogenicity island 1 type III secretion system for 
virulence in chickens. Infect Immun. Vol. 69, No. 9, pp. 5471-6. 

Kaniga, K., Trollinger, D. & Galan, J. E. (1995). Identification of two targets of the type III 
protein secretion system encoded by the inv and spa loci of Salmonella 
typhimurium that have homology to the Shigella IpaD and IpaA proteins. J 
Bacteriol. Vol. 177, No. 24, pp. 7078-85. 

Karasova, D., Sebkova, A., Havlickova, H., Sisak, F., Volf, J., Faldyna, M., Ondrackova, P., 
Kummer, V. & Rychlik, I. (2010). Influence of 5 major Salmonella pathogenicity 
islands on NK cell depletion in mice infected with Salmonella enterica serovar 
Enteritidis. BMC Microbiol. Vol. 10, No., pp. 75. 

Kimbrough, T. G. & Miller, S. I. (2000). Contribution of Salmonella typhimurium type III 
secretion components to needle complex formation. Proc Natl Acad Sci U S A. Vol. 
97, No. 20, pp. 11008-13. 

Kimbrough, T. G. & Miller, S. I. (2002). Assembly of the type III secretion needle complex of 
Salmonella typhimurium. Microbes Infect. Vol. 4, No. 1, pp. 75-82. 

Kubori, T. & Galan, J. E. (2003). Temporal regulation of Salmonella virulence effector function 
by proteasome-dependent protein degradation. Cell. Vol. 115, No. 3, pp. 333-42. 

 
The Different Strategies Used by Salmonella to Invade Host Cells  

 

361 

Lambert, M. A. & Smith, S. G. (2008). The PagN protein of Salmonella enterica serovar 
Typhimurium is an adhesin and invasin. BMC Microbiol. Vol. 8, No., pp. 142. 

Lambert, M. A. & Smith, S. G. (2009). The PagN protein mediates invasion via interaction 
with proteoglycan. FEMS Microbiol Lett. Vol. 297, No. 2, pp. 209-16. 

Lara-Tejero, M., Kato, J., Wagner, S., Liu, X. & Galan, J. E. (2011). A sorting platform 
determines the order of protein secretion in bacterial type III systems. Science. Vol. 
331, No. 6021, pp. 1188-91. 

Ledeboer, N. A., Frye, J. G., McClelland, M. & Jones, B. D. (2006). Salmonella enterica serovar 
Typhimurium requires the Lpf, Pef, and Tafi fimbriae for biofilm formation on 
HEp-2 tissue culture cells and chicken intestinal epithelium. Infect Immun. Vol. 74, 
No. 6, pp. 3156-69. 

Ly, K. T. & Casanova, J. E. (2009). Abelson tyrosine kinase facilitates Salmonella enterica serovar 
Typhimurium entry into epithelial cells. Infect Immun. Vol. 77, No. 1, pp. 60-9. 

Mammarappallil, J. G. & Elsinghorst, E. A. (2000). Epithelial cell adherence mediated by 
the enterotoxigenic Escherichia coli tia protein. Infect Immun. Vol. 68, No. 12, pp. 
6595-601. 

Mattei, P. J., Faudry, E., Job, V., Izore, T., Attree, I. & Dessen, A. (2011). Membrane targeting 
and pore formation by the type III secretion system translocon. FEBS J. Vol. 278, 
No. 3, pp. 414-26. 

McGhie, E. J., Hayward, R. D. & Koronakis, V. (2001). Cooperation between actin-binding 
proteins of invasive Salmonella: SipA potentiates SipC nucleation and bundling of 
actin. EMBO J. Vol. 20, No. 9, pp. 2131-9. 

McGhie, E. J., Hayward, R. D. & Koronakis, V. (2004). Control of actin turnover by a 
Salmonella invasion protein. Mol Cell. Vol. 13, No. 4, pp. 497-510. 

Mecsas, J., Welch, R., Erickson, J. W. & Gross, C. A. (1995). Identification and 
characterization of an outer membrane protein, OmpX, in Escherichia coli that is 
homologous to a family of outer membrane proteins including Ail of Yersinia 
enterocolitica. J Bacteriol. Vol. 177, No. 3, pp. 799-804. 

Michael, B., Smith, J. N., Swift, S., Heffron, F. & Ahmer, B. M. (2001). SdiA of Salmonella 
enterica is a LuxR homolog that detects mixed microbial communities. J Bacteriol. 
Vol. 183, No. 19, pp. 5733-42. 

Mijouin, L., Rosselin, M., Bottreau, E., Pizarro-Cerda, J., Cossart, P., Velge, P. & Wiedemann 
A (2012). /Salmonella/ Enteritidis Rck-mediated invasion requires activation of Rac1 
dependent of Class I PI 3-kinases-Akt signalling pathway. /FASEB J./ vol.26, No.4, 
pp 1569-81. 

Miki, T., Okada, N., Shimada, Y. & Danbara, H. (2004). Characterization of Salmonella 
pathogenicity island 1 type III secretion-dependent hemolytic activity in Salmonella 
enterica serovar Typhimurium. Microb Pathog. Vol. 37, No. 2, pp. 65-72. 

Miller, S. I., Kukral, A. M. & Mekalanos, J. J. (1989). A two-component regulatory system 
(phoP phoQ) controls Salmonella typhimurium virulence. Proc Natl Acad Sci U S A. 
Vol. 86, No. 13, pp. 5054-8. 

Miller, V. L., Beer, K. B., Heusipp, G., Young, B. M. & Wachtel, M. R. (2001). Identification of 
regions of Ail required for the invasion and serum resistance phenotypes. Mol 
Microbiol. Vol. 41, No. 5, pp. 1053-62. 

Misselwitz, B., Dilling, S., Vonaesch, P., Sacher, R., Snijder, B., Schlumberger, M., Rout, S., 
Stark, M., von Mering, C., Pelkmans, L. & Hardt, W. D. (2011). RNAi screen of 
Salmonella invasion shows role of COPI in membrane targeting of cholesterol and 
Cdc42. Mol Syst Biol. Vol. 7, No., pp. 474. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

360 

Heithoff, D. M., Conner, C. P., Hentschel, U., Govantes, F., Hanna, P. C. & Mahan, M. J. 
(1999). Coordinate intracellular expression of Salmonella genes induced during 
infection. J Bacteriol. Vol. 181, No. 3, pp. 799-807. 

Higashide, W., Dai, S., Hombs, V. P. & Zhou, D. (2002). Involvement of SipA in modulating 
actin dynamics during Salmonella invasion into cultured epithelial cells. Cell 
Microbiol. Vol. 4, No. 6, pp. 357-65. 

Honda, A., Nogami, M., Yokozeki, T., Yamazaki, M., Nakamura, H., Watanabe, H., 
Kawamoto, K., Nakayama, K., Morris, A. J., Frohman, M. A. & Kanaho, Y. (1999). 
Phosphatidylinositol 4-phosphate 5-kinase alpha is a downstream effector of the 
small G protein ARF6 in membrane ruffle formation. Cell. Vol. 99, No. 5, pp. 521-32. 

Hu, Q., Coburn, B., Deng, W., Li, Y., Shi, X., Lan, Q., Wang, B., Coombes, B. K. & Finlay, B. 
B. (2008). Salmonella enterica serovar Senftenberg human clinical isolates lacking 
SPI-1. J Clin Microbiol. Vol. 46, No. 4, pp. 1330-6. 

Hueck, C. J. (1998). Type III protein secretion systems in bacterial pathogens of animals and 
plants. Microbiol Mol Biol Rev. Vol. 62, No. 2, pp. 379-433. 

Hueck, C. J., Hantman, M. J., Bajaj, V., Johnston, C., Lee, C. A. & Miller, S. I. (1995). 
Salmonella typhimurium secreted invasion determinants are homologous to 
Shigella Ipa proteins. Mol Microbiol. Vol. 18, No. 3, pp. 479-90. 

Huett, A., Leong, J. M., Podolsky, D. K. & Xavier, R. J. (2009). The cytoskeletal scaffold 
Shank3 is recruited to pathogen-induced actin rearrangements. Exp Cell Res. Vol. 
315, No. 12, pp. 2001-11. 

Ibarra, J. A. & Steele-Mortimer, O. (2009). Salmonella--the ultimate insider. Salmonella 
virulence factors that modulate intracellular survival. Cell Microbiol. Vol. 11, No. 11, 
pp. 1579-86. 

Jones, M. A., Hulme, S. D., Barrow, P. A. & Wigley, P. (2007). The Salmonella pathogenicity 
island 1 and Salmonella pathogenicity island 2 type III secretion systems play a 
major role in pathogenesis of systemic disease and gastrointestinal tract 
colonization of Salmonella enterica serovar Typhimurium in the chicken. Avian 
Pathol. Vol. 36, No. 3, pp. 199-203. 

Jones, M. A., Wigley, P., Page, K. L., Hulme, S. D. & Barrow, P. A. (2001). Salmonella enterica 
serovar Gallinarum requires the Salmonella pathogenicity island 2 type III secretion 
system but not the Salmonella pathogenicity island 1 type III secretion system for 
virulence in chickens. Infect Immun. Vol. 69, No. 9, pp. 5471-6. 

Kaniga, K., Trollinger, D. & Galan, J. E. (1995). Identification of two targets of the type III 
protein secretion system encoded by the inv and spa loci of Salmonella 
typhimurium that have homology to the Shigella IpaD and IpaA proteins. J 
Bacteriol. Vol. 177, No. 24, pp. 7078-85. 

Karasova, D., Sebkova, A., Havlickova, H., Sisak, F., Volf, J., Faldyna, M., Ondrackova, P., 
Kummer, V. & Rychlik, I. (2010). Influence of 5 major Salmonella pathogenicity 
islands on NK cell depletion in mice infected with Salmonella enterica serovar 
Enteritidis. BMC Microbiol. Vol. 10, No., pp. 75. 

Kimbrough, T. G. & Miller, S. I. (2000). Contribution of Salmonella typhimurium type III 
secretion components to needle complex formation. Proc Natl Acad Sci U S A. Vol. 
97, No. 20, pp. 11008-13. 

Kimbrough, T. G. & Miller, S. I. (2002). Assembly of the type III secretion needle complex of 
Salmonella typhimurium. Microbes Infect. Vol. 4, No. 1, pp. 75-82. 

Kubori, T. & Galan, J. E. (2003). Temporal regulation of Salmonella virulence effector function 
by proteasome-dependent protein degradation. Cell. Vol. 115, No. 3, pp. 333-42. 

 
The Different Strategies Used by Salmonella to Invade Host Cells  

 

361 

Lambert, M. A. & Smith, S. G. (2008). The PagN protein of Salmonella enterica serovar 
Typhimurium is an adhesin and invasin. BMC Microbiol. Vol. 8, No., pp. 142. 

Lambert, M. A. & Smith, S. G. (2009). The PagN protein mediates invasion via interaction 
with proteoglycan. FEMS Microbiol Lett. Vol. 297, No. 2, pp. 209-16. 

Lara-Tejero, M., Kato, J., Wagner, S., Liu, X. & Galan, J. E. (2011). A sorting platform 
determines the order of protein secretion in bacterial type III systems. Science. Vol. 
331, No. 6021, pp. 1188-91. 

Ledeboer, N. A., Frye, J. G., McClelland, M. & Jones, B. D. (2006). Salmonella enterica serovar 
Typhimurium requires the Lpf, Pef, and Tafi fimbriae for biofilm formation on 
HEp-2 tissue culture cells and chicken intestinal epithelium. Infect Immun. Vol. 74, 
No. 6, pp. 3156-69. 

Ly, K. T. & Casanova, J. E. (2009). Abelson tyrosine kinase facilitates Salmonella enterica serovar 
Typhimurium entry into epithelial cells. Infect Immun. Vol. 77, No. 1, pp. 60-9. 

Mammarappallil, J. G. & Elsinghorst, E. A. (2000). Epithelial cell adherence mediated by 
the enterotoxigenic Escherichia coli tia protein. Infect Immun. Vol. 68, No. 12, pp. 
6595-601. 

Mattei, P. J., Faudry, E., Job, V., Izore, T., Attree, I. & Dessen, A. (2011). Membrane targeting 
and pore formation by the type III secretion system translocon. FEBS J. Vol. 278, 
No. 3, pp. 414-26. 

McGhie, E. J., Hayward, R. D. & Koronakis, V. (2001). Cooperation between actin-binding 
proteins of invasive Salmonella: SipA potentiates SipC nucleation and bundling of 
actin. EMBO J. Vol. 20, No. 9, pp. 2131-9. 

McGhie, E. J., Hayward, R. D. & Koronakis, V. (2004). Control of actin turnover by a 
Salmonella invasion protein. Mol Cell. Vol. 13, No. 4, pp. 497-510. 

Mecsas, J., Welch, R., Erickson, J. W. & Gross, C. A. (1995). Identification and 
characterization of an outer membrane protein, OmpX, in Escherichia coli that is 
homologous to a family of outer membrane proteins including Ail of Yersinia 
enterocolitica. J Bacteriol. Vol. 177, No. 3, pp. 799-804. 

Michael, B., Smith, J. N., Swift, S., Heffron, F. & Ahmer, B. M. (2001). SdiA of Salmonella 
enterica is a LuxR homolog that detects mixed microbial communities. J Bacteriol. 
Vol. 183, No. 19, pp. 5733-42. 

Mijouin, L., Rosselin, M., Bottreau, E., Pizarro-Cerda, J., Cossart, P., Velge, P. & Wiedemann 
A (2012). /Salmonella/ Enteritidis Rck-mediated invasion requires activation of Rac1 
dependent of Class I PI 3-kinases-Akt signalling pathway. /FASEB J./ vol.26, No.4, 
pp 1569-81. 

Miki, T., Okada, N., Shimada, Y. & Danbara, H. (2004). Characterization of Salmonella 
pathogenicity island 1 type III secretion-dependent hemolytic activity in Salmonella 
enterica serovar Typhimurium. Microb Pathog. Vol. 37, No. 2, pp. 65-72. 

Miller, S. I., Kukral, A. M. & Mekalanos, J. J. (1989). A two-component regulatory system 
(phoP phoQ) controls Salmonella typhimurium virulence. Proc Natl Acad Sci U S A. 
Vol. 86, No. 13, pp. 5054-8. 

Miller, V. L., Beer, K. B., Heusipp, G., Young, B. M. & Wachtel, M. R. (2001). Identification of 
regions of Ail required for the invasion and serum resistance phenotypes. Mol 
Microbiol. Vol. 41, No. 5, pp. 1053-62. 

Misselwitz, B., Dilling, S., Vonaesch, P., Sacher, R., Snijder, B., Schlumberger, M., Rout, S., 
Stark, M., von Mering, C., Pelkmans, L. & Hardt, W. D. (2011). RNAi screen of 
Salmonella invasion shows role of COPI in membrane targeting of cholesterol and 
Cdc42. Mol Syst Biol. Vol. 7, No., pp. 474. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

362 

Mullins, R. D., Heuser, J. A. & Pollard, T. D. (1998). The interaction of Arp2/3 complex with 
actin: nucleation, high affinity pointed end capping, and formation of branching 
networks of filaments. Proc Natl Acad Sci U S A. Vol. 95, No. 11, pp. 6181-6. 

Myeni, S. K. & Zhou, D. (2010). The C terminus of SipC binds and bundles F-actin to 
promote Salmonella invasion. J Biol Chem. Vol. 285, No. 18, pp. 13357-63. 

Nichols, C. D. & Casanova, J. E. (2010). Salmonella-directed recruitment of new membrane to 
invasion foci via the host exocyst complex. Curr Biol. Vol. 20, No. 14, pp. 1316-20. 

Norris, F. A., Wilson, M. P., Wallis, T. S., Galyov, E. E. & Majerus, P. W. (1998). SopB, a 
protein required for virulence of Salmonella dublin, is an inositol phosphate 
phosphatase. Proc Natl Acad Sci U S A. Vol. 95, No. 24, pp. 14057-9. 

Oliveira, M. J., Costa, A. C., Costa, A. M., Henriques, L., Suriano, G., Atherton, J. C., Machado, 
J. C., Carneiro, F., Seruca, R., Mareel, M., Leroy, A. & Figueiredo, C. (2006). 
Helicobacter pylori induces gastric epithelial cell invasion in a c-Met and type IV 
secretion system-dependent manner. J Biol Chem. Vol. 281, No. 46, pp. 34888-96. 

Patel, J. C. & Galan, J. E. (2005). Manipulation of the host actin cytoskeleton by Salmonella--
all in the name of entry. Curr Opin Microbiol. Vol. 8, No. 1, pp. 10-5. 

Patel, J. C. & Galan, J. E. (2006). Differential activation and function of Rho GTPases during 
Salmonella-host cell interactions. J Cell Biol. Vol. 175, No. 3, pp. 453-63. 

Penheiter, K. L., Mathur, N., Giles, D., Fahlen, T. & Jones, B. D. (1997). Non-invasive 
Salmonella typhimurium mutants are avirulent because of an inability to enter and 
destroy M cells of ileal Peyer's patches. Mol Microbiol. Vol. 24, No. 4, pp. 697-709. 

Perrett, C. A. & Jepson, M. A. (2009). Regulation of Salmonella-induced membrane ruffling by 
SipA differs in strains lacking other effectors. Cell Microbiol. Vol. 11, No. 3, pp. 475-87. 

Pollard, T. D., Blanchoin, L. & Mullins, R. D. (2000). Molecular mechanisms controlling actin 
filament dynamics in nonmuscle cells. Annu Rev Biophys Biomol Struct. Vol. 29, No., 
pp. 545-76. 

Queiroz, M. H., Madrid, C., Paytubi, S., Balsalobre, C. & Juarez, A. (2011). Integration Host 
Factor alleviates H-NS silencing of the Salmonella enterica serovar Typhimurium 
master regulator of SPI1, hilA. Microbiology. Vol. No. 

Radtke, A. L., Wilson, J. W., Sarker, S. & Nickerson, C. A. (2010). Analysis of interactions of 
Salmonella type three secretion mutants with 3-D intestinal epithelial cells. PLoS 
One. Vol. 5, No. 12, pp. e15750. 

Rathinavelan, T., Tang, C. & De Guzman, R. N. (2011). Characterization of the interaction 
between the Salmonella type III secretion system tip protein SipD and the needle 
protein PrgI by paramagnetic relaxation enhancement. J Biol Chem. Vol. 286, No. 6, 
pp. 4922-30. 

Reeve, J. N. & Shaw, J. E. (1979). Lambda encodes an outer membrane protein: the lom gene. 
Mol Gen Genet. Vol. 172, No. 3, pp. 243-8. 

Rittmeyer, E. N., Daniel, S., Hsu, S. C. & Osman, M. A. (2008). A dual role for IQGAP1 in 
regulating exocytosis. J Cell Sci. Vol. 121, No. Pt 3, pp. 391-403. 

Rosselin, M., Abed, N., Virlogeux-Payant, I., Bottreau, E., Sizaret, P. Y., Velge, P. & 
Wiedemann, A. (2011). Heterogeneity of type III secretion system (T3SS)-1-
independent entry mechanisms used by Salmonella Enteritidis to invade different 
cell types. Microbiology. Vol. 157, No. Pt 3, pp. 839-47. 

Rosselin, M., Virlogeux-Payant, I., Roy, C., Bottreau, E., Sizaret, P. Y., Mijouin, L., Germon, 
P., Caron, E., Velge, P. & Wiedemann, A. (2010). Rck of Salmonella enterica, 
subspecies enterica serovar enteritidis, mediates zipper-like internalization. Cell 
Res. Vol. 20, No. 6, pp. 647-64. 

 
The Different Strategies Used by Salmonella to Invade Host Cells  

 

363 

Rotger, R. & Casadesus, J. (1999). The virulence plasmids of Salmonella. Int Microbiol. Vol. 2, 
No. 3, pp. 177-84. 

Samudrala, R., Heffron, F. & McDermott, J. E. (2009). Accurate prediction of secreted 
substrates and identification of a conserved putative secretion signal for type III 
secretion systems. PLoS Pathog. Vol. 5, No. 4, pp. e1000375. 

Scherer, C. A., Cooper, E. & Miller, S. I. (2000). The Salmonella type III secretion translocon 
protein SspC is inserted into the epithelial cell plasma membrane upon infection. 
Mol Microbiol. Vol. 37, No. 5, pp. 1133-45. 

Schlumberger, M. C., Friebel, A., Buchwald, G., Scheffzek, K., Wittinghofer, A. & Hardt, W. 
D. (2003). Amino acids of the bacterial toxin SopE involved in G nucleotide 
exchange on Cdc42. J Biol Chem. Vol. 278, No. 29, pp. 27149-59. 

Schraidt, O. & Marlovits, T. C. (2011). Three-dimensional model of Salmonella's needle 
complex at subnanometer resolution. Science. Vol. 331, No. 6021, pp. 1192-5. 

Schroeder, G. N. & Hilbi, H. (2008). Molecular pathogenesis of Shigella spp.: controlling host 
cell signaling, invasion, and death by type III secretion. Clin Microbiol Rev. Vol. 21, 
No. 1, pp. 134-56. 

Sechi, A. S. & Wehland, J. (2000). The actin cytoskeleton and plasma membrane connection: 
PtdIns(4,5)P(2) influences cytoskeletal protein activity at the plasma membrane. J 
Cell Sci. Vol. 113 Pt 21, No., pp. 3685-95. 

Shi, J. & Casanova, J. E. (2006). Invasion of host cells by Salmonella typhimurium requires 
focal adhesion kinase and p130Cas. Mol Biol Cell. Vol. 17, No. 11, pp. 4698-708. 

Smith, J. N. & Ahmer, B. M. (2003). Detection of other microbial species by Salmonella: 
expression of the SdiA regulon. J Bacteriol. Vol. 185, No. 4, pp. 1357-66. 

Smith, J. N., Dyszel, J. L., Soares, J. A., Ellermeier, C. D., Altier, C., Lawhon, S. D., Adams, 
L. G., Konjufca, V., Curtiss, R., 3rd, Slauch, J. M. & Ahmer, B. M. (2008). SdiA, an 
N-acylhomoserine lactone receptor, becomes active during the transit of 
Salmonella enterica through the gastrointestinal tract of turtles. PLoS One. Vol. 3, 
No. 7, pp. e2826. 

Stebbins, C. E. & Galan, J. E. (2000). Modulation of host signaling by a bacterial mimic: 
structure of the Salmonella effector SptP bound to Rac1. Mol Cell. Vol. 6, No. 6, pp. 
1449-60. 

Takeuchi, A. (1967). Electron microscope studies of experimental Salmonella infection. I. 
Penetration into the intestinal epithelium by Salmonella typhimurium. Am J Pathol. 
Vol. 50, No. 1, pp. 109-36. 

Tampakaki, A. P., Fadouloglou, V. E., Gazi, A. D., Panopoulos, N. J. & Kokkinidis, M. (2004). 
Conserved features of type III secretion. Cell Microbiol. Vol. 6, No. 9, pp. 805-16. 

Terebiznik, M. R., Vieira, O. V., Marcus, S. L., Slade, A., Yip, C. M., Trimble, W. S., Meyer, T., 
Finlay, B. B. & Grinstein, S. (2002). Elimination of host cell PtdIns(4,5)P(2) by 
bacterial SigD promotes membrane fission during invasion by Salmonella. Nat Cell 
Biol. Vol. 4, No. 10, pp. 766-73. 

van Sorge, A. J., Termote, J. U., de Vries, M. J., Boonstra, F. N., Stellingwerf, C. & Schalij-
Delfos, N. E. (2011). The incidence of visual impairment due to retinopathy of 
prematurity (ROP) and concomitant disabilities in the Netherlands: a 30 year 
overview. Br J Ophthalmol. Vol. 95, No. 7, pp. 937-41. 

Vazquez-Torres, A., Jones-Carson, J., Baumler, A. J., Falkow, S., Valdivia, R., Brown, W., Le, 
M., Berggren, R., Parks, W. T. & Fang, F. C. (1999). Extraintestinal dissemination of 
Salmonella by CD18-expressing phagocytes. Nature. Vol. 401, No. 6755, pp. 804-8. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

362 

Mullins, R. D., Heuser, J. A. & Pollard, T. D. (1998). The interaction of Arp2/3 complex with 
actin: nucleation, high affinity pointed end capping, and formation of branching 
networks of filaments. Proc Natl Acad Sci U S A. Vol. 95, No. 11, pp. 6181-6. 

Myeni, S. K. & Zhou, D. (2010). The C terminus of SipC binds and bundles F-actin to 
promote Salmonella invasion. J Biol Chem. Vol. 285, No. 18, pp. 13357-63. 

Nichols, C. D. & Casanova, J. E. (2010). Salmonella-directed recruitment of new membrane to 
invasion foci via the host exocyst complex. Curr Biol. Vol. 20, No. 14, pp. 1316-20. 

Norris, F. A., Wilson, M. P., Wallis, T. S., Galyov, E. E. & Majerus, P. W. (1998). SopB, a 
protein required for virulence of Salmonella dublin, is an inositol phosphate 
phosphatase. Proc Natl Acad Sci U S A. Vol. 95, No. 24, pp. 14057-9. 

Oliveira, M. J., Costa, A. C., Costa, A. M., Henriques, L., Suriano, G., Atherton, J. C., Machado, 
J. C., Carneiro, F., Seruca, R., Mareel, M., Leroy, A. & Figueiredo, C. (2006). 
Helicobacter pylori induces gastric epithelial cell invasion in a c-Met and type IV 
secretion system-dependent manner. J Biol Chem. Vol. 281, No. 46, pp. 34888-96. 

Patel, J. C. & Galan, J. E. (2005). Manipulation of the host actin cytoskeleton by Salmonella--
all in the name of entry. Curr Opin Microbiol. Vol. 8, No. 1, pp. 10-5. 

Patel, J. C. & Galan, J. E. (2006). Differential activation and function of Rho GTPases during 
Salmonella-host cell interactions. J Cell Biol. Vol. 175, No. 3, pp. 453-63. 

Penheiter, K. L., Mathur, N., Giles, D., Fahlen, T. & Jones, B. D. (1997). Non-invasive 
Salmonella typhimurium mutants are avirulent because of an inability to enter and 
destroy M cells of ileal Peyer's patches. Mol Microbiol. Vol. 24, No. 4, pp. 697-709. 

Perrett, C. A. & Jepson, M. A. (2009). Regulation of Salmonella-induced membrane ruffling by 
SipA differs in strains lacking other effectors. Cell Microbiol. Vol. 11, No. 3, pp. 475-87. 

Pollard, T. D., Blanchoin, L. & Mullins, R. D. (2000). Molecular mechanisms controlling actin 
filament dynamics in nonmuscle cells. Annu Rev Biophys Biomol Struct. Vol. 29, No., 
pp. 545-76. 

Queiroz, M. H., Madrid, C., Paytubi, S., Balsalobre, C. & Juarez, A. (2011). Integration Host 
Factor alleviates H-NS silencing of the Salmonella enterica serovar Typhimurium 
master regulator of SPI1, hilA. Microbiology. Vol. No. 

Radtke, A. L., Wilson, J. W., Sarker, S. & Nickerson, C. A. (2010). Analysis of interactions of 
Salmonella type three secretion mutants with 3-D intestinal epithelial cells. PLoS 
One. Vol. 5, No. 12, pp. e15750. 

Rathinavelan, T., Tang, C. & De Guzman, R. N. (2011). Characterization of the interaction 
between the Salmonella type III secretion system tip protein SipD and the needle 
protein PrgI by paramagnetic relaxation enhancement. J Biol Chem. Vol. 286, No. 6, 
pp. 4922-30. 

Reeve, J. N. & Shaw, J. E. (1979). Lambda encodes an outer membrane protein: the lom gene. 
Mol Gen Genet. Vol. 172, No. 3, pp. 243-8. 

Rittmeyer, E. N., Daniel, S., Hsu, S. C. & Osman, M. A. (2008). A dual role for IQGAP1 in 
regulating exocytosis. J Cell Sci. Vol. 121, No. Pt 3, pp. 391-403. 

Rosselin, M., Abed, N., Virlogeux-Payant, I., Bottreau, E., Sizaret, P. Y., Velge, P. & 
Wiedemann, A. (2011). Heterogeneity of type III secretion system (T3SS)-1-
independent entry mechanisms used by Salmonella Enteritidis to invade different 
cell types. Microbiology. Vol. 157, No. Pt 3, pp. 839-47. 

Rosselin, M., Virlogeux-Payant, I., Roy, C., Bottreau, E., Sizaret, P. Y., Mijouin, L., Germon, 
P., Caron, E., Velge, P. & Wiedemann, A. (2010). Rck of Salmonella enterica, 
subspecies enterica serovar enteritidis, mediates zipper-like internalization. Cell 
Res. Vol. 20, No. 6, pp. 647-64. 

 
The Different Strategies Used by Salmonella to Invade Host Cells  

 

363 

Rotger, R. & Casadesus, J. (1999). The virulence plasmids of Salmonella. Int Microbiol. Vol. 2, 
No. 3, pp. 177-84. 

Samudrala, R., Heffron, F. & McDermott, J. E. (2009). Accurate prediction of secreted 
substrates and identification of a conserved putative secretion signal for type III 
secretion systems. PLoS Pathog. Vol. 5, No. 4, pp. e1000375. 

Scherer, C. A., Cooper, E. & Miller, S. I. (2000). The Salmonella type III secretion translocon 
protein SspC is inserted into the epithelial cell plasma membrane upon infection. 
Mol Microbiol. Vol. 37, No. 5, pp. 1133-45. 

Schlumberger, M. C., Friebel, A., Buchwald, G., Scheffzek, K., Wittinghofer, A. & Hardt, W. 
D. (2003). Amino acids of the bacterial toxin SopE involved in G nucleotide 
exchange on Cdc42. J Biol Chem. Vol. 278, No. 29, pp. 27149-59. 

Schraidt, O. & Marlovits, T. C. (2011). Three-dimensional model of Salmonella's needle 
complex at subnanometer resolution. Science. Vol. 331, No. 6021, pp. 1192-5. 

Schroeder, G. N. & Hilbi, H. (2008). Molecular pathogenesis of Shigella spp.: controlling host 
cell signaling, invasion, and death by type III secretion. Clin Microbiol Rev. Vol. 21, 
No. 1, pp. 134-56. 

Sechi, A. S. & Wehland, J. (2000). The actin cytoskeleton and plasma membrane connection: 
PtdIns(4,5)P(2) influences cytoskeletal protein activity at the plasma membrane. J 
Cell Sci. Vol. 113 Pt 21, No., pp. 3685-95. 

Shi, J. & Casanova, J. E. (2006). Invasion of host cells by Salmonella typhimurium requires 
focal adhesion kinase and p130Cas. Mol Biol Cell. Vol. 17, No. 11, pp. 4698-708. 

Smith, J. N. & Ahmer, B. M. (2003). Detection of other microbial species by Salmonella: 
expression of the SdiA regulon. J Bacteriol. Vol. 185, No. 4, pp. 1357-66. 

Smith, J. N., Dyszel, J. L., Soares, J. A., Ellermeier, C. D., Altier, C., Lawhon, S. D., Adams, 
L. G., Konjufca, V., Curtiss, R., 3rd, Slauch, J. M. & Ahmer, B. M. (2008). SdiA, an 
N-acylhomoserine lactone receptor, becomes active during the transit of 
Salmonella enterica through the gastrointestinal tract of turtles. PLoS One. Vol. 3, 
No. 7, pp. e2826. 

Stebbins, C. E. & Galan, J. E. (2000). Modulation of host signaling by a bacterial mimic: 
structure of the Salmonella effector SptP bound to Rac1. Mol Cell. Vol. 6, No. 6, pp. 
1449-60. 

Takeuchi, A. (1967). Electron microscope studies of experimental Salmonella infection. I. 
Penetration into the intestinal epithelium by Salmonella typhimurium. Am J Pathol. 
Vol. 50, No. 1, pp. 109-36. 

Tampakaki, A. P., Fadouloglou, V. E., Gazi, A. D., Panopoulos, N. J. & Kokkinidis, M. (2004). 
Conserved features of type III secretion. Cell Microbiol. Vol. 6, No. 9, pp. 805-16. 

Terebiznik, M. R., Vieira, O. V., Marcus, S. L., Slade, A., Yip, C. M., Trimble, W. S., Meyer, T., 
Finlay, B. B. & Grinstein, S. (2002). Elimination of host cell PtdIns(4,5)P(2) by 
bacterial SigD promotes membrane fission during invasion by Salmonella. Nat Cell 
Biol. Vol. 4, No. 10, pp. 766-73. 

van Sorge, A. J., Termote, J. U., de Vries, M. J., Boonstra, F. N., Stellingwerf, C. & Schalij-
Delfos, N. E. (2011). The incidence of visual impairment due to retinopathy of 
prematurity (ROP) and concomitant disabilities in the Netherlands: a 30 year 
overview. Br J Ophthalmol. Vol. 95, No. 7, pp. 937-41. 

Vazquez-Torres, A., Jones-Carson, J., Baumler, A. J., Falkow, S., Valdivia, R., Brown, W., Le, 
M., Berggren, R., Parks, W. T. & Fang, F. C. (1999). Extraintestinal dissemination of 
Salmonella by CD18-expressing phagocytes. Nature. Vol. 401, No. 6755, pp. 804-8. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

364 

Velge, P., Cloeckaert, A. & Barrow, P. (2005). Emergence of Salmonella epidemics: the 
problems related to Salmonella enterica serotype Enteritidis and multiple antibiotic 
resistance in other major serotypes. Vet Res. Vol. 36, No. 3, pp. 267-88. 

Vivero, A., Banos, R. C., Mariscotti, J. F., Oliveros, J. C., Garcia-del Portillo, F., Juarez, A. & 
Madrid, C. (2008). Modulation of horizontally acquired genes by the Hha-YdgT 
proteins in Salmonella enterica serovar Typhimurium. J Bacteriol. Vol. 190, No. 3, pp. 
1152-6. 

Wai, S. N., Lindmark, B., Soderblom, T., Takade, A., Westermark, M., Oscarsson, J., Jass, J., 
Richter-Dahlfors, A., Mizunoe, Y. & Uhlin, B. E. (2003). Vesicle-mediated export 
and assembly of pore-forming oligomers of the enterobacterial ClyA cytotoxin. Cell. 
Vol. 115, No. 1, pp. 25-35. 

Wallar, L. E., Bysice, A. M. & Coombes, B. K. (2011). The non-motile phenotype of Salmonella 
hha ydgT mutants is mediated through PefI-SrgD. BMC Microbiol. Vol. 11, No., pp. 
141. 

Wallis, T. S. & Galyov, E. E. (2000). Molecular basis of Salmonella-induced enteritis. Mol 
Microbiol. Vol. 36, No. 5, pp. 997-1005. 

Watson, K. G. & Holden, D. W. (2010). Dynamics of growth and dissemination of Salmonella 
in vivo. Cell Microbiol. Vol. 12, No. 10, pp. 1389-97. 

Winnen, B., Schlumberger, M. C., Sturm, A., Schupbach, K., Siebenmann, S., Jenny, P. & 
Hardt, W. D. (2008). Hierarchical effector protein transport by the Salmonella 
Typhimurium SPI-1 type III secretion system. PLoS One. Vol. 3, No. 5, pp. e2178. 

Wozniak, C. E., Lee, C. & Hughes, K. T. (2009). T-POP array identifies EcnR and PefI-SrgD as 
novel regulators of flagellar gene expression. J Bacteriol. Vol. 191, No. 5, pp. 1498-508. 

Yao, Y., Dickerson, T. J., Hixon, M. S. & Dyson, H. J. (2007). NMR detection of adventitious 
xylose binding to the quorum-sensing protein SdiA of Escherichia coli. Bioorg Med 
Chem Lett. Vol. 17, No. 22, pp. 6202-5. 

Zhou, D., Chen, L. M., Hernandez, L., Shears, S. B. & Galan, J. E. (2001). A Salmonella inositol 
polyphosphatase acts in conjunction with other bacterial effectors to promote host 
cell actin cytoskeleton rearrangements and bacterial internalization. Mol Microbiol. 
Vol. 39, No. 2, pp. 248-59. 

Zhou, D., Mooseker, M. S. & Galan, J. E. (1999a). An invasion-associated Salmonella protein 
modulates the actin-bundling activity of plastin. Proc Natl Acad Sci U S A. Vol. 96, 
No. 18, pp. 10176-81. 

Zhou, D., Mooseker, M. S. & Galan, J. E. (1999b). Role of the S. typhimurium actin-binding 
protein SipA in bacterial internalization. Science. Vol. 283, No. 5410, pp. 2092-5. 

18 

A Tale of 6 Sigmas: How Changing Partners 
Allows Salmonella to Thrive in the Best of 

Times and Survive the Worst of Times 
R. Margaret Wallen and Michael H. Perlin 

University of Louisville 
USA 

1. Introduction 
Salmonella enterica are rod-shaped, facultative anaerobic, Gram-negative members of the 
Enterobacteriacae family (Dougan et al., 2011). Most people have heard of the bacteria and 
generally associate it with food-borne illness. Despite general public knowledge of the 
health risks associated with and precautions taken to prevent its spread, Salmonella 
continues to cause many problems. One approach toward curbing this spread and reducing 
the negative impact of S. enterica could be genetic analysis, with an ultimate goal of 
understanding why the bacteria are able to survive attempts to destroy them. 

It has been suggested that the Salmonella genus diverged from Escherichia coli somewhere 
between 100 and 150 million years ago (Dougan et al., 2011). While there is evoluntionary 
distance between the two genera, much of the genetic information has been conserved, and 
as a result, the study of one organism has provided insight into the study of the other. 
Salmonella spp. are generally considered to be pathogenic and can have both warm- and 
cold-blooded hosts (Dougan et al., 2011). More recent evolution has occurred within the 
Salmonella genus itself. Salmonella enterica has evolved into many different subspecies and 
serovars that manifest in dramatically different ways across a variety of hosts despite 
sharing 95% of the same genetic information (McDermott et al., 2011). From a medical 
perspective, Salmonella genetics are particularly important. Although a single-celled 
organism, due to its long evolutionary history with humans and other organisms, these 
bacteria has developed several sophisticated mechanisms to survive the immune systems of 
its hosts and evade sanitation efforts to kill it. Understanding how this survival at the most 
fundamental of levels, it may be possible to more specifically combat the bacteria. 

Salmonella typically reach their hosts through the consumption of contaminated food or 
water. Once inside its host, the bacteria must persist through various levels of pH, 
temperature, osmolarity, and nutrient availability (Ohl & Miller, 2001). The pathogen 
must also face various attempts by the host’s immune system to eliminate it. Each 
different environment and each assault on the bacteria’s integrity must be addressed by 
the organism in order to survive. The ability of the organism to thrive in a multitude of 
environments and persist to establish infection in its host is governed by the expression of 
different genes. 
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While there are a multitude of regulatory pathways within Salmonella that can influence 
gene expression, one of the most fundamental comes from the usage of alternate sigma 
factors by the cell’s RNA polymerase, as is the case for most prokaryotes. Sigma factors 
facilitate differential gene expression by reversibly binding to the RNA polymerase core 
enzyme and providing specificity for certain promoter regions. The various sigma factors 
have different affinities for particular promoters as well as for the core enzyme itself. Similar 
to other cellular proteins, sigma factors are regulated at a variety of levels. Transcription in 
Salmonella, as in all prokaryotes, requires a sigma factor, and ultimately all gene expression 
is affected by sigma factors and their activity. 

Sigma factors were originally discovered as protein factors that stimulate RNA synthesis 
from DNA using DNA-dependent RNA polymerase (Burgess & Travers, 1969). These 
proteins all share four regions of similarity indicative of a common function (Kutasake et al., 
1994). For the group of closely related sigma factors, special regions within the protein 
recognize specific regions of the DNA as promoters versus non-promoter regions of DNA 
(Dombroski et al., 1992). These DNA regions include conserved sequences centered around 
the -35 and -10 positions with respect to the transcription initiation site. By truncating the 
sigma protein at various locations, researchers were able to determine that four conserved 
regions of the sigma factors were responsible for locating different areas of the promoter 
region. For example, region 4 of the sigma factor is found to recognize the consensus 
sequence around -35, while regions 2 and 3 recognize the -10 consensus sequence 
(Dombroski et al., 1992). Region 1 of the sigma factor, the amino terminus of the protein, 
blocks regions 2, 3, and 4 from interacting with the DNA (Dombroski et al., 1993). Binding of 
the sigma factor to the core enzyme blocks region 1 and allows interaction of the other three 
regions with the DNA (Dombroski et al., 1992). In this way, the sigma factor cannot interact 
with DNA without being bound by RNA polymerase. While it was understood that a sigma 
factor was necessary to facilitate transcription, their power to regulate gene expression was 
not fully understood.  

2. Early virulence-related genetic studies 
As with most pathogenic microorganisms, early genetic research focused on the disease-
causing properties of Salmonella. Preliminary studies involving virulence properties of 
Samonella revealed that in the absence of a functional copy of several genes, the bacteria was 
unable to survive to cause infection inside its host. Further studies of each of these genes 
revealed that while all of the genes were required for optimal virulence, the gene expression 
was not under the same regulatory control. Baumler and his colleagues examined nearly 30 
mutant strains of Salmonella Typhimurium that had shown attenuated ability to infect and 
survive inside mouse macrophages (Baumler et al., 1994). Baumler concluded that these 
genes all made contributions to the virulence properties of Salmonella. 

Some of the particular genes that Baumler concluded were disrupted in the attenuated 
strains were purD, prc, fliD, and nagA (Baumler et al., 1994). Other researchers have 
examined the transcriptional control of these genes to understand why they are so essential 
to the virulence capabilities of Salmonella.  

As many sigma factors are closely related, there is a high degree of homology between their 
structures and therefore promoter affinities. However, as few as one or two base pair change 
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can dramatically change which sigma factor recognizes the promoter (Römling et al., 1998). 
The purD gene encodes 5’-phosphoribosylglycinamide synthetase, which is involved in 
purine nucleotide synthesis (Aiba & Mizobuchi, 1989). While these genes have easily 
identifiable -10 consensus sequences, none appear to have the -35 region similar to those 
typically recognized by the primary sigma factor (Kilstrup et al., 1998). Potentially, the 
ambiguity of the promoter region shows the ability to be used by multiple sigma factors. 

A second gene, prc, encodes a protease that in closely related organisms has been found to 
play a role in response to cell wall stress (Wood et al., 2006). In these organisms, prc is 
preceded by a consensus sequence for a sigma factor showing a great deal of similarity to 
the sigma factor in E. coli and Salmonella that responds to a variety of global stresses, 
including damage to the cellular envelope (Wood et al., 2006). 

The fliD gene encodes part of the flagella filament, needed for the motility of the bacteria 
(Kutsukake et al., 1994). This gene is proceeded by a consensus sequence that can only be 
used by the flagella-specific sigma factor (Kutsukake et al., 1994) and is part of a highly 
temporally and spatially regulated pathway that ensures flagella are expressed readily in 
times that motility is necessary and repressed when the bacteria have not formed the 
appropriate primary structures for the flagellar. 

The nagA gene product is N-acetylglucosamine-6-phosphate deacetylase in E. coli and has 
the same function in Salmonella Typhimurium (Baumler et al., 1994). This gene was found to 
have consensus sequence in the -10 region requiring the activation of a magnesium sensitive 
regulator in the presence of the housekeeping sigma (Minagawa et al., 2003). Based only on 
the extracellular availability of magnesium, the primary sigma factor is responsible for the 
transcription of the gene, provided a secondary regulatory system is activated. 

With the genes that Baumler examined, in combination with other research indicating that 
each of these types of genes was under different regulatory control by particular sigma 
factors, a pattern began to emerge. Genes responsible for the organism’s response to 
particular threats to its integrity were under the transcriptional direction of particular sigma 
factors. The importance of sigma factors as transcriptional regulators is further revealed by 
their stability over time (Sutton et al., 2000) and the high degree of homology between 
closely related species (Guiney et al., 1995).  

3. A tale of six sigmas 
To date, six different sigma factors have been discovered to be encoded within the 
Salmonella genome that are responsible for transcription from a variety of promoters in 
response to different phases of the organism’s life as well as environmental conditions. 
Acting together in a complex, as an interconnected web of gene regulation, they enable 
Salmonella to withstand and thrive inside infected hosts.  

Sigma factors were characterized as proteins before their function as essential elements of 
the holoenzyme became clear. As such, each sigma factor is known by a variety of names. 
Designations with rpo or Rpo are used across species and refer to the particular stress to 
which the sigma factor responds. A more contemporary convention is to use a lower case 
Greek sigma with the molecular weight of the sigma factor as a superscript. In this text, all 
molecular weights refer to those found in Salmonella and E. coli. 
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Most of these proteins, σ70, σE, σH, σS, and σF, belong to the same family of sigma factors, 
potentially all derived from some ancestral form or ancestral regulatory process. The 
other sigma factor, σN, belongs to a different family, although it is the only modern day 
example found, and may belong to a more ancient regulatory system that has become 
obsolete with current patterns of growth and reproduction for bacteria like Salmonella. 
While the housekeeping sigma was found to facilitate most gene expression during 
exponential growth, each of the other sigma factors was found to help the organism 
address different environmental stresses. Each sigma factor recognizes a different 
consensus sequence within the promoter region. The relative affinities of multiple sigma 
factors for the same promoter region determine which recognizes it more often at a 
specific intracellular concentration.  

3.1 σN – Nitrogen regulation 

σN seems to be more evolutionarily distant from the other alternate sigma factors and it may 
be the remnants of a more ancient regulatory system. In fact, the processes governed by σN 

may not be essential or may be under transcriptional control of another sigma factor (Morett 
& Segovia, 1993). These processes include nitrogen fixation, dicarboxylic acid transport, and 
hydrogen oxidation (Morett & Segovia, 1993). Down-regulating expression from RpoN-
dependent genes provides increased resistance to killing by host cationic antimicrobial 
peptides (Barchiesi et al., 2009), indicating that some of these processes may even be 
detrimental to the organism in certain conditions. In some related species σN is related to 
pathogenicity, but that does not appear to be in Salmonella (Studholme, 2002). 

The differences between σN and the rest of the sigma factors are profound. There is almost 
no sequence similarity between the rpoN gene and genes for other known sigma factors, also 
suggesting a different origin (Morett & Segovia, 1993). σN promoters are unique in that they 
have conserved consensus sequences centered at -24 and -12 nucleotides from the 
transcription start site, as opposed to -35 and -10 (Barrios et al., 1999). A highly conserved 
RpoN-Box is involved in the recognition of the -24 and -12 DNA sequences (Barrios et al., 
1999). The distance between the -24 and -12 elements is more stringent than the analogous 
distance between the -35 and -10 elements for the σ70 family of sigma factors, indicating a 
highly controlled regulation (Barrios et al., 1999). Moreover, the sequences at the -24 and -12 
elements have highly conserved GG and GC regions respectively, also suggesting a high 
level of regulatory control (Barrios et al., 1999). 

While the σN protein is very different from other alternate sigma factors, the interaction 
between the sigma factor and template DNA is also distinct. The σ70 family of sigma factors 
do not form stable closed complexes and transcription will start spontaneously (Barrios et 
al., 1999). Unlike other sigma factors, the σN and core enzyme form a stable closed complex. 
In this way, σN binding to the core enzyme actually blocks transcription because the open 
complex must be activated (Buck & Cannon, 1992). The binding of the RNA polymerase 
holoenzyme with σN as the sigma factor cannot induce DNA melting alone, similar to the 
RNA polymerase II system in eukaryotes (Buck et al., 2000). σN may bind to DNA first rather 
than binding to the core enzyme first (Buck et al., 2000). This is supported by the fact that σN 
binds to a different location on the core enzyme than σ70 and in doing so may be able to 
assist in DNA melting once activated (Buck et al., 2000).  
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Because it forms a stable closed complex, the RNA polymerase with σN as the sigma factor 
requires enhancer proteins for activation. Each enhancer protein is under the regulation of 
its own signal transduction pathway, allowing response to various environmental 
conditions (Buck et al., 2000). All the enhancer proteins have hidden ATPase activity that 
allows for the DNA melting necessary to initiate transcription (Buck et al., 2000).  

3.2 The housekeeping sigma σ70 

The other five sigma factors appear to be evolutionarily related, developing from the 
original or primary sigma factor. RpoD or σ70 is the housekeeping sigma factor and is 
responsible for the transcription of most of the genes in bacterial cells growing exponentially 
(Ishihama, 1993). When rpoD was found in the genome for E. coli, it was determined that the 
gene sequence had a high degree of homology between other rpoD genes from closely 
related species (Scaife et al., 1979). Further genomic analysis determined that rpoD is found 
in a transcript with the 30S ribosomal protein S21 and DNA primase (Burton et al., 1983). 
This operon was the first discovered operon containing proteins involved in transcription, 
translation, and replication (Burton et al., 1983). Eσ70 (the holoenzyme containing the core 
enzyme associated with σ70) does not form a stable closed complex and transcription begins 
spontaneously (Barrios et al., 1999), requiring no enhancer proteins. Moreover, the σ70 

concentration found inside a cell undergoing exponential growth is less than the 
concentration of core enzymes, indicating the level of the sigma factor present may regulate 
the level of transcription (Burton et al., 1983).  

3.3 σE – Response to extracytoplasmic stress 

When the bacteria face stressors, other sigma factors are involved in the expression of genes 
necessary to survive the stress, such as σE, σ24, or RpoE which results in transcription of 
genes to combat envelop stress (Kenyon et al., 2005). RpoE is constitutively expressed in the 
bacteria, held inactive by interaction with various binding proteins. The rpoE gene seems to 
be the most highly conserved of alternate sigma factors across several species, as are the 
genes under its transcriptional control.  

RpoE must be able to respond to a signal coming from outside of the cell, while the protein 
itself resides inside the bacterium. It appears that a transmembrane protein, RseA, interacts 
with RseB on the periplasmic side and with σE on the cytoplasmic side. An area of the DegS 
protein on the periplasmic side recognizes unfolded proteins resulting in proteolysis of the 
periplasmic side of RseA. Cleaved RseA is a target for RseP, which then cleaves the 
transmembrane portion of RseA, releasing the RseA/ σE complex from the membrane and the 
unstable cytoplasmic portion of RseA is quickly degraded by cytoplasmic proteases (Muller et 
al., 2009). RseB also interacts on the periplasmic side with both DegS and RseP to control the 
activity of these proteases in the absence of a stress response (Muller et al., 2009). The strength 
of the signal is directly proportional to the number of misfolded outer membrane proteins. 

While response to envelop stress is typically the signal necessary to release RpoE from RseA, 
acid stress may also result in the same response. It was found that mutants deficient in RpoE 
activity showed increased susceptibility to acid and reduced ability to survive inside 
macrophages. The RseP domain was required for this response to the acid shock, but its 
proteolytic activity was not dependent on DegS (Muller et al., 2009). It is proposed that the 
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acidic milieu affects the interaction between RseB and RseP, which normally keeps RseP 
inactive, so that RseP is released to act on RseA, discontinuing negative control over σE 

(Muller et al., 2009). Both DegS and RseP have cytoplasmic and periplasmic domains, and 
the acid response appears to be independent of the envelope stress response. Again, the 
response strength is contingent upon the acidity of conditions and the length of exposure.  

Once σE is released to interact with RNA polymerase, not all σE - dependent genes are 
transcribed equally. Within the approximately 60 promoters examined that required σE for 
transcription, there were few very strong promoters (showing high affinity) but many 
relatively weak promoters. The strong promoters were conserved across both E. coli and S. 
enterica, and were typically involved in maintaining porin homeostasis (Mutalik et al., 2009). 
Varying strength of promoters allow quick and efficient adaptation to different 
environments by being able to transcribe different genes in response to various signals 
(Mutalik et al., 2009). If the stress signal is strong, the cellular concentration of σE will 
increase to transcribe at high rates from weak promoters. 

In order to prevent wasted energy and further damage to the cell, the activation of σE also 
results in the down-regulation of omp (outer membrane protein) mRNA (Papenfort et al., 
2006). The cell also prevents these nascent mRNAs from producing misfolded proteins 
while avoiding destruction by the exocytoplasmic stress. Two small non-coding RNAs, 
RybB and MicA, not under the control of RpoE, collectively expedite the destruction of omp 
mRNAs. Under normal conditions, the cellular machinery making OMPs is still not perfect 
and some misfolded proteins are generated. In this case, the same two sRNAs are involved 
in the response to fix the problem by inducing the σE response, but at a much lower level 
than would be found in bacteria responding to prolonged stress (Papenfort et al., 2006). As 
such, the two sRNAs are most likely under the transcriptional control of the housekeeping 
sigma factor and their increased activity helps to induce σE activity.  

As far as specific genes governed by σE, the parts of the σE regulon that are highly conserved 
across species are involved in making the cell wall and outer membrane of Gram-negative 
bacteria (Rhodius et al., 2006). The variable portion may be involved in the alternative 
lifestyles that the studied species utilize. A genome-wide search was done for σE-dependent 
genes in several species including E. coli and Salmonella Typhimurium, determining that 
several genes were at the core of the σE regulon. Some genes were involved in making 
lipoproteins, such as yfiO, yeaY, and yraP. Others were involved in outer membrane protein 
synthesis and modification, like yeaT, skp, fkpA, and degP. And still others were involved in 
cell envelope structure, such as plsB, bacA, ahpF, and ygiM. Interestingly, both rpoE and rpoH 
were both under regulatory control of σE, indicating that σE promotes its own transcription 
and the transcription of other sigma factors (Rhodius et al., 2006). By autoregulation, σE can 
create a multi-fold increase in gene product from its regulon. All of the genes found to be 
under the control of σE are related to making proteins for cellular structure. 

3.4 σH – Response to heat shock 

One of the genes under the transcriptional control of RpoE is another sigma factor, RpoH or σ32 
(Rhodius et al., 2006). This sigma factor has been found to be involved in the transcription of 
genes that help Salmonella withstand high temperatures, potentially as a result of fever response 
within the host. Whereas σE appears to mediate the response to misfolded outer membrane 
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proteins, σH is involved with proteins within the cytoplasm that are misfolded (Bang et al., 
2005). Concomitant with increased heat exposure, cell wall and membrane proteins begin to 
misfold and denature. As the concentration of σE increases in response to the misfolded 
proteins, σH also accumulates to respond to a sustained stressor. This is supported by the 
finding that rpoH expression is directly proportional to σE activity at temperatures above 42°C 
(Testerman et al., 2002), a temperature at which protein denaturing begins with the cell. 

RpoH governs the transcription of genes such as those encoding proteases that allow for the 
removal of misfolded proteins within the cytoplasm. For example, an operon composed of 
opdA and yhiQ was found to be immediately proceeded by a consensus sequence for the 
RpoH promoter (Conlin & Miller, 2000). While the function of these two proteins has not 
been directly studied in the heat shock response, OpdA is metalloprotease oligopeptidase A 
that would be helpful in degrading misfolded proteins.  

Some researchers have also hypothesized that σH is related to RNA thermometers, which are 
other regulatory means for activating and utilizing heat shock genes. RNA thermometers 
are areas of 5’-untranslated region that fold and complementary pair in such a way as to 
block the Shine-Dalgarno (SD) sequence of downstream genes (Waldminghaus et al., 2007). 
When heated to high enough temperatures, these areas unpair to allow the ribosome access 
to the SD sequence. A previously undescribed RNA thermometer was found within the 5’-
UTR of the agsA gene in S. enterica. This gene is known to be involved in response to heat 
shock, and has a promoter region that is a consensus sequence for RpoH. Within the agsA 
mRNA appear to be RNA thermometer sequences (Waldminghaus et al., 2007).  

In E. coli, the rpoH mRNA itself contains RNA thermometers. In this species, the cellular 
level of the RpoH is controlled by complementary base pairing in its mRNA. Unlike other 
RNA thermometers, the SD sequence is not blocked but the start codon is inaccessible to the 
ribosome and two halves of the ribosome-binding site pair at low temperatures 
(Waldminghaus et al., 2007). A similar mechanism is likely at play in Salmonella.  

While responding to heat shock is vitally important for survival of the bacteria, the most 
important function of σH is to mediate σE regulation of σS through hfq gene expression. In E. 
coli, the promoter sequence found upstream of the hfq gene was found to be σH –dependent. 
The same promoter was found in S. Typhimurium (Bang et al., 2005). In conditions with 
scarce nutrients, σE appears to upregulate σS through the increase of σH (Bang et al., 2005).  

The product of the hfq gene, HF-I, is important for translation of RpoS. This small protein is 
heat stable and binds to RNA to facilitate translation (Brown & Elliot, 1996) by associating 
with the ribosome (Brown & Elliot, 1997). Several possible mechanisms for the manner in 
which the protein encoded by hfq regulated σS translation have been suggested, including 
preventing the interaction of some sort of antisense mRNA or by being directly involved in 
the transcription of rpoS (Cunning & Elliot, 1999). Most evidence supports the assertion that 
the function of HF-I is as an RNA chaperone, after it was demonstrated to bring the mRNA 
and ribosome in correct association for translation (Sittka et al., 2007). 

3.5 σS – Stationary phase growth, response to stress, and response to starvation 

The role of this sigma factor, also called σ38, is slightly more difficult to define than that of 
RpoE or RpoH. However, it is clear that the function of RpoS is essential. The conserved 
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acidic milieu affects the interaction between RseB and RseP, which normally keeps RseP 
inactive, so that RseP is released to act on RseA, discontinuing negative control over σE 

(Muller et al., 2009). Both DegS and RseP have cytoplasmic and periplasmic domains, and 
the acid response appears to be independent of the envelope stress response. Again, the 
response strength is contingent upon the acidity of conditions and the length of exposure.  

Once σE is released to interact with RNA polymerase, not all σE - dependent genes are 
transcribed equally. Within the approximately 60 promoters examined that required σE for 
transcription, there were few very strong promoters (showing high affinity) but many 
relatively weak promoters. The strong promoters were conserved across both E. coli and S. 
enterica, and were typically involved in maintaining porin homeostasis (Mutalik et al., 2009). 
Varying strength of promoters allow quick and efficient adaptation to different 
environments by being able to transcribe different genes in response to various signals 
(Mutalik et al., 2009). If the stress signal is strong, the cellular concentration of σE will 
increase to transcribe at high rates from weak promoters. 

In order to prevent wasted energy and further damage to the cell, the activation of σE also 
results in the down-regulation of omp (outer membrane protein) mRNA (Papenfort et al., 
2006). The cell also prevents these nascent mRNAs from producing misfolded proteins 
while avoiding destruction by the exocytoplasmic stress. Two small non-coding RNAs, 
RybB and MicA, not under the control of RpoE, collectively expedite the destruction of omp 
mRNAs. Under normal conditions, the cellular machinery making OMPs is still not perfect 
and some misfolded proteins are generated. In this case, the same two sRNAs are involved 
in the response to fix the problem by inducing the σE response, but at a much lower level 
than would be found in bacteria responding to prolonged stress (Papenfort et al., 2006). As 
such, the two sRNAs are most likely under the transcriptional control of the housekeeping 
sigma factor and their increased activity helps to induce σE activity.  

As far as specific genes governed by σE, the parts of the σE regulon that are highly conserved 
across species are involved in making the cell wall and outer membrane of Gram-negative 
bacteria (Rhodius et al., 2006). The variable portion may be involved in the alternative 
lifestyles that the studied species utilize. A genome-wide search was done for σE-dependent 
genes in several species including E. coli and Salmonella Typhimurium, determining that 
several genes were at the core of the σE regulon. Some genes were involved in making 
lipoproteins, such as yfiO, yeaY, and yraP. Others were involved in outer membrane protein 
synthesis and modification, like yeaT, skp, fkpA, and degP. And still others were involved in 
cell envelope structure, such as plsB, bacA, ahpF, and ygiM. Interestingly, both rpoE and rpoH 
were both under regulatory control of σE, indicating that σE promotes its own transcription 
and the transcription of other sigma factors (Rhodius et al., 2006). By autoregulation, σE can 
create a multi-fold increase in gene product from its regulon. All of the genes found to be 
under the control of σE are related to making proteins for cellular structure. 

3.4 σH – Response to heat shock 

One of the genes under the transcriptional control of RpoE is another sigma factor, RpoH or σ32 
(Rhodius et al., 2006). This sigma factor has been found to be involved in the transcription of 
genes that help Salmonella withstand high temperatures, potentially as a result of fever response 
within the host. Whereas σE appears to mediate the response to misfolded outer membrane 
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proteins, σH is involved with proteins within the cytoplasm that are misfolded (Bang et al., 
2005). Concomitant with increased heat exposure, cell wall and membrane proteins begin to 
misfold and denature. As the concentration of σE increases in response to the misfolded 
proteins, σH also accumulates to respond to a sustained stressor. This is supported by the 
finding that rpoH expression is directly proportional to σE activity at temperatures above 42°C 
(Testerman et al., 2002), a temperature at which protein denaturing begins with the cell. 
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removal of misfolded proteins within the cytoplasm. For example, an operon composed of 
opdA and yhiQ was found to be immediately proceeded by a consensus sequence for the 
RpoH promoter (Conlin & Miller, 2000). While the function of these two proteins has not 
been directly studied in the heat shock response, OpdA is metalloprotease oligopeptidase A 
that would be helpful in degrading misfolded proteins.  

Some researchers have also hypothesized that σH is related to RNA thermometers, which are 
other regulatory means for activating and utilizing heat shock genes. RNA thermometers 
are areas of 5’-untranslated region that fold and complementary pair in such a way as to 
block the Shine-Dalgarno (SD) sequence of downstream genes (Waldminghaus et al., 2007). 
When heated to high enough temperatures, these areas unpair to allow the ribosome access 
to the SD sequence. A previously undescribed RNA thermometer was found within the 5’-
UTR of the agsA gene in S. enterica. This gene is known to be involved in response to heat 
shock, and has a promoter region that is a consensus sequence for RpoH. Within the agsA 
mRNA appear to be RNA thermometer sequences (Waldminghaus et al., 2007).  

In E. coli, the rpoH mRNA itself contains RNA thermometers. In this species, the cellular 
level of the RpoH is controlled by complementary base pairing in its mRNA. Unlike other 
RNA thermometers, the SD sequence is not blocked but the start codon is inaccessible to the 
ribosome and two halves of the ribosome-binding site pair at low temperatures 
(Waldminghaus et al., 2007). A similar mechanism is likely at play in Salmonella.  

While responding to heat shock is vitally important for survival of the bacteria, the most 
important function of σH is to mediate σE regulation of σS through hfq gene expression. In E. 
coli, the promoter sequence found upstream of the hfq gene was found to be σH –dependent. 
The same promoter was found in S. Typhimurium (Bang et al., 2005). In conditions with 
scarce nutrients, σE appears to upregulate σS through the increase of σH (Bang et al., 2005).  

The product of the hfq gene, HF-I, is important for translation of RpoS. This small protein is 
heat stable and binds to RNA to facilitate translation (Brown & Elliot, 1996) by associating 
with the ribosome (Brown & Elliot, 1997). Several possible mechanisms for the manner in 
which the protein encoded by hfq regulated σS translation have been suggested, including 
preventing the interaction of some sort of antisense mRNA or by being directly involved in 
the transcription of rpoS (Cunning & Elliot, 1999). Most evidence supports the assertion that 
the function of HF-I is as an RNA chaperone, after it was demonstrated to bring the mRNA 
and ribosome in correct association for translation (Sittka et al., 2007). 

3.5 σS – Stationary phase growth, response to stress, and response to starvation 

The role of this sigma factor, also called σ38, is slightly more difficult to define than that of 
RpoE or RpoH. However, it is clear that the function of RpoS is essential. The conserved 
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sequence of rpoS across multiple species and within the same species found in different 
geographical areas speaks to its importance. When rpoS genes are characterized in clinical 
isolates, the mutations found are not clonal but rather novel, implying that there is some 
selection against mutants. Even when strains demonstrated different abilities to survive 
certain stresses like exposure to hydrogen peroxide, it did not appear to be related to 
different rpoS genes (Robbe-Saule et al., 2007).  

The number and types of genes that seem to be under transcriptional control of σS have a 
variety of functions and respond to a wide variety of lifestyle requirements and threats to 
survival. The only known constant about the genes transcriptionally governed by RpoS is 
their dependence on growth phase (Ibanez-Ruiz et al., 2000). Previously, work has 
determined that during logarithmic growth, any activity from σS promoters is repressed by 
cyclic-AMP receptor activity (Fang et al., 1996). Stationary phase growth is characterized by 
a lack of cellular multiplication and decreasing cell density. The transition from exponential 
growth to stationary phase growth is the result of the concentration of a regulatory protein 
(Hirsch & Elliot, 2005). The concentration of Fis (factor for inversion stimulation), a DNA 
binding protein, is high during exponential growth and low in stationary phase. Fis binds to 
a region of DNA upstream of the promoter for rpoS and with decreasing concentration, 
allows the switch to stationary phase (Hirsch & Elliot, 2005).  

A genome-wide search has been done for genes under the transcriptional control of RpoS. The 
project found that, like RpoE, the σS regulon includes promoters of various strengths. Despite 
the assumed similarities between the E. coli and S. Typhimurium genome, there were several 
genes within the Salmonella genome that were not homologous with any genes of E. coli. 
Several genes of unknown function were found under the control of σS, as was ogt, which 
encodes the enzyme O6 -methylguanine DNA methyltransferase (Ibanez-Ruiz et al., 2000). This 
enzyme is responsible for repairing DNA damaged by alkylation (Fang et al., 1992).  

σS also seems to play a role in a wide variety of other functions that ensure the survival of 
the bacteria, such as protection from acid shock and nutrient depletion. Decreased pH 
unfolds the secondary structure stem and loops of the rpoS mRNA, allowing availability for 
translation (Audia & Foster, 2003). Constitutive degradation of the sigma factor coupled 
with no more being made results in the system reset after the acid threat has passed (Audia 
& Foster, 2003). RpoS also seems to be involved in survival of the bacteria in starvation 
conditions. σS has been found to act as both a positive regulator for stiA and stiC and a 
negative regulator for stiB. These three genes are part of the multiple-nutrient starvation-
induced loci. σS was required for phosphate, carbon, and nitrogen starvation survival 
through induction of stiA and stiC. σS also acted as a negative regulator of stiB during 
phosphate and carbon starvation induced stationary growth (O’Neal et al., 1994). 

3.6 σF – Flagellar formation and chemotaxis 

Flagellar assembly was originally assumed to be under the control of σ70, because it seemed 
essential to survival. However, examining promoters of known flagellar genes found no 
consensus sequences for σ70 (Helmann & Chamberlin, 1987). Instead, researchers found 
promoter sequences in Salmonella known to be used by alternative sigma factors in closely 
related species (Helmann & Chamberlin, 1987). σF, more commonly called FliA, or σ28, has 
the most specific function of all the alternate sigma factors. FliA is involved in the 
transcription of genes related to the formation of flagella, specifically the formation of the 
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flagellar filament (Ohnishi et al., 1990). Operons of flagellar assembly are proceeded by one 
of three classes of promoters, class 1, 2, or 3 (Bonifield & Hughes, 2003, Karlinsey et al., 2000, 
Karlinsey et al., 2006) which allow for a temporal regulation of gene expression. From these 
operons, more than 50 genes are transcribed to allow complete flagellar assembly and 
function (Kutsukake et al., 1994).  

There is only one class 1 operon which encodes the flhD and flhC genes (Karlinsey et al., 
2000). Class 1 is the master operon, with FlhD and FlhC acting as a global regulator of 
flagellar assembly (Karlinsey et al., 2006). FlhD and FlhC form a heterotetrameric complex 
that is a positive transcriptional activator of class 2 promoters through σ70, by interacting 
with the α subunit of the core enzyme (Bonifield & Hughes, 2003, Liu et al., 1995, Liu & 
Matsumura, 1994). Class 2 operons include genes for the assembly of the hook and basal 
body complex (HBB), σF, and FlgM (Bonifield & Hughes, 2003). The basal body, containing 
the motor, penetrates the cell membrane and includes the hook element on the extracellular 
side of the cell (Brown & Hughes, 1995). The filament protrudes from the hook into the 
extracellular matrix and turns to provide motility. 

The third class of flagellar operons requires σ28 or FliA for transcription (Bonifield & 
Hughes, 2003). Proteins generated from these operons are for the flagellar filament, the 
generation of motor force, and chemotaxis (Karlinsey et al., 2006). FlgM, which is also 
transcribed from class 2 operons along with FliA, acts as an anti-sigma factor, keeping FliA 
inactive until the completion of the HBB. The C-terminal portion of FliA has a binding site 
for FlgM (Kutsukake et al., 1994). FlgM prevents RNA polymerase core enzyme from 
interacting with FliA to transcribe class 3 flagellar operons (Chadsey et al., 1998). The FlgM 
protein is able to assess the completion of the HBB because the protein itself is an exported 
substrate (Hughes et al., 1993). Decreasing concentrations of FlgM release FliA to interact with 
the RNA polymerase core enzyme and transcribe class 3 operons (Hughes et al., 1993). The 
relative concentration of FliA to FlgM determines the number of flagella that a single cell will 
have (Kutsukake & Iino, 1994). Additionally, the FlhD/FlhC complex may assist FliA in 
association with the RNA polymerase (Kutsukake & Iino, 1994). FlhD is involved in assessing 
nutrient state (Chilcott & Hughes, 2000), which may be requisite for bacterial motility.  

The intracellular concentration of FliA and FlgM is governed by other regulatory 
mechanisms as well. The genes from both of these proteins can be transcribed from either 
class 2 or class 3 promoters (Wozniak et al., 2010). In this way, FliA can positively and 
negatively regulate its own intracellular concentration dependent upon the concentration of 
FlgM within the cell (Ikebe et al., 1999). Mutants lacking FlgM overproduce flagella via 
overexpression from class 3 operons (Yokoseki et al., 1996).  

4. Changing partners 
The presence of alternate sigma factors has been well studied, but how do the alternate sigma 
factors displace the housekeeping sigma or each other to govern gene transcription? Most of 
the answer points to concentration dependence; that is, the concentration of a particular sigma 
factor changes in response to different environmental conditions. For example, RpoE, as 
discussed above, is expressed constitutively but held inactive by various other proteins until 
an extracellular signal is received. This signal activates a series of proteolytic activities that 
gradually increases the intracellular concentration of RpoE. Once RpoE is released, it is free to 
interact with the core enzyme. RpoE is positively autoregulated and as genes are transcribed 
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sequence of rpoS across multiple species and within the same species found in different 
geographical areas speaks to its importance. When rpoS genes are characterized in clinical 
isolates, the mutations found are not clonal but rather novel, implying that there is some 
selection against mutants. Even when strains demonstrated different abilities to survive 
certain stresses like exposure to hydrogen peroxide, it did not appear to be related to 
different rpoS genes (Robbe-Saule et al., 2007).  

The number and types of genes that seem to be under transcriptional control of σS have a 
variety of functions and respond to a wide variety of lifestyle requirements and threats to 
survival. The only known constant about the genes transcriptionally governed by RpoS is 
their dependence on growth phase (Ibanez-Ruiz et al., 2000). Previously, work has 
determined that during logarithmic growth, any activity from σS promoters is repressed by 
cyclic-AMP receptor activity (Fang et al., 1996). Stationary phase growth is characterized by 
a lack of cellular multiplication and decreasing cell density. The transition from exponential 
growth to stationary phase growth is the result of the concentration of a regulatory protein 
(Hirsch & Elliot, 2005). The concentration of Fis (factor for inversion stimulation), a DNA 
binding protein, is high during exponential growth and low in stationary phase. Fis binds to 
a region of DNA upstream of the promoter for rpoS and with decreasing concentration, 
allows the switch to stationary phase (Hirsch & Elliot, 2005).  

A genome-wide search has been done for genes under the transcriptional control of RpoS. The 
project found that, like RpoE, the σS regulon includes promoters of various strengths. Despite 
the assumed similarities between the E. coli and S. Typhimurium genome, there were several 
genes within the Salmonella genome that were not homologous with any genes of E. coli. 
Several genes of unknown function were found under the control of σS, as was ogt, which 
encodes the enzyme O6 -methylguanine DNA methyltransferase (Ibanez-Ruiz et al., 2000). This 
enzyme is responsible for repairing DNA damaged by alkylation (Fang et al., 1992).  

σS also seems to play a role in a wide variety of other functions that ensure the survival of 
the bacteria, such as protection from acid shock and nutrient depletion. Decreased pH 
unfolds the secondary structure stem and loops of the rpoS mRNA, allowing availability for 
translation (Audia & Foster, 2003). Constitutive degradation of the sigma factor coupled 
with no more being made results in the system reset after the acid threat has passed (Audia 
& Foster, 2003). RpoS also seems to be involved in survival of the bacteria in starvation 
conditions. σS has been found to act as both a positive regulator for stiA and stiC and a 
negative regulator for stiB. These three genes are part of the multiple-nutrient starvation-
induced loci. σS was required for phosphate, carbon, and nitrogen starvation survival 
through induction of stiA and stiC. σS also acted as a negative regulator of stiB during 
phosphate and carbon starvation induced stationary growth (O’Neal et al., 1994). 

3.6 σF – Flagellar formation and chemotaxis 

Flagellar assembly was originally assumed to be under the control of σ70, because it seemed 
essential to survival. However, examining promoters of known flagellar genes found no 
consensus sequences for σ70 (Helmann & Chamberlin, 1987). Instead, researchers found 
promoter sequences in Salmonella known to be used by alternative sigma factors in closely 
related species (Helmann & Chamberlin, 1987). σF, more commonly called FliA, or σ28, has 
the most specific function of all the alternate sigma factors. FliA is involved in the 
transcription of genes related to the formation of flagella, specifically the formation of the 
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flagellar filament (Ohnishi et al., 1990). Operons of flagellar assembly are proceeded by one 
of three classes of promoters, class 1, 2, or 3 (Bonifield & Hughes, 2003, Karlinsey et al., 2000, 
Karlinsey et al., 2006) which allow for a temporal regulation of gene expression. From these 
operons, more than 50 genes are transcribed to allow complete flagellar assembly and 
function (Kutsukake et al., 1994).  

There is only one class 1 operon which encodes the flhD and flhC genes (Karlinsey et al., 
2000). Class 1 is the master operon, with FlhD and FlhC acting as a global regulator of 
flagellar assembly (Karlinsey et al., 2006). FlhD and FlhC form a heterotetrameric complex 
that is a positive transcriptional activator of class 2 promoters through σ70, by interacting 
with the α subunit of the core enzyme (Bonifield & Hughes, 2003, Liu et al., 1995, Liu & 
Matsumura, 1994). Class 2 operons include genes for the assembly of the hook and basal 
body complex (HBB), σF, and FlgM (Bonifield & Hughes, 2003). The basal body, containing 
the motor, penetrates the cell membrane and includes the hook element on the extracellular 
side of the cell (Brown & Hughes, 1995). The filament protrudes from the hook into the 
extracellular matrix and turns to provide motility. 

The third class of flagellar operons requires σ28 or FliA for transcription (Bonifield & 
Hughes, 2003). Proteins generated from these operons are for the flagellar filament, the 
generation of motor force, and chemotaxis (Karlinsey et al., 2006). FlgM, which is also 
transcribed from class 2 operons along with FliA, acts as an anti-sigma factor, keeping FliA 
inactive until the completion of the HBB. The C-terminal portion of FliA has a binding site 
for FlgM (Kutsukake et al., 1994). FlgM prevents RNA polymerase core enzyme from 
interacting with FliA to transcribe class 3 flagellar operons (Chadsey et al., 1998). The FlgM 
protein is able to assess the completion of the HBB because the protein itself is an exported 
substrate (Hughes et al., 1993). Decreasing concentrations of FlgM release FliA to interact with 
the RNA polymerase core enzyme and transcribe class 3 operons (Hughes et al., 1993). The 
relative concentration of FliA to FlgM determines the number of flagella that a single cell will 
have (Kutsukake & Iino, 1994). Additionally, the FlhD/FlhC complex may assist FliA in 
association with the RNA polymerase (Kutsukake & Iino, 1994). FlhD is involved in assessing 
nutrient state (Chilcott & Hughes, 2000), which may be requisite for bacterial motility.  

The intracellular concentration of FliA and FlgM is governed by other regulatory 
mechanisms as well. The genes from both of these proteins can be transcribed from either 
class 2 or class 3 promoters (Wozniak et al., 2010). In this way, FliA can positively and 
negatively regulate its own intracellular concentration dependent upon the concentration of 
FlgM within the cell (Ikebe et al., 1999). Mutants lacking FlgM overproduce flagella via 
overexpression from class 3 operons (Yokoseki et al., 1996).  

4. Changing partners 
The presence of alternate sigma factors has been well studied, but how do the alternate sigma 
factors displace the housekeeping sigma or each other to govern gene transcription? Most of 
the answer points to concentration dependence; that is, the concentration of a particular sigma 
factor changes in response to different environmental conditions. For example, RpoE, as 
discussed above, is expressed constitutively but held inactive by various other proteins until 
an extracellular signal is received. This signal activates a series of proteolytic activities that 
gradually increases the intracellular concentration of RpoE. Once RpoE is released, it is free to 
interact with the core enzyme. RpoE is positively autoregulated and as genes are transcribed 
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from RpoE-response promoters, the intracellular concentration increases exponentially so that 
the intracellular concentration of RpoE can outcompete other sigma factors for binding access 
to the core enzyme. RpoE, in turn, allows for transcription of rpoH, which summarily mediates 
rpoS expression, increasing the intracellular level of all three alternative sigma factors. Fine 
tuning of these concentrations allows for precise control of gene expression. If a finite amount 
of RNA polymerase is available, increasing the presence of one sigma factor can repress 
expression of genes requiring a different sigma factor (Farewell et al., 1998). 

Growth phase also appears to play a role in the intracellular concentration of certain sigma 
factors. During exponential growth, intracellular concentrations of σ70 remain relatively 
constant and σS is basically absent (Jishage & Ishihama, 1995). During stationary phase 
growth, the intracellular concentration of σS increases to nearly 30% of σ70 concentration 
(Jishage & Ishihama, 1995). Moreover, the concentration of the core enzyme decreases 
during stationary phase growth (Jishage & Ishihama, 1995), meaning that a 30% increase in 
concentration is more than a 30% increase in competitive advantage. RpoS activity is 
repressed by the products of uspA and uspB, which are both under the transcriptional 
control of σ70 (Farewell et al., 1998). During exponential growth, σS is highly unstable 
(Jishage & Ishihama, 1995). In stationary phase growth, σS is released and free to interact 
with RNA polymerase core enzyme. Researchers have hypothesized that there may be a σ70 
anti-sigma factor under transcriptional control of σS or that a change in the cytoplasm may 
favor σS – mediated transcription (Farewell et al., 1998). Most genes expressed during 
exponential growth are not expressed during stationary phase growth, so σ70 proteins need 
to be rendered inactive (Jishage & Ishihama, 1995). Interestingly, the intracellular levels of σS 
reach those of σ70 during osmotic shock (Jishage & Ishihama, 1995), indicating that the 
change in concentration of a sigma factor can be a gradual or dramatic. 

Environmental conditions can also play a role in the stability of the proteins, which can 
affect transcriptional efficiency. For example, RpoH, the heat shock sigma factor, is highly 
unstable at low temperatures; but, above 42°C intracellular concentrations will transiently 
increase (Jishage & Ishihama, 1995). Higher temperatures may provide increased efficiency 
of σH – mediated transcription or they may stabilize the protein itself so that it is able to 
interact with the core enzyme (Jishage & Ishihama, 1995). 

5. Salmonella as pathogenic bacteria 
In determining how alternate sigma factors are able to promote survival and spread of 
Salmonella, it is important to understand how Salmonella lives. Salmonella typically enters its 
host through the oral route. If sufficient numbers are ingested, some organisms will survive 
the low pH conditions of the stomach to reach the small intestine (Dougan et al., 2011). 
Sometimes the bacterial infection is halted here. For a systemic infection to occur, the 
bacteria must invade the gut epithelium (Hansen-Wester & Hensen, 2001). Salmonella 
preferentially invade epithelial cells in the distal ileum of the small intestine by adhering to 
and then injecting effector proteins into the host cell that facilitates bacterial entrance into 
membrane bound vesicles (Bueno et al., 2010). The small intestine provides an environment 
of near-neutral pH and high osmolarity, condusive to invasion not found in the large 
intestine (Lawhon et al., 2002).  

Within the small intestines, Salmonella specifically invades Peyer’s patches through M cells. 
Peyer’s patches are specialized lymphoid tissues that are designed to sample intestinal 
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antigens and lead to immune responses (Slauch et al., 1997). Salmonella exclusively enter M 
cells found within the follicle-associated epithelium of Peyer’s patches (Jones & Falkow, 
1994). M cells are epithelial cells responsible for the uptake of luminal antigens (Slauch et al., 
1997) and can engulf large particles, making them ideal for target by Salmonella (Jones & 
Falkow, 1994). When one bacterium makes entry into the host epithelial cell, it recruits other 
pathogens to its location (Francis et al., 1992). 

6. Islands of pathogenicity 
An estimated 5-10% of genes within the Salmonella genome can be considered virulence 
genes (Slauch et al., 1997). These genes have been found arranged in clusters within the 
Salmonella chromosome, the so called Salmonella Pathogenicity Islands (SPIs). It has been 
theorized that these gene clusters were acquired by horizontal transfer based on their 
higher G-C content compared with other parts of the Salmonella chromosome (Slauch et 
al., 1997) and because similar regions are not found in closely related commensal species 
such as E. coli (Galán, 1996). There are at least five known SPIs, but SPI-1 and SPI-2 seem 
to the most important in the initial phases of infection. Both SPI-1 and SPI-2 encode type 
III secretion systems (TTSS) (Shea et al., 1996). Additionally, genes within the SPIs encode 
effector proteins and regulatory proteins (Hansen-Wester & Hensen, 2001). These 
secretion systems allow the insertion of effector proteins into the extracellular 
environment and inside the host cell.  

SPI-1 appears to contain genes involved in bacterial uptake by the host cell, while SPI-2 
genes are involved in survival inside cells (Lara-Tejero & Galán, 2009). However, there is 
some evidence indicating that SPI-1 may also be important for bacterial life inside the 
vacuole and for their survival and replication intracellularly (Steele-Mortimer et al., 2002). 
Secreted proteins from genes transcribed from SPI-1 leads to actin cytoskeleton 
rearrangement of the host cell that facilitates bacterial entrance into membrane bound 
vesicles (Chen et al., 1996). Once inside the cell, a variety of functions can be hijacked to 
serve the bacteria’s purpose, including cytoskeleton arrangement, vesicular trafficking, cell 
cycle progression, and programmed cell death (Lara-Tejero & Galán, 2009). These effector 
proteins activate GTP-binding proteins such as Cdc42, Rac-1, and Rho, which coordinate 
intracellular activities in the host cell (Chen et al., 1996). Effector proteins also down-
regulate actin rearrangement (Fu & Galán, 1999) to reverse the actin rearrangement. 

Transcription of all SPI-1 operons is activated by a regulatory loop beginning with HilA 
(Matsui et al., 2008). Through other regulator proteins like HilC, HilD, and InvF, expression 
of invasion genes is modulated with HilA as the central player (Lucas et al., 2000). 
Interestingly, the rising concentration of acetate in the distal intestine activates the 
expression of HilA, bypassing normal positive regulators (Lawhon et al., 2002). 

While SPI-1 may play a role in the procession of the infection past the initial invasion of 
epithelial cells, SPI-2 is vital for the migration of the bacteria to other parts of the host (Löber 
et al., 2006). SPI-2 was the second pathogenicity island discovered and is required for 
virulence after the bacteria has entered into the epithelial cells (Shea et al., 1996). This claim 
is further supported by evidence that mutants without SPI-2 genes could enter Peyer’s 
patches but were unable to spread to mesenteric lymph nodes (Cirillo et al., 1998). Not all 
members of the SPI-2 pathogenicity island are equally vital for the ability of the pathogen to 
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from RpoE-response promoters, the intracellular concentration increases exponentially so that 
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antigens and lead to immune responses (Slauch et al., 1997). Salmonella exclusively enter M 
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Interestingly, the rising concentration of acetate in the distal intestine activates the 
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is further supported by evidence that mutants without SPI-2 genes could enter Peyer’s 
patches but were unable to spread to mesenteric lymph nodes (Cirillo et al., 1998). Not all 
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establish systemic infection. Mutants with various genes knocked out show a varying level 
of attenuation (Cirillo et al., 1998, Hensel et al., 1998). However, the genes within the SPI-2 
are responsible for avoiding destruction by lysosomes within dendritic cells and 
macrophages (Tobar et al., 2006). Expression of SPI-2 genes seems to be induced by the 
slightly acidic conditions inside the initial vacuole formed when the bacteria are initially 
internalized by the host cell (Löber et al., 2006). 

6.1 Regulation of Salmonella pathogenicity islands by sigma factors 

Regulatory control of SPIs can be exerted by sigma factors without sigma factors being 
directly involved in the transcription of these genes. SPI-1 genes are typically transcribed 
using σ70. σH mediates SPI-1 expression by regulating activators of SPI-1. Systems mediated 
by RpoH negatively regulate HilD post-translationally and HilA transcriptionally (Matsui et 
al., 2008). HilD is responsible for activating HilA transcription, and HilA in turn activates all 
the genes within SPI-1. σH directs the production of Lon protease which specifically 
degrades HilD (Matsui et al., 2008). By modulating the activation of σH, the bacterial cell can 
control SPI-1 expression, restricting expression to specific regions within the host cell 
(Matsui et al., 2008). The cell can repress invasion genes long enough to replicate, escape, 
and invade a new macrophage before cell death (Matsui et al., 2008). 

Promoters for SPI-2 genes all have consensus sequences for σ70 (Osborne & Coombes, 
2009). However, upstream of some SPI-2 genes seem to be consensus sequences for σE 
recognition (Osborne & Coombes, 2009). It is postulated that these σE binding sites may 
serve a couple of different purposes. The σE – recognized promoters may allow the 
bacteria to express TTSS in response to host factors that compromise bacterial cellular 
integrity (Osborne & Coombes, 2009). Alternatively, σE may fine-tune the expression of 
SPI-2 genes through σ70 (Osborne & Coombes, 2009) by preferentially overexpressing 
certain genes while all others are expressed at basal levels by σ70. 

Stationary phase Salmonella are unable to cause actin rearrangement in the host epithelial 
cell that is necessary for entry (Francis et al., 1992). Invasion factors are either not functional 
or not expressed in stationary phase bacteria (Francis et al., 1992). As growth phase has been 
demonstrated to change intracellular concentrations of different sigma factors and virulence 
genes do not appear to be under the transcriptional control of σS, it stands to reason that 
these bacteria would not be able to invade; invasion genes would be inactive since the 
activity of the necessary sigma factor is repressed. 

6.2 Other genetic sources of virulence 

Virulence genes may be found outside of Salmonella pathogenicity islands. These genes are 
similarly essential to survival and also are responsive to changes in sigma factor availability. 
While the genetic location of the Spv regulon varies among Salmonella species from 
chromosomal to plasmid-encoded, all species carry the regulon and it functions to increase 
intracellular growth in host cells once the bacteria have spread outside of the small intestine 
(Guiney et al., 1995). σS mutants are unable to efficiently express the Spv regulon. 
Expression of one of the members of the Spv regulon, spvB, decreased by 86% when σS was 
knocked out (Fang et al., 1992). The lethal dosage in mice for a strain without a functional 
rpoS gene was 1000 fold greater than the wild type (Fang et al., 1992).  
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The dependence of Spv regulon expression on growth phase also indicates a dependence on 
σS for transcription. However, it seems to be nutrient availability, not cell density, that is 
most important in mediating Spv regulon expression (Guiney et al., 1995). σS associated with 
RNA polymerase results in expression of genes that are essential to help the bacteria survive 
nutrient depleted conditions, such as those found in deeper tissues beyond the small 
intestine (Guiney et al., 1995). 

σS increases expression of spv virulence genes by interacting with SpvR, a repressor protein 
for the virulence plasmid (Kowarz et al., 1994). Competition for RNA polymerase between 
σS and σ70 led to less efficient transcription of spvR from its promoter as σS has a greater 
affinity for RNA polymerase than σ70 but a lower affinity for the promoter for spvR (Kowarz 
et al., 1994). σS affinity for RNA polymerase is enhanced by its interaction with the Crl 
protein, giving it the ability to displace σ70 as the preferred promoter (Robbe-Saule et al., 
2007). The presence of SpvR regulates its own transcription (Kowarz et al., 1994) so the lack 
of efficient transcription leads to decreasing cellular levels and derepression of spv plasmid 
virulence genes. σS ensures that enough SpvR is present to activate transcription from the 
spvA promoter, the first gene in the regulon (Guiney et al., 1995).  

7. Sigma factors and surviving the best of times and the worst of times  
While Salmonella Pathogenicity Islands allow the bacteria to invade host cells, the pathogen 
must then survive the hostile environment found inside. While differential gene expression 
from various sigma factors ensures the appropriate expression of SPIs to gain access to the 
intracellular milieu of the host, the use of alternate sigma factors also permits survival. 

7.1 A sigma factor cascade for survival in phagocytic cells 

Ferric Fang describes a cascade of transcriptional and translational events that involve sigma 
factors associating with the core enzyme to transcribe genes for each other and those 
necessary to respond to a variety of assaults in the intracellular environment (Fang, 2005). 
The first step in the cascade is activation of σE, which is constitutively expressed through σ70 
promoters, but held inactive by a pair of negative regulators, RseA and RseB (De Las Peñas 
et al., 1997). RseA interacts with σE in such a way as to block the binding site for RNA 
polymerase (Muller et al., 2009). When an extracytoplasmic stress is perceived, σE is released 
by RseA and freed to bind to RNA polymerase. Interaction of σE with the core enzyme 
allows for transcription from other promoters. These promoters include those before the σE 
regulon of genes but also before the rpoH gene, which encodes the alternative sigma factor, 
σH. σH provides specificity for RNA polymerase to transcribe genes in the σH regulon, which 
respond to cytoplasmic stress. Additionally, σH allows transcription of hfq. The Hfq protein 
interacts with the rpoS mRNA to facilitate its translation. The σS then allows transcription of 
genes under its transcriptional control, which allow for a starvation response (Fang, 2005). 
This overall cascade allows for coordinated response by the pathogen. To ensure that sigma 
factors help transcribe genes needed to respond to stress only as long as it exists, there must 
be some mechanism of turnover (Fang, 2005). In this way, the use of an interconnected web 
of sigma factors allows Salmonella to gain access to various cell types and then survive to be 
able to spread to other areas of the host. 

This cascade’s vital importance to survival, in particular within macrophages, is illustrated 
by the increased levels of σS inside the macrophage following infection. Some aspect of 
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al., 2008). HilD is responsible for activating HilA transcription, and HilA in turn activates all 
the genes within SPI-1. σH directs the production of Lon protease which specifically 
degrades HilD (Matsui et al., 2008). By modulating the activation of σH, the bacterial cell can 
control SPI-1 expression, restricting expression to specific regions within the host cell 
(Matsui et al., 2008). The cell can repress invasion genes long enough to replicate, escape, 
and invade a new macrophage before cell death (Matsui et al., 2008). 

Promoters for SPI-2 genes all have consensus sequences for σ70 (Osborne & Coombes, 
2009). However, upstream of some SPI-2 genes seem to be consensus sequences for σE 
recognition (Osborne & Coombes, 2009). It is postulated that these σE binding sites may 
serve a couple of different purposes. The σE – recognized promoters may allow the 
bacteria to express TTSS in response to host factors that compromise bacterial cellular 
integrity (Osborne & Coombes, 2009). Alternatively, σE may fine-tune the expression of 
SPI-2 genes through σ70 (Osborne & Coombes, 2009) by preferentially overexpressing 
certain genes while all others are expressed at basal levels by σ70. 

Stationary phase Salmonella are unable to cause actin rearrangement in the host epithelial 
cell that is necessary for entry (Francis et al., 1992). Invasion factors are either not functional 
or not expressed in stationary phase bacteria (Francis et al., 1992). As growth phase has been 
demonstrated to change intracellular concentrations of different sigma factors and virulence 
genes do not appear to be under the transcriptional control of σS, it stands to reason that 
these bacteria would not be able to invade; invasion genes would be inactive since the 
activity of the necessary sigma factor is repressed. 

6.2 Other genetic sources of virulence 

Virulence genes may be found outside of Salmonella pathogenicity islands. These genes are 
similarly essential to survival and also are responsive to changes in sigma factor availability. 
While the genetic location of the Spv regulon varies among Salmonella species from 
chromosomal to plasmid-encoded, all species carry the regulon and it functions to increase 
intracellular growth in host cells once the bacteria have spread outside of the small intestine 
(Guiney et al., 1995). σS mutants are unable to efficiently express the Spv regulon. 
Expression of one of the members of the Spv regulon, spvB, decreased by 86% when σS was 
knocked out (Fang et al., 1992). The lethal dosage in mice for a strain without a functional 
rpoS gene was 1000 fold greater than the wild type (Fang et al., 1992).  
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RNA polymerase results in expression of genes that are essential to help the bacteria survive 
nutrient depleted conditions, such as those found in deeper tissues beyond the small 
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σS increases expression of spv virulence genes by interacting with SpvR, a repressor protein 
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σS and σ70 led to less efficient transcription of spvR from its promoter as σS has a greater 
affinity for RNA polymerase than σ70 but a lower affinity for the promoter for spvR (Kowarz 
et al., 1994). σS affinity for RNA polymerase is enhanced by its interaction with the Crl 
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virulence genes. σS ensures that enough SpvR is present to activate transcription from the 
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from various sigma factors ensures the appropriate expression of SPIs to gain access to the 
intracellular milieu of the host, the use of alternate sigma factors also permits survival. 
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factors associating with the core enzyme to transcribe genes for each other and those 
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being inside a macrophage results in increased transcription of the rpoS gene. While levels of 
the housekeeping sigma σ70 decreased, levels of σS increased about 10-fold a few hours after 
infection (Khan et al., 1998). Conditions inside the macrophage induce the stress response 
and restrict nutrient availability, which induces the sigma cascade of gene expression to 
help the bacteria survive, although not necessarily to increase/induce virulence. 

7.2 Sigma factors coordinate gene expression 

Rarely is gene expression controlled in a strictly linear manner. That is, multiple sigma 
factors may work together to fine tune an expression of a group of genes to provide the 
bacteria with high probability of survival. The cascade of sigma factors used to allow 
survival inside phagocytic cells (described above) is just one example. There are many other 
instances of sigma factors working simultaneously. 

One way to determine if one sigma factor plays a role in the efficient transcription by the 
other is to knock out one of them and see how the function of gene products mediated by 
the other are affected. In this way, investigators determined a relation between RpoE and 
FliA. Mutants without rpoE showed defective or limited mobility (Du et al., 2011). In these 
mutants, expression from class 1 flagellar promoters remained unaffected while some class 2 
and most class 3 promoters showed decreased activity as compared to wild type (Du et al., 
2011). It was concluded that RpoE may promote expression from class 3 promoters by 
mediating expression of FliA during osmotic stress, such as the hyperosmotic conditions 
found in the small intestine (Du et al., 2011). 

RpoH and RpoN also appear to be related based on their ability to control the same genes as 
well as their dependence on one another. Expression of some heat shock operons appear to 
be under the control of RpoN in certain conditions, as expression from σH operons is down-
regulated in mutants with an rpoN knockout (Studholme, 2002). In this way, RpoN may be 
responsible for fine tuning some gene expression during heat shock response. The 
expression of topoisomerases also appears to be governed by both σN and σH (Studholme, 
2002), which may also indicate an interdependence of the activities of the two sigma factors.  

Insufficient expression of one sigma factor can be compensated for by over-expression of 
other sigma factors. For example, researchers expected that because RpoS was vital to 
survival within macrophages, this sigma factor would be important for expressing virulence 
genes inside these phagocytic cells. However, within macrophages while RpoS only 
moderately increased following infection, RpoH and RpoE showed dramatic increases in 
intracellular concentration (Eriksson et al., 2003). While RpoS is typically associated with 
virulence inside phagocytic cells, it may be possible for other sigma factors to express other 
genes in response to a different environmental stimulus while still ultimately resulting in 
virulence. Research has also demonstrated that RpoN can compensate for insufficient RpoS 
in the formation of certain lipopolysaccharides (Bittner et al., 2004).  

7.3 Survival outside of a host 

While Salmonella is an important enteric pathogen to study because it infects many hosts and 
can be transmitted from species to species, it also is able to survive for long periods of time 
outside a host. Because of this characteristic, it has been an important target of sanitation 
processes to eliminate possible sources of transmission.  
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One mean of Salmonella transmission to human hosts is through food products, such as 
poultry. The same mechanisms of alternate sigma factor used to survive acid challenges in 
the mammalian gut are also utilized in surviving the fowl gastrointestinal tract and can lead 
to transmission of the pathogen (Dunkley et al., 2008). 

Other studies specific to food handling procedures and alternate sigma factors have 
determined that RpoS, for example, is essential to Salmonella’s ability to withstand normal 
sanitation procedures common in the food service industry and that early induction of RpoS 
can cause the cells to enter stationary growth phase prematurely, negating the protective 
nature of stationary growth on the pathogen’s ability to survive (Komitopoulou et al., 2004). 
Other studies have demonstrated that certain food handling processes, such as washing in 
various antimicrobial agents, can induce RpoS to protect the bacteria from destruction 
(Dodd & Aldsworth, 2002). Significant drops in temperature have also been found to 
activate transcription from σS dependent promoters rather than from the σ70 promoters from 
which genes are normally transcribed (Rajkumari & Gowrishankar, 2001). 

Multiple alternate sigma factors contribute to survival through food processing. For 
example, σS and σE were both found to be important in surviving refrigeration and changes 
in osmotic pressure. Depending on the nature of the stress, either σS or σE may be more 
important and their relative concentrations dictate the response (McMeechan et al., 2007).  

8. Transcriptional and translational regulation of sigma factors 
Because sigma factors are capable of effecting dramatic changes in cellular protein 
composition and energy use, their actions must be closely guarded to ensure that the 
pathogen is responding to the stress without exhausting cellular resources.  

8.1 Regulation of sigma factors 

Some alternate sigma factors are constitutively expressed but held inactive until they are 
needed by regulatory proteins that change conformation or leave the cell in response to a 
particular signal. RpoE is held inactive until an extracellular signal of extracytoplasmic 
stress is received and FliA is held inactive by FlgM until the FlgM is exported out of the cell 
by the completed hook and basal body structure. Some regulation of sigma factors is 
accomplished by the optimal conditions under which they can influence gene expression. 
rpoH cannot be translated below a certain temperature because at lower temperatures the 
mRNA folds back on itself blocking the start codon. And RpoS shows increased efficiency 
during stationary phase growth and is almost nonexistent during exponential growth. 

Because much of the efficiency of sigma factors to influence transcription is itself influenced 
by their relative concentrations within the cells, many mechanisms to regulate them change 
the available concentration of these proteins. Different proteases target specific sigma factors 
and depending on the relative concentration of these proteases, the relative availability of 
the sigma factors can be adjusted.  

RpoS is needed to transcribe the most genes and is therefore the most highly regulated. 
Several novel pathways of regulation have been discovered. DksA is required for efficient 
translation of rpoS but not as an RNA chaperone (Webb et al., 1999). Another protein, RstA, 
decreases the expression of RpoS controlled genes and appears to decrease cellular levels of 
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being inside a macrophage results in increased transcription of the rpoS gene. While levels of 
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moderately increased following infection, RpoH and RpoE showed dramatic increases in 
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virulence inside phagocytic cells, it may be possible for other sigma factors to express other 
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can be transmitted from species to species, it also is able to survive for long periods of time 
outside a host. Because of this characteristic, it has been an important target of sanitation 
processes to eliminate possible sources of transmission.  
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One mean of Salmonella transmission to human hosts is through food products, such as 
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accomplished by the optimal conditions under which they can influence gene expression. 
rpoH cannot be translated below a certain temperature because at lower temperatures the 
mRNA folds back on itself blocking the start codon. And RpoS shows increased efficiency 
during stationary phase growth and is almost nonexistent during exponential growth. 

Because much of the efficiency of sigma factors to influence transcription is itself influenced 
by their relative concentrations within the cells, many mechanisms to regulate them change 
the available concentration of these proteins. Different proteases target specific sigma factors 
and depending on the relative concentration of these proteases, the relative availability of 
the sigma factors can be adjusted.  

RpoS is needed to transcribe the most genes and is therefore the most highly regulated. 
Several novel pathways of regulation have been discovered. DksA is required for efficient 
translation of rpoS but not as an RNA chaperone (Webb et al., 1999). Another protein, RstA, 
decreases the expression of RpoS controlled genes and appears to decrease cellular levels of 
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RpoS independently of proteolytic activity (Cabeza et al., 2007). Translation of the rpoS 
mRNA is elevated in the presence of appropriate carbon sources, indicating a growth rate 
dependent control of sigma factor availability (Cunning & Elliot, 1999). In response to 
increased glucose levels, StpA prevents overactivation of σS indirectly enhancing its turnover 
(Lucchini et al., 2009). Some small mRNAs such as DsrA and RprA, are highly conserved as 
are their antisense elements within the rpoS mRNA, but they only have small effects on 
RpoS availability (Jones et al., 2006). DsrA interaction with rpoS mRNA disrupts the stem 
and loop base pairing of rpoS mRNA to allow high levels of translation (Majdalani et al., 
2001). The same study discovered another small RNA, RprA, that interacts in a similar way 
to positively regulate RpoS translation (Majdalani et al., 2001).  

8.2 Sigma factors and other regulatory mechanisms 

Differential gene expression through alternate sigma factors is far from the only regulatory 
mechanism found in Salmonella. When these other regulatory systems respond to 
environmental stimuli, alternate sigma factors influence gene expression related to these 
systems as well. Two important regulators that intersect differential gene expression with 
sigma factors are the PhoP/PhoQ regulatory system and the Fis global regulator.  

The PhoP/PhoQ regulatory system influences the expression of many genes and is 
functionally a sensor of extracellular magnesium concentration. It has been hypothesized to 
have evolved differently in closely related species like E. coli and Salmonella as a result of 
different lifestyles (Monsieurs et al., 2005). The relation between the PhoP/PhoQ regulatory 
system and σS appears to be essential. Even in cells with functional copies of rpoS, mutants 
lacking PhoP cannot form functional phagosomes within phagocytic cells (Alpuche-Aranda 
et al., 1994). Mutants with a double knockout of the RpoS and PhoP/PhoQ show decreased 
virulence and decreased invasion of host cells (Lee et al., 2007). It has even been suggested 
that because of their inability to cause lasting infections, these double knockouts should be 
used to make a Salmonella vaccine (Lee et al., 2007).  

PhoP controls the level of available RpoS by controlling proteins, which enable its 
degradation by ClpXP. PhoP acts as a transcriptional activator for iraP, which encodes a 
protein that interacts with RssB. RssB facilitates ClpXP degradation of σS (Tu et al., 2006). By 
blocking RssB activity, the level of σS accumulates during PhoP/PhoQ activation, which 
includes low levels of magnesium as found inside macrophages. This is very different than 
the type of regulation seen in the commensal E. coli (Tu et al., 2006), indicating that while 
there is some similarity in the genes expressed between the two, the regulation of the 
alternative sigma pathways is not the same. Interestingly, RpoE seems to be involved in the 
regulation of PhoP/PhoQ activity through Hfq, the same RNA chaperone through which it 
mediates RpoS expression (Coornaert et al., 2010).  

Fis (factor for inversion stimulation) is a global transcription regulator and facilitates site-
specific DNA recombination (Mallik et al., 2004). The intracellular concentrations of Fis are 
high during exponential growth and low in late exponential and stationary phase growth 
(Walker et al., 2004). The fis promoter itself is of some interest as to how these concentration 
differences are maintained. The σ70 dependent and growth-phase dependent regulation from 
this promoter is achieved through a weak -35 sequence, a second RNA polymerase binding 
site, and the relative concentration of nucleotides within the cell (Walker et al., 1999). The fis 
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promoter is somewhat unique among σ70 – dependent promoters in that transcription begins 
with a cysteine (Walker et al., 2004). This residue is normally a poor initiator of transcription 
and as a result the RNA polymerase holoenzyme binds very weakly with the fis promoter 
(Walker et al., 2004). When cellular concentrations of cysteine are low, there is very little 
transcription from the promoter but as CTPs increase in the cell, so does gene expression 
from the fis promoter (Walker et al., 2004).  

As expected from the pattern of Fis concentration in the cell, there is a negative relationship 
between the intracellular level of RpoS and Fis during stationary phase growth (Cróinín & 
Dorman, 2007). Fis in fact is able to mediate expression from σS – dependent genes by 
binding to a Fis-specific site upstream of σS promoter regions and blocking RpoS activity 
during exponential growth (Hirsch & Elliot, 2005). 

Fis, as its name suggests, is also essential for the ability of Salmonella to switch flagellar 
types. There are two types of flagellar filaments, FljB and FliC, which are both transcribed 
from class 3 promoters. Flagellar switching is achieved by inversion of a promoter region. 
When expression occurs from this promoter, a type B filament is produced and a repressor 
of type C is created. When the inversion occurs, the repressor of type C is not produced and 
type C filaments are made (Aldridge et al., 2006). Hin (for H invertase) and Fis are both 
required for proper inversion (Bruist et al., 1987). Hin seems to mediate the inversion while 
Fis ensures the appropriate alignment of the inverted DNA (Bruist et al., 1987).  

In having two different types of filaments available for use, Salmonella is able to evade the 
host immune system. FliC is a well-studied target of the immune system (Cummings et al., 
2005). As bacteria migrate through the small intestine and into the rest of the host, FliC 
expression is suppressed or switched for FljB expression to avoid detection by T cells 
(Cummings et al., 2005). Once past the initial site of infection, T cells are no longer able to 
recognize the pathogen (Cummings et al., 2005).  

Finally, the relatedness of alternate sigma factors and pathogenicity can ensure that certain 
genes are not expressed at the wrong time. The gene hilA which is responsible for the 
regulation of SPI-1 genes is found in the same operon as FliA, the alternate sigma factor for 
flagellar filament assembly (Lucas et al., 2000). This proximity within the genome allows for 
the simultaneous control of both mobility and invasion properties, and ensures the likely co-
inheritance of the regulatory elements. 

9. Conclusion 
Differential gene expression through the use of alternate sigma factors is one of numerous 
regulatory methods available to Salmonella to avoid destruction by its host’s immune system or 
sanitation processes and to thrive in a variety of environments. Control through sigma factors 
intersects control exerted by other regulatory pathways to ensure a highly controllable pattern 
of gene expression. The full capacity of Salmonella to change rapidly and accurately to respond 
to environmental conditions is still not well understood. Genes that are under the most types 
of regulatory control are typically the most important in virulence (McDermott et al., 2011) and 
it is clear that not only are sigma factors highly controlled themselves at the level of 
transcription and translation, but they are interconnected in a complex web. 

From a medical standpoint, rendering Salmonella essentially commensal by knocking out 
various genes for sigma factors may be an area of interest in creating vaccines. Salmonella 
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From a medical standpoint, rendering Salmonella essentially commensal by knocking out 
various genes for sigma factors may be an area of interest in creating vaccines. Salmonella 
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mutants with one or more nonfunctional copies of genes for alternate sigma factors show 
significantly attenuated growth across hosts and especially in macrophages, which seems to 
be the most essential characteristic of Salmonella’s ability to evade the host immune system. 
Understanding how sigma factors protect the integrity of the bacteria and testing the limits 
of this protection may provide insight into the development of new sanitation processes that 
eliminate more of the bacteria and prevent spread.  
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1. Introduction 
Salmonella enterica can swim by rotating multiple flagella, which arise randomly over the cell 
surface (Fig. 1A). The flagellum consists of at least three parts: the basal body, the hook, and 
the filament. The basal body is embedded within the cell membranes and acts as a bi-
directional rotary motor powered by an electrochemical potential gradient of protons across 
the cytoplasmic membrane (Fig. 1B, C). The hook and filament extend outwards in the cell 
exterior. The filament acts as a helical propeller. The hook exists between the basal body and 
filament and functions as a universal joint to smoothly transmit torque produced by the 
motor to the filament. When the motors rotate in counterclockwise direction, the cells can 
swim smoothly. By quick reversal rotation of the motor to clockwise direction, the cells 
tumble and change their swimming direction to move toward more favorable environments 
(Fig. 2) (Berg, 2003; Blair, 2003; Minamino et al., 2008).  

In Salmonella enterica, five flagellar proteins, MotA, MotB, FliG, FliM and FliN, are 
responsible for torque generation. Two integral membrane proteins, MotA and MotB, form 
the stator complex of the motor, which functions as a proton-conducting channel to convert 
an inwardly directed flux of protons through the proton channel into the mechanical work 
required for motor rotation. Two highly conserved residues, Pro-173 in MotA and Asp-33 in 
MotB, are involved in the energy coupling mechanism. FliG, FliM and FliN form the C-ring 
on the cytoplasmic face of the MS ring and are responsible not only for torque generation 
but also for switching the direction of motor rotation (Berg, 2003; Blair, 2003; Minamino et 
al., 2008). Torque is generated by sequential electrostatic interactions between MotA and 
FliG. A high-resolution observation of flagellar motor rotation has revealed a fine stepping 
motion with 26 steps per revolution, which corresponds to that of FliG subunits in the C- 
ring (Sowa et al., 2005; Nakamura et al., 2010). The proton conductivity of the MotA/B 
proton channel complex is proposed to be suppressed by a plug segment of MotB when the 
MotA/B complex is not assembled around the basal body (Hosking et al., 2006; Morimoto et 
al., 2010a). Although a low-resolution structure of the entire basal body containing the stator 
complexes has been visualized in situ by electron cryotomography (Fig. 3A) (Murphy et al., 
2006; Liu et al., 2009; Kudryashev et al., 2010), the stators are missing in highly purified 
flagellar basal bodies presumably due to highly dynamic interactions between the stator and 
its binding partners in the basal body (Fig. 3B) (Thomas et al., 2001, 2006). In this chapter, we 
describe our current understanding of how the stator complex is installed into the motor, 
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FliG. A high-resolution observation of flagellar motor rotation has revealed a fine stepping 
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proton channel complex is proposed to be suppressed by a plug segment of MotB when the 
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complexes has been visualized in situ by electron cryotomography (Fig. 3A) (Murphy et al., 
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flagellar basal bodies presumably due to highly dynamic interactions between the stator and 
its binding partners in the basal body (Fig. 3B) (Thomas et al., 2001, 2006). In this chapter, we 
describe our current understanding of how the stator complex is installed into the motor, 
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how its proton conductivity is activated, and how the proton flow through the proton 
channel is coupled with torque generation. 

 
Fig. 1. Bacterial flagella 
(A) Electron micrograph of Salmonella enterica. Six flagella arise randomly over the cell surface. 
(B) Electron micrograph of the purified flagellum. (C) Schematic diagrams of the flagellum. 
The flagellum consists of at least three parts: the basal body, which acts as a reversible rotary 
motor; the hook, which functions as a universal joint; and the filament, which acts as a helical 
screw. OM, outer membrane; PG, peptidoglycan layer; CM, cytoplasmic membrane. 

Typical swimming pattern of Salmonella cells. The cells can swim smoothly when the motors 
rotate in counterclockwise (CCW) direction, resulting in the formation of a flagellar bundle 
that produces the thrust. By quick reversal rotation of the motor to clockwise (CW) direction, 
the bundle is disrupted so that bacteria can tumble and change their swimming direction. 

 
Fig. 2. Bacterial behavior 
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Fig. 3. Structure of bacterial flagellar motor 
(A) The entire structure of the Borrelia burgdorferi flagellar motor visualized by electron 
cryotomography. The segmented structure was color coded as follows: rotor, green; C-ring 
and stator, blue; protein export apparatus, gray (Liu et al., 2009). (B) Three-dimensional (3D) 
structure of the flagellar basal body isolated from Salmonella enterica (Thomas et al., 2006). Left 
panel: electron cryomicroscopic image of frozen-hydrated hook-basal body in the side view. 
Right panel: 3D density map of the basal body reconstructed from frozen-hydrated particle 
images. Dashed circles indicate putative positions of the stator complexes in the motor. 

2. MotA/B stator complex acts as a transmembrane proton channel 
MotA and MotB are cytoplasmic membrane proteins and form a complex consisting of four 
copies of MotA and two copies of MotB (Kojima and Blair, 2004). It has been estimated that 
there are at least 11 copies of the MotA/B complex around the flagellar basal body (Reid et al., 
2006). Since MotB has a potential peptidoglycan-binding motif in its C-terminal periplasmic 
domain (De Mot and Vanderleyden, 1994), the MotA/B complex is postulated to be anchored 
to the peptidoglycan (PG) layer to act as the stator of the motor. The MotA/B complex forms a 
transmembrane proton channel that couples an inward-directed proton translocation to torque 
generation (Blair and Berg, 1990). However, the molecular mechanism of energy coupling 
between proton influx and flagellar motor rotation remains unknown. 
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2. MotA/B stator complex acts as a transmembrane proton channel 
MotA and MotB are cytoplasmic membrane proteins and form a complex consisting of four 
copies of MotA and two copies of MotB (Kojima and Blair, 2004). It has been estimated that 
there are at least 11 copies of the MotA/B complex around the flagellar basal body (Reid et al., 
2006). Since MotB has a potential peptidoglycan-binding motif in its C-terminal periplasmic 
domain (De Mot and Vanderleyden, 1994), the MotA/B complex is postulated to be anchored 
to the peptidoglycan (PG) layer to act as the stator of the motor. The MotA/B complex forms a 
transmembrane proton channel that couples an inward-directed proton translocation to torque 
generation (Blair and Berg, 1990). However, the molecular mechanism of energy coupling 
between proton influx and flagellar motor rotation remains unknown. 
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The torque-speed relationship of the flagellar motor has been well characterized (Fig. 
4)(Chen and Berg, 2000a, b). As the load is decreased, torque decreases gradually up to a 
certain speed called the knee point and then falls rapidly to zero. The rotation rate of the 
proton-driven flagellar motor under a given load is proportional to a proton motive force 
across the cytoplasmic membrane over the entire range of observation (Gabel and Berg, 
2003). The plateau torque at high load is dependent on the number of stators while the 
motor speed near zero load is independent of the stator number (Fig. 4A) (Ryu et al., 2000; 
Yuan and Berg, 2008). In the high-torque, low-speed regime, both temperature and 
solvent-isotope effects are small, while those effects are large in the low-torque, high-
speed regime. This suggests that the steep decline of torque at high speed is due to a limit 
in the rate of proton transfer (Fig. 4B) (Chen and Berg, 2000a, b). 

   
Fig. 4. Torque-speed curve of the bacterial flagellar motor 
(A) Effect of the number of functional stators in a motor on the torque-speed relationship. 
The torque at high load is dependent on the number of stators. The motor speed near zero 
load is independent of the functional stator number. (Ryu et al., 2000) (B) Effect of 
temperature on the torque-speed curve. In the low-speed regime, torque is insensitive to 
changes in temperature. In the high-speed regime, motor speed decreases markedly when 
temperature is decreased (Chen et al., 2000a). 

2.1 Arrangement of transmembrane segments of the MotA/B complex 

MotA consists of four transmembrane spans (TMs), two short periplasmic loops and two 
extensive cytoplasmic regions. MotB consists of an N-terminal cytoplasmic region, one TM 
and a large periplasmic region containing a putative peptidoglycan-binding motif (Fig. 5A). 
The four MotA subunits in the stator complex are positioned with their TM3 and TM4 
segments adjacent to the dimer of MotB-TM located at the center and their TM1 and TM2 
segments in outer positions (Fig. 5B) (Braun et al., 2004). Two conserved charged residues, 
Arg-90 and Glu-98, in the cytoplasmic loop between TM2 and TM3 are involved in 
electrostatic interactions with charged residues in the C-terminal domain of FliG to produce 
torque (Zhou and Blair, 1997; Zhou et al., 1998a). A conserved proline residue of MotA, Pro-
173 and Pro-222, are thought to be involved in conformational changes of the stator complex 
that couple proton influx with torque generation (Braun et al., 1999; Nakamura et al., 2009b). 
The absolutely conserved and functionally critical aspartic acid residue, Asp-33 of MotB is 
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located near the cytoplasmic end of its TM and is postulated to be a proton-binding site 
(Sharp et al., 1995; Togashi et al., 1997; Zhou et al., 1998b; Che et al., 2008; Morimoto et al., 
2010a). MotB exists as a dimer in the stator complex and these aspartic acid residues are 
positioned on the surface of the MotB-TM dimer facing MotA-TMs, suggesting that the 
stator complex is likely to have two proton-conducting pathways (Fig. 5B) (Braun and Blair, 
2001). Both protonation and deprotonation of this aspartic acid residue cause 
conformational changes of the cytoplasmic loop of MotA, which may drive flagellar motor 
rotation (Kojima and Blair, 2001; Che et al., 2008).  

 
Fig. 5. Topology of MotA and MotB 
(A) Cartoon representing the domain organization of MotA and MotB. Salmonella MotA and 
MotB consist of 295 and 309 amino acid residues, respectively. MotA has four transmembrane 
segments (TM1-TM4), two short periplasmic loops and two large cytoplasmic regions. MotB 
has an N-terminal cytoplasmic region, one transmembrane segment and a large periplasmic 
domain containing a putative peptidoglycan-binding motif (PGB) (Braun et al., 1999, 2004; 
Kojima et al., 2004). Arg-90 and Glu-98 of MotA are required for electrostatic interactions with 
FliG. Pro-173 and Pro-222 of MotA are proposed to be responsible for conformational changes 
of the stator complex that couple proton influx with torque generation. Asp-33 in MotB is 
postulated to play an important role in proton translocation. (B) Arrangement of 
transmembrane segments of the MotA/B complex, which consists of 4 copies of MotA and 2 
copies of MotB. The view is from the periplasmic side of the membrane. The complex has two 
proton conducting pathway shown by orange ellipsoids. (Braun et al., 2004). 
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2.2 Asp-33 of MotB and Pro-173 of MotA are responsible for energy coupling between 
proton flow and motor rotation 

Asp-33 of MotB is a highly conserved and protonatable residue, and is believed to be 
involved in the proton-relay mechanism (Sharp et al., 1995; Togashi et al., 1997; Zhou et al., 
1998b). An increase in the intracellular proton concentration suppresses or even abolishes 
the flagellar motor function. This suggests that a decrease in the intracellular pH 
presumably interferes with proton dissociation from Asp-33 to the cytoplasm, thereby 
slowing the torque generation reaction cycle of the motor (Minamino et al., 2003; Nakamura 
et al., 2009a). Therefore, it seems likely that both protonation and deprotonation of this Asp 
play key roles in the torque generation cycle. A D33E mutation in MotB causes ca. 40% 
reduction in stall torque and a sharp decline in the torque-speed curve with an apparent 
maximal rotation rate of ca. 20 Hz. This suggests that the D33E mutation not only reduces 
the proton conductivity significantly but also interferes with an actual torque generation 
step by the stator-rotor interactions considerably (Che et al., 2008). The stall torque is 
recovered nearly to the wild-type levels by the suppressor mutations in the transmembrane 
helices TM2 and TM3 of MotA and in TM and the periplasmic domain of MotB. In contrast, 
high-speed rotation under low load is still significantly limited even in the presence of these 
suppressor mutations. These suggest that the second-site mutations recover energy coupling 
of an inward-directed proton translocation with torque generation but not the maximum 
proton conductivity (Che et al., 2008).  

Pro-173 is highly conserved among MotA orthologs. Since point mutations at Pro-173 affect 
not only motor function but also proton flow through the MotA/B complex, this prolyl 
residue seems to play a critical role in the proton-relay mechanism (Braun et al., 2004). E. coli 
motA(P173C)/motB(D32C) double mutant strain gives a high yield of disulfide-linked 
MotA/B heterodimers upon oxidation with iodine. This suggests that Pro-173 of MotA is 
positioned in the proton channel near Asp-32 of MotB, which corresponds to Asp-33 in 
Salmonella MotB (Braun et al., 2004). The Salmonella motA(P173A) mutant produces stall 
torque at wild-type levels (Nakamura et al., 2009b). However, the P173A mutation causes a 
sharp decline in the torque-speed curve with a maximum rotation rate of ca. 25 Hz 
(Nakamura et al., 2009b). These suggest that the P173A mutation reduces the maximum 
proton conductivity of the MotA/B complex but not the efficiency of energy coupling 
between proton translocation and torque generation. Since Pro-173 of MotA is likely to be 
very close to Asp-33 of MotB in the MotA/B complex structure (Braun et al., 2004), and 
because Pro is known to induce a kink in -helix, its replacement with Ala would relax the 
conformational strain of the MotA/B complex, resulting in a change in protein dynamics to 
slow down the rates of conformational changes that switch the exposure of Asp-33 to the 
outside or the inside of the cell. Therefore, Pro-173 is proposed to play an important role in 
facilitating the resetting of the position of Asp-33 relative to the proton pathway in the 
conformational change between the two distinct states to facilitate proton translocation 
when the motor spins at high speed (Nakamura et al., 2009b).  

2.3 Role of conserved charged residues in MotA in stator assembly around the motor 

Over-expression of MotA inhibits motility of wild-type cells. Neither cell growth, flagellar 
formation, nor proton motive force across the cytoplasmic membrane is affected by 
overproduced MotA. However, stall torque is significantly reduced. Since the stall torque is 
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dependent on the number of functional stators in the motor (Fig. 4), this suggests that MotA 
occupies the stator-binding sites of the motor and reduces the number of functional stators 
(Morimoto et al., 2010b). In agreement with this, fluorescent spots of MotA-mCherry have 
been observed at the same position as those of GFP-FliG even in the absence of MotB (Fig. 6) 
(Morimoto et al., 2010b). Thus, MotA alone can be installed into a motor. 

 
Fig. 6. Co-localization of GFP-FliG and MotA-mCherry 
(A) Cartoon representing the basal body and positions of GFP-FliG and MotA-mCherry in the 
presence (+) or absence (-) of MotB. (B) Bright-field (BF) and fluorescence images of GFP-FliG 
and MotA-mCherry observed by fluorescence microscopy. The fluorescence images of GFP-
FliG (green) and MotA-mCherry (red) are merged in the right panel. (Morimoto et al., 2010b). 

Two charged residues of MotA, Arg-90 and Glu-98, are involved in electrostatic interactions 
with charged residues of FliG for torque generation (Zhou & Blair, 1997; Zhou et al., 1998a). 
The motA(R90E) and motA(E98K) alleles are recessive and hence do not exert a negative 
dominance when their expression levels were the same as those of wild-type cells (Zhou & 
Blair, 1997; Morimoto et al., 2010b). Interestingly, however, an increase in the expression 
level of the MotA(R90E)/B complex by more than 10-fold allows 70% of the cells to swim in 
liquid media (Morimoto et al., 2010b). In agreement with this, the R90E mutation markedly 
decreases the number and intensity of fluorescent spots of GFP-MotB. Since the loss-of-
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2.2 Asp-33 of MotB and Pro-173 of MotA are responsible for energy coupling between 
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function phenotype of the motA(R90E) and motA(E98K) alleles are considerably suppressed 
by the fliG(D289K) and fliG(R281V) mutations, respectively (Zhou et al., 1998a), this suggests 
that the interactions between MotA Arg-90 and FliG Asp-289 and between MotA Glu-98 and 
FliG Arg-281 are critical not only for torque generation but also for the assembly of the 
stators into the motor (Morimoto et al., 2010b). 

Polar localization of the PomA/B complex of Vibrio alginolyticus, which are homologs of the 
MotA/B complex and acts as the stator of the motor fueled by the sodium motive force 
across the cytoplasmic membrane, is greatly affected by changes in the external 
concentration of sodium ions (Fukuoka et al., 2009). This suggests that sodium ions are 
required not only for torque generation but also for the efficient assembly process of 
PomA/B. In contrast, neither the D33N nor D33A mutation in Salmonella MotB, which 
abolishes the proton flow through a proton channel, affects stator assembly around the 
motor, indicating that stator assembly in the proton-driven motor is not dependent on the 
proton conductivity of the MotA/B complex. In addition, depletion of the proton motive 
force across the cytoplasmic membrane by a protonophore, carbonyl cyanide m-
chlorophenylhydrazone does not abolish the subcellular localization of the stator labeled with 
GFP, indicating that the stators remain to exist around the rotor even in the absence of the 
proton motive force. This is supported by the finding that the stator actually switches its 
functional state between the active and inactive ones without detaching from the rotor 
completely when PMF is largely reduced (Nakamura et al., 2010). Therefore, it is much likely 
that the assembly of the Salmonella MotA/B complex into the motor is not obligatorily linked 
to the process of the proton translocation through the proton channel of the MotA/B complex.  

2.4 MotBC controls the proton channel activity during stator assembly 

The periplasmic domain of MotB (MotBC) consisting of residues 78 through 309 Kojima et 
al., 2008 contains a putative peptidoglycan-binding (PGB) motif, which shows sequence 
similarity to other Omp-like proteins (Fig. 7A) (De Mot and Vanderleyden, 1994). 
Interestingly, the crystal structure of the core domain of Salmonella MotBC, which consists of 
residues 99 through 276 has a typical OmpA-like structure, and shows considerable 
structural similarities to the C-terminal regions of PAL and RmpM (Fig. 7A) (Kojima et al., 
2009). Mutations in the PGB motif of MotB significantly impair motility, indicating that 
anchoring MotA/B complex to the PG layer is critical for the motor function. Stator 
resurrection experiments have shown that abrupt drops in the rotation rate occur frequently 
even in steadily rotating motors (Block and Berg, 1984; Blair and Berg, 1988; Sowa et al., 
2005). Consistently, fluorescent photo-bleaching studies of GFP-fused MotB have shown a 
rapid exchange and turnover of the stator complexes between the membrane pool and the 
basal body (Leake et al., 2006). These results suggest that the association between MotA/B 
and its target site on the basal body are highly dynamic. 

MotBC forms homo-dimer in solution (Fig. 7B) (Kojima et al., 2008, 2009). Over-expression of 
MotBC inihibits motility of wild-type cells when expressed in the periplasm. An in-frame 
deletion of resiudes 197-210 not only inhibits dimerization of MotBC but also significantly 
reduces its inhibitory effect on wild-type motility. These results suggest that dimerization of 
MotBC is responsible for the proper targeting and stable anchoring of the MotA/B complex 
to the putative stator binding sites of the basal body (Kojima et al., 2008). Recently, site-
directed disulfide crosslinking experiments have shown an interaction between MotBC and 
the P ring of the basal body (Hizukuri et al., 2010). 
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Fig. 7. Crystal structure of the C-terminal domain of MotB 
(A) Comparison of various OmpA-like domains. Cα ribbon diagrams of three OmpA-like 
domains and their structure-based sequence alignment. StMotB, Salmonella typhimurium 
MotBC2 (2zvy); EcPal, Escherichia coli Pal (1oap); RmpM, the C-terminal domain of RmpM 
from Neisseria meningitidis (1r1m). Conserved secondary structural elements are colored: 
orange, α-helix; purple, β-strand. Residues highlighted in light blue in the aligned sequences 
are conserved in these three proteins. Regions of secondary structures are indicated below 
the corresponding sequences: red line, α-helix; green line, β-strand. (B) Cαribbon 
representations of the MotBC2 dimer. The two subunits are shown in blue and orange. 
(Kojima et al., 2009) 

Cell growth is not impaired significantly by over-expression of the E. coli MotA/B complex 
(Stolz and Berg, 1994). In contrast, the cell growth is severely impaired by co-expression of 
MotA with a MotB-TetA chimera protein, in which the first 60 residues of MotB are fused to 
a 50 residue sequence encoded by an open reading frame in the tetA gene (Blair and Berg, 
1990). Since the replacement of Asp-32 to other residues in the MotB-TetA chimera protein 
has been shown to suppress proton leakage caused by co-overproduction of MotA with the 
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function phenotype of the motA(R90E) and motA(E98K) alleles are considerably suppressed 
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al., 2008 contains a putative peptidoglycan-binding (PGB) motif, which shows sequence 
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resurrection experiments have shown that abrupt drops in the rotation rate occur frequently 
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2005). Consistently, fluorescent photo-bleaching studies of GFP-fused MotB have shown a 
rapid exchange and turnover of the stator complexes between the membrane pool and the 
basal body (Leake et al., 2006). These results suggest that the association between MotA/B 
and its target site on the basal body are highly dynamic. 
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Cell growth is not impaired significantly by over-expression of the E. coli MotA/B complex 
(Stolz and Berg, 1994). In contrast, the cell growth is severely impaired by co-expression of 
MotA with a MotB-TetA chimera protein, in which the first 60 residues of MotB are fused to 
a 50 residue sequence encoded by an open reading frame in the tetA gene (Blair and Berg, 
1990). Since the replacement of Asp-32 to other residues in the MotB-TetA chimera protein 
has been shown to suppress proton leakage caused by co-overproduction of MotA with the 
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MotB-TetA chimera protein. Therefore, it has been suggested that the proton conductivity of 
the MotA/B complex is suppressed prior to stator assembly around a motor. An in-frame 
deletion of residues 51-70 or 52-71 within the periplasmic domain of E. coli MotB or 
Salmonella MotB, respectively, a region, which is highly conserved among the MotB 
orthologs, causes considerable proton leakage, thereby arresting cell growth (Hosking et al., 
2006; Morimoto et al., 2010a). This suggests that the deleted region of MotB acts as a plug 
segment that inserts into a proton channel within the cytoplasmic membrane to prevent 
from premature proton translocation through the channel before the association with a 
motor and that upon stator assembly in the motor, the plug leaves the channel, allowing the 
stator to conduct protons (Fig. 8). Interestingly, however, cell growth is not significantly 
impaired by in-frame deletion of residues 51-100 in Salmonella MotB, which contains the 
plug segment (Muramoto and Macnab, 1998; Kojima et al., 2009). This indicates that a 
proton channel of the MotA/B(51-100) complex is not formed prior to its assembly around 
the rotor although the plug is missing. The introduction of the L119P or L119E substitution 
into MotB(51-100) causes growth impairment due to significant proton leakage (Kojima et 
al., 2009; Morimoto et al., 2010a). Therefore, it is likely that some other region within the 
periplasmic domain of MotB also regulates proper formation of the proton channel during 
stator assembly. 

  
Fig. 8. Schematic diagram of the plug region of MotB 

Cartoon representing the position of the plug in the open and closed states of the MotA/B 
proton channel. Only the MotB TMs and plugs are shown, in a view parallel with the plane 
of the cytoplasmic membrane. Asp-33 in MotB is shown as a black dot. Blue arrows indicate 
the proton flow through proton channels. In the open state, the plugs leave the membrane 
and associate with each other via their hydrophobic faces to hold the proton channel open. 
In the closed state, the plugs insert into the cell membrane parallel with its periplasmic face 
and interfere with channel formation (Hosking et al., 2006).  

MotB(∆51-100) is still functional, indicating that MotB(∆51-100) can form a functional stator 
complex along with MotA (Muramoto and Macnab, 1998). Since the distance between the 
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surface of the hydrophobic core layer of the cytoplasmic membrane and that of the PG layer 
is about 100 Å, and the crystal structure of the core domain of MotBC is only about 50 Å tall, 
the crystal structure of the core domain of Salmonella MotBC is so small that MotB(∆51-100) 
cannot reach the PG layer if connected directly to the transmembrane helix by the deletion 
of residues 51-100. Therefore, a large conformational change would be required for the PGB 
sites on the top surface of MotBC to reach the PG layer. Since a specific interaction between a 
cytoplasmic loop between TM-2 and TM-3 in MotA and FliG is required for stator assembly 
around a rotor of the motor, it is possible that the interaction between MotA and FliG may 
trigger conformational changes in MotBC that open the proton channel and allow the stator 
to be anchored to the PG layer (Fig. 9).  

MotA and MotB are colored blue and orange, respectively. Arg-90 of MotA, which is required 
for stator assembly into the motor, is shown as a black dot. An interaction between MotA and 
FliG may trigger conformational changes in MotBC that open the proton channel and allow the 
stator to be anchored to the PG layer (Kojima et al., 2009; Morimoto et al., 2010b). 

 
Fig. 9. Model for stator assembly into the motor 

3. Conclusion 
The MotA/B complex, which is composed of four copies of MotA and two copies of MotB, acts 
as a proton channel to couple proton flow to torque generation. The crystal structure of the C-
terminal periplasmic domain of MotB (MotBC) shows significant structure similarities to other 
PGB domains such as the C-terminal regions of PAL and RmpM, suggesting that an 
association of MotBC with the PG layer anchors the MotA/B complex to be the stator around 
the rotor. Interestingly, the MotA/B complex does not always associate with a motor during 
flagellar motor rotation, suggesting that the association of the MotA/B complex to its target 
sites on the basal body is highly dynamic. A plug segment in the periplasmic domain of MotB 
prevents the proton channel from leaking protons into the cytoplasm when the MotA/B 
complex is not assembled into the motor. An electrostatic interaction between MotA and FliG 
is required not only for the efficient assembly of the MotA/B complexes around the rotor but 
also for the proton channel formation to conducts protons coupled with torque generation.  
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1. Introduction  
The outer surface of bacteria is the first to interact with host components, such as the 
immune system, the extracellular matrix or cells. The bacterial Gram-negative cell wall is 
complex and composed of an inner membrane (IM), a periplasmic space and a thin 
peptidoglycan layer, all surrounded by an outer membrane (OM). The OM is a bilayered 
structure consisting mainly of phospholipids, proteins and lipopolysaccharide (LPS) and 
serves as an impermeable barrier to prevent the escape of periplasmic molecules but also 
acts as a barrier for entry of external molecules. Salmonella enterica comprises more than 2500 
serovars, based on three major antigens located at the cell surface: O antigen, capsule and 
flagella. All serovars are highly conserved genetically but have different host ranges and 
cause different diseases. In humans, Salmonella infection causes gastroenteritis, often 
associated with serovars Typhimurium and Enteritidis or typhoid-like disease, which is 
associated with serovars Typhi and Paratyphi. S. Typhi strains belong to serogroup D1 with 
the antigenic formula O:9,12; Vi+; H-d. These strains are human-restricted and besides 
asymptomatic carriers, no environmental reservoir is known.  

S. Typhi is a monomorphic bacterium, showing very little genetic diversity (Kidgell et al., 
2002) and up to 5% of its annotated coding sequences are pseudogenes (Holt et al., 2009; 
Parkhill et al., 2001). Genome degradation may be responsible for its host specificity; however 
the S. Typhi genome may harbour specific genes for its systemic dispersion and survival. S. 
Typhi remains a major public health problem in developing countries. Antimicrobial 
resistance has become a problem in endemic regions, and it is becoming imperative to develop 
new vaccine strategies or discover new antimicrobial targets to combat this microorganism. 
Bacterial surface proteins may correspond to these targets by being immunogenic or essential 
for virulence. Most virulence factors are usually located within genomic locations called 
Salmonella Pathogenicity Islands (SPIs) and are tightly regulated by global regulators such as 
PhoP-PhoQ, RcsDBC, OmpR-EnvZ and RpoS. This review will focus on molecules localized at 
the outer membrane of S. Typhi and their role in pathogenesis. A complete analysis of 
adhesive molecules, such as the 12 fimbrial systems, curli, type IVB pilus, autotransporters and 
afimbrial adhesins will be presented. We will also discuss the importance of polysaccharides 
such as the Vi capsule and LPS. Furthermore, the complex surface structures generated by 
secretion systems, such as type three secretion systems (T3SS), flagella and T6SS that are so 
important for invasion, intracellular survival and to highjack the host defence system will be 
discussed. Finally, methods used to inhibit these adhesive structures will be described.  
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2002) and up to 5% of its annotated coding sequences are pseudogenes (Holt et al., 2009; 
Parkhill et al., 2001). Genome degradation may be responsible for its host specificity; however 
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resistance has become a problem in endemic regions, and it is becoming imperative to develop 
new vaccine strategies or discover new antimicrobial targets to combat this microorganism. 
Bacterial surface proteins may correspond to these targets by being immunogenic or essential 
for virulence. Most virulence factors are usually located within genomic locations called 
Salmonella Pathogenicity Islands (SPIs) and are tightly regulated by global regulators such as 
PhoP-PhoQ, RcsDBC, OmpR-EnvZ and RpoS. This review will focus on molecules localized at 
the outer membrane of S. Typhi and their role in pathogenesis. A complete analysis of 
adhesive molecules, such as the 12 fimbrial systems, curli, type IVB pilus, autotransporters and 
afimbrial adhesins will be presented. We will also discuss the importance of polysaccharides 
such as the Vi capsule and LPS. Furthermore, the complex surface structures generated by 
secretion systems, such as type three secretion systems (T3SS), flagella and T6SS that are so 
important for invasion, intracellular survival and to highjack the host defence system will be 
discussed. Finally, methods used to inhibit these adhesive structures will be described.  
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2. Fimbrial adhesins 
Fimbriae (also called pili) are proteinaceous structures that can be observed as filaments 
anchored on the bacterial cell surface. These structures can mediate crucial interactions 
during host infection like adherence, invasion or biofilm formation, and are classified 
according to their mechanism of assembly. Most of the fimbriae present in S. Typhi genome 
are assembled by the chaperone/usher pathway, but there are also one representative of the 
nucleation/precipitation pathway (csg) and one type IVB pilus. This section will briefly 
describe each mechanism of expression and the current knowledge related to S. Typhi and 
their putative roles. 

2.1 Mechanisms of fimbrial assembly 

2.1.1 The chaperone/usher pathway 

Twelve fimbrial systems detected in S. Typhi belong to the chaperone/usher pathway 
(CUP) assembly class (Fig. 1). A classic fimbrial operon usually harbours at least four 
different genes. The filaments are composed of major and minor fimbrial subunits 
assembled by the cooperative work of the chaperone and the usher. After translocation by  
 

 
Fig. 1. Schematic representation of the important surface structures identified in S. Typhi 
CT18. Adhesive components are shown in yellow, membrane components are cyan and 
pseudogenes are shown in blue (pseudogenes of the T6SS are not shown). The twelve 
representatives of the CUP are grouped in fimbrial clades and are drawn according to 
previous observations (Salih et al., 2008) or based on their homologues found in E. coli K-12 
(Korea et al., 2011). STY0405 putative autotransporter, STY0351 adhesin, and PagC which 
are known to be implicated in virulence were omitted from the drawing, as well as STY1980 
(MAM7). IM stands for inner membrane, PG for peptidoglycan and OM for outer 
membrane. 
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the Sec general secretory pathway, the periplasmic chaperone protects the subunits and 
brings them to the OM usher, which specifically translocates subunits to the cell surface. 
Fimbrial biogenesis by the CUP pathway is a self-energized process catalyzed by both the 
usher and the presence of high-energy intermediates in the folding of the chaperone-subunit 
complexes (Jacob-Dubuisson et al., 1994; Nishiyama et al., 2008; Sauer et al., 2002; Zavialov 
et al., 2002). Classification based upon sequence homology between the different ushers 
(Nuccio & Bäumler, 2007) revealed members in the γ1- (bcf, fim, stg, sth), γ3- (saf, sef), γ4- (sta, 
stb, stc), π- (std, ste) and the α-fimbrial clades (tcf) in S. Typhi (Fig. 1). 

2.1.2 Nucleation/precipitation pathway 

The thin aggregative fimbriae, also known as curli or TAFI, encoded by the csgDEFG csgABC 
gene cluster belongs to this class of adhesin. The first steps of biogenesis are similar to the 
CUP : after translocation by the Sec pathway, CsgA and CsgB fimbrial subunits are secreted 
by the CsgG outer membrane protein at the bacterial cell surface. The major difference 
between curli and CUP lies in its extracellular fiber growth assembly (Hammar et al., 1996). 
After secretion of the CsgB subunit, CsgA precipitates, polymerizes on CsgB and adopts an 
insoluble structure related to amyloid fibers (Hammar et al., 1996).  

2.1.3 Type IVB pili 

One of the most studied adhesive structures of S. Typhi is the type IVB pilus encoded by 
the pil operon located on SPI-7. Although type IV pili also produce long and flexible 
structures on the bacterial cell surface, their mechanism of assembly strongly differs from 
the CUP and curli pathways as it requires many structural proteins and is an ATP-
dependent process. First, PilS prepilins are translocated through the IM into the periplasm 
and a specific prepilin peptidase cleaves the N-terminal signal peptide (reviewed in Craig 
& Li, 2008). An integral IM protein mobilizes a specific ATPase from the cytoplasm which 
drives pilus assembly. An oligomeric channel called the secretin found in the OM allows 
the exit of the pilus at the cell surface of the bacteria. ATP hydrolysis moves the pilus out 
in the secretin pore allowing the recruitment of new prepilin subunits. Unlike CUP and 
Csg fimbriae, Type IV pili are still connected to the IM of the bacteria and can be retracted 
rapidly inside the bacteria. 

2.2 Roles of fimbrial adhesins during typhoid fever 

In most studies, Salmonella fimbriae are involved during intestinal colonization (Althouse et 
al., 2003; Chessa et al., 2009; Weening et al., 2005), or in biofilm formation (Boddicker et al., 
2002; Ledeboer et al., 2006), although they can also be used during the systemic phase 
(Edwards et al., 2000; Lawley et al., 2006). Interestingly, each serovar of Salmonella enterica 
harbours a unique combination of fimbrial operons, probably to avoid cross-immunity 
between two serovars infecting the same host (Norris & Bäumler, 1999; Nuccio et al., 2011). 
As S. Typhi infects only humans, little is known regarding the conditions of expression or 
the implication of each fimbrial adhesin during the course of infection. While some clues 
may be found in the literature, there is still much work to be done. Three fimbrial systems 
are clustered within pathogenic islands: tcf (Typhi colonizing factor) and saf (Salmonella 
atypical fimbriae) are found within SPI-6, while sef is in SPI-10 (Sabbagh et al., 2010). 
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2. Fimbrial adhesins 
Fimbriae (also called pili) are proteinaceous structures that can be observed as filaments 
anchored on the bacterial cell surface. These structures can mediate crucial interactions 
during host infection like adherence, invasion or biofilm formation, and are classified 
according to their mechanism of assembly. Most of the fimbriae present in S. Typhi genome 
are assembled by the chaperone/usher pathway, but there are also one representative of the 
nucleation/precipitation pathway (csg) and one type IVB pilus. This section will briefly 
describe each mechanism of expression and the current knowledge related to S. Typhi and 
their putative roles. 

2.1 Mechanisms of fimbrial assembly 

2.1.1 The chaperone/usher pathway 

Twelve fimbrial systems detected in S. Typhi belong to the chaperone/usher pathway 
(CUP) assembly class (Fig. 1). A classic fimbrial operon usually harbours at least four 
different genes. The filaments are composed of major and minor fimbrial subunits 
assembled by the cooperative work of the chaperone and the usher. After translocation by  
 

 
Fig. 1. Schematic representation of the important surface structures identified in S. Typhi 
CT18. Adhesive components are shown in yellow, membrane components are cyan and 
pseudogenes are shown in blue (pseudogenes of the T6SS are not shown). The twelve 
representatives of the CUP are grouped in fimbrial clades and are drawn according to 
previous observations (Salih et al., 2008) or based on their homologues found in E. coli K-12 
(Korea et al., 2011). STY0405 putative autotransporter, STY0351 adhesin, and PagC which 
are known to be implicated in virulence were omitted from the drawing, as well as STY1980 
(MAM7). IM stands for inner membrane, PG for peptidoglycan and OM for outer 
membrane. 
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the Sec general secretory pathway, the periplasmic chaperone protects the subunits and 
brings them to the OM usher, which specifically translocates subunits to the cell surface. 
Fimbrial biogenesis by the CUP pathway is a self-energized process catalyzed by both the 
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complexes (Jacob-Dubuisson et al., 1994; Nishiyama et al., 2008; Sauer et al., 2002; Zavialov 
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(Nuccio & Bäumler, 2007) revealed members in the γ1- (bcf, fim, stg, sth), γ3- (saf, sef), γ4- (sta, 
stb, stc), π- (std, ste) and the α-fimbrial clades (tcf) in S. Typhi (Fig. 1). 

2.1.2 Nucleation/precipitation pathway 

The thin aggregative fimbriae, also known as curli or TAFI, encoded by the csgDEFG csgABC 
gene cluster belongs to this class of adhesin. The first steps of biogenesis are similar to the 
CUP : after translocation by the Sec pathway, CsgA and CsgB fimbrial subunits are secreted 
by the CsgG outer membrane protein at the bacterial cell surface. The major difference 
between curli and CUP lies in its extracellular fiber growth assembly (Hammar et al., 1996). 
After secretion of the CsgB subunit, CsgA precipitates, polymerizes on CsgB and adopts an 
insoluble structure related to amyloid fibers (Hammar et al., 1996).  

2.1.3 Type IVB pili 

One of the most studied adhesive structures of S. Typhi is the type IVB pilus encoded by 
the pil operon located on SPI-7. Although type IV pili also produce long and flexible 
structures on the bacterial cell surface, their mechanism of assembly strongly differs from 
the CUP and curli pathways as it requires many structural proteins and is an ATP-
dependent process. First, PilS prepilins are translocated through the IM into the periplasm 
and a specific prepilin peptidase cleaves the N-terminal signal peptide (reviewed in Craig 
& Li, 2008). An integral IM protein mobilizes a specific ATPase from the cytoplasm which 
drives pilus assembly. An oligomeric channel called the secretin found in the OM allows 
the exit of the pilus at the cell surface of the bacteria. ATP hydrolysis moves the pilus out 
in the secretin pore allowing the recruitment of new prepilin subunits. Unlike CUP and 
Csg fimbriae, Type IV pili are still connected to the IM of the bacteria and can be retracted 
rapidly inside the bacteria. 

2.2 Roles of fimbrial adhesins during typhoid fever 

In most studies, Salmonella fimbriae are involved during intestinal colonization (Althouse et 
al., 2003; Chessa et al., 2009; Weening et al., 2005), or in biofilm formation (Boddicker et al., 
2002; Ledeboer et al., 2006), although they can also be used during the systemic phase 
(Edwards et al., 2000; Lawley et al., 2006). Interestingly, each serovar of Salmonella enterica 
harbours a unique combination of fimbrial operons, probably to avoid cross-immunity 
between two serovars infecting the same host (Norris & Bäumler, 1999; Nuccio et al., 2011). 
As S. Typhi infects only humans, little is known regarding the conditions of expression or 
the implication of each fimbrial adhesin during the course of infection. While some clues 
may be found in the literature, there is still much work to be done. Three fimbrial systems 
are clustered within pathogenic islands: tcf (Typhi colonizing factor) and saf (Salmonella 
atypical fimbriae) are found within SPI-6, while sef is in SPI-10 (Sabbagh et al., 2010). 
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Proteins expressed during infection were detected in blood of patients with typhoid fever 
(Charles et al., 2010; Harris et al., 2006; Hu et al., 2009). Interestingly, six proteins related to 
fimbrial adhesins led to the formation of antibodies after typhoid fever (TcfB, StbD, CsgG, 
CsgF, CsgE and BcfD). Since three proteins belonging to the thin aggregative fimbriae were 
identified, it suggests a strong production in vivo as well as an important role during 
infection. Csg implication during attachment to surfaces, bacterial autoaggregation and in 
biofilm formation is well known for S. Typhimurium and E. coli (Jonas et al., 2007). 
Nevertheless, a clear characterization of csg is needed for S. Typhi as there seem to be 
variations in expression between the different isolates (Römling et al., 2003; White et al., 
2006). In S. Typhi, a strong expression of csg and saf fimbrial operons was observed inside 
human macrophages (Faucher et al., 2006). 

The bcf, sef, ste, stg and sth fimbrial systems harbour pseudogenes that might disrupt the 
production of the corresponding fimbriae (Townsend et al., 2001). However, deletion of stg 
leads to reduced adhesion on epithelial cells as well as enhancement of the phagocytosis rate 
by macrophages (Forest et al., 2007). Furthermore, the presence of antibodies directed 
against BcfD is intriguing since the bcfC usher harbours two premature stop codons (Parkhill 
et al., 2001). The Bcf, Stb, Stc, Std and Sth fimbrial systems are required for the intestinal 
persistence of S. Typhimurium in mice, but their roles during the pathogenesis of S. Typhi 
still need to be evaluated (Weening et al., 2005). Sta and Tcf do not seem to be used for 
adhesion or invasion of non-polarized human epithelial cells while both are expressed at 
high NaCl concentrations (Bishop et al., 2008). Since these two fimbriae are found almost 
exclusively in the genome of serovars causing typhoid fever, they might be involved during 
the systemic phase or for the chronic carrier state (Nuccio et al., 2011). Although roles for Saf 
(Carnell et al., 2007; Lawley et al., 2006), Sef (Edwards et al., 2000) and Std fimbriae (Chessa 
et al., 2008; Weening et al., 2005) have been observed in other serovars of Salmonella, their 
true implication during typhoid fever needs to be investigated. 

Type 1 fimbriae encoded by the fim operon are the best studied fimbrial adhesins and are 
frequently found in enteric bacteria. Fim are characterized by their mannose-sensitive 
binding properties, but their cell tropism seems to vary greatly between species and even 
between different strains of the same serovar (Thankavel et al., 1999). In S. Typhi, most 
clinical strains are fimbriated (fim+) and afimbriated strains are less adhesive and invasive 
than the fimbriated ones (Duguid et al., 1966; Satta et al., 1993). The ability of type 1 fimbriae 
to agglutinate yeast is abolished when the Vi capsule is expressed (Miyake et al., 1998). In S. 
Typhimurium, Fim appears to be the only fimbrial adhesin expressed in Luria-Bertani (LB) 
broth as confirmed by electron microscopy and flow cytometry (Duguid et al., 1966; 
Humphries et al., 2003). In S. Typhi, a complete deletion of fim also showed no evident 
fimbrial structures on the cell surface of the bacteria after growth in LB broth (Fig. 2). 

Type IVB pili interact with the cystic fibrosis transmembrane conductance regulator (CFTR), 
a receptor upregulated and actively used by S. Typhi for its interaction with human 
epithelial cells (Lyczak & Pier, 2002; Pier et al., 1998; Tsui et al., 2003). These pili can also 
mediate bacterial self-association in conditions found in the intestinal tract, probably by 
enhancing binding efficiency prior to cell invasion (Morris et al., 2003a; Morris et al., 2003b). 
A direct correlation was observed between the level of surface-exposed CFTR and the 
efficiency of invasion of S. Typhi through the intestinal barrier (Pier et al., 1998). This 
specific interaction can be blocked by the addition of prepilin pre-PilS in the cell culture 
medium or with monoclonal antibodies specific to the first extracellular domain of CFTR 
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(Pier et al., 1998; Zhang et al., 2000). A piliated strain also adheres and invades human 
monocytes in a greater extent than a non-piliated strain and its expression can also increase 
IL-6 and NF-kappa B production in human monocytes by activating protein kinase C (Pan et 
al., 2005; F. Wang et al., 2005). Only a few other serovars, such as S. Paratyphi B and C, S. 
Heidelberg and S. bongori possess the genetic information coding for type IVB pili (Nuccio et 
al., 2011). Other functions could potentially be found in future studies as Type IV pili are 
also implicated in a variety of processes like biofilm formation, immune escape, DNA 
uptake and phage transduction in other pathogenic bacteria (reviewed in Craig & Li, 2008). 
These pili can also act as pistons, retracting subunits into the bacteria while it is still attached 
to a surface in a mechanism called “twitching motility” providing flagella-independent 
motility (reviewed in Mattick, 2002). 

 
Fig. 2. Surface observation of S. Typhi grown in LB broth by transmission electron 
microscopy. After negative staining with phosphotungstate 1%, fimbriae were observed at 
the cell surface of the wild-type ISP1820 strain (A), while no structure was observed when 
fim was deleted (B). Black arrow shows fimbria and the open arrows indicate flagella. Black 
bar = 100 nm. 

No genes related to fimbrial operons were found after a screening for mutants with a 
competitive disadvantage in humanized mice engrafted with hematopoietic stem cells 
(Libby et al., 2010). This result strongly suggests that fimbrial operons are mostly required 
during interaction with human epithelial cells, such as intestinal and gallbladder cells, that 
are absent from this mice model. Moreover, functional redundancy is often observed for 
fimbrial adhesins making it hard to evaluate their true contribution by single mutations. In 
order to understand the specific role played by each fimbrial system, our laboratory is 
currently creating a S. Typhi strain with deletions of all its fimbrial adhesins. This strain will 
greatly help to evaluate the global contribution of each fimbrial adhesins during association 
with eukaryotic cells. 

3. Non fimbrial adhesins 
3.1 Type 1 secretion systems 

In Salmonella, some important surface structures are expressed by different mechanisms and 
can be classified as non fimbrial adhesins. In S. Typhi, there are two examples of adhesins 
secreted by a type I secretion system (T1SS) : SiiE and BapA. In T1SS, the secreted proteins 
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Proteins expressed during infection were detected in blood of patients with typhoid fever 
(Charles et al., 2010; Harris et al., 2006; Hu et al., 2009). Interestingly, six proteins related to 
fimbrial adhesins led to the formation of antibodies after typhoid fever (TcfB, StbD, CsgG, 
CsgF, CsgE and BcfD). Since three proteins belonging to the thin aggregative fimbriae were 
identified, it suggests a strong production in vivo as well as an important role during 
infection. Csg implication during attachment to surfaces, bacterial autoaggregation and in 
biofilm formation is well known for S. Typhimurium and E. coli (Jonas et al., 2007). 
Nevertheless, a clear characterization of csg is needed for S. Typhi as there seem to be 
variations in expression between the different isolates (Römling et al., 2003; White et al., 
2006). In S. Typhi, a strong expression of csg and saf fimbrial operons was observed inside 
human macrophages (Faucher et al., 2006). 

The bcf, sef, ste, stg and sth fimbrial systems harbour pseudogenes that might disrupt the 
production of the corresponding fimbriae (Townsend et al., 2001). However, deletion of stg 
leads to reduced adhesion on epithelial cells as well as enhancement of the phagocytosis rate 
by macrophages (Forest et al., 2007). Furthermore, the presence of antibodies directed 
against BcfD is intriguing since the bcfC usher harbours two premature stop codons (Parkhill 
et al., 2001). The Bcf, Stb, Stc, Std and Sth fimbrial systems are required for the intestinal 
persistence of S. Typhimurium in mice, but their roles during the pathogenesis of S. Typhi 
still need to be evaluated (Weening et al., 2005). Sta and Tcf do not seem to be used for 
adhesion or invasion of non-polarized human epithelial cells while both are expressed at 
high NaCl concentrations (Bishop et al., 2008). Since these two fimbriae are found almost 
exclusively in the genome of serovars causing typhoid fever, they might be involved during 
the systemic phase or for the chronic carrier state (Nuccio et al., 2011). Although roles for Saf 
(Carnell et al., 2007; Lawley et al., 2006), Sef (Edwards et al., 2000) and Std fimbriae (Chessa 
et al., 2008; Weening et al., 2005) have been observed in other serovars of Salmonella, their 
true implication during typhoid fever needs to be investigated. 

Type 1 fimbriae encoded by the fim operon are the best studied fimbrial adhesins and are 
frequently found in enteric bacteria. Fim are characterized by their mannose-sensitive 
binding properties, but their cell tropism seems to vary greatly between species and even 
between different strains of the same serovar (Thankavel et al., 1999). In S. Typhi, most 
clinical strains are fimbriated (fim+) and afimbriated strains are less adhesive and invasive 
than the fimbriated ones (Duguid et al., 1966; Satta et al., 1993). The ability of type 1 fimbriae 
to agglutinate yeast is abolished when the Vi capsule is expressed (Miyake et al., 1998). In S. 
Typhimurium, Fim appears to be the only fimbrial adhesin expressed in Luria-Bertani (LB) 
broth as confirmed by electron microscopy and flow cytometry (Duguid et al., 1966; 
Humphries et al., 2003). In S. Typhi, a complete deletion of fim also showed no evident 
fimbrial structures on the cell surface of the bacteria after growth in LB broth (Fig. 2). 

Type IVB pili interact with the cystic fibrosis transmembrane conductance regulator (CFTR), 
a receptor upregulated and actively used by S. Typhi for its interaction with human 
epithelial cells (Lyczak & Pier, 2002; Pier et al., 1998; Tsui et al., 2003). These pili can also 
mediate bacterial self-association in conditions found in the intestinal tract, probably by 
enhancing binding efficiency prior to cell invasion (Morris et al., 2003a; Morris et al., 2003b). 
A direct correlation was observed between the level of surface-exposed CFTR and the 
efficiency of invasion of S. Typhi through the intestinal barrier (Pier et al., 1998). This 
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(Pier et al., 1998; Zhang et al., 2000). A piliated strain also adheres and invades human 
monocytes in a greater extent than a non-piliated strain and its expression can also increase 
IL-6 and NF-kappa B production in human monocytes by activating protein kinase C (Pan et 
al., 2005; F. Wang et al., 2005). Only a few other serovars, such as S. Paratyphi B and C, S. 
Heidelberg and S. bongori possess the genetic information coding for type IVB pili (Nuccio et 
al., 2011). Other functions could potentially be found in future studies as Type IV pili are 
also implicated in a variety of processes like biofilm formation, immune escape, DNA 
uptake and phage transduction in other pathogenic bacteria (reviewed in Craig & Li, 2008). 
These pili can also act as pistons, retracting subunits into the bacteria while it is still attached 
to a surface in a mechanism called “twitching motility” providing flagella-independent 
motility (reviewed in Mattick, 2002). 
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microscopy. After negative staining with phosphotungstate 1%, fimbriae were observed at 
the cell surface of the wild-type ISP1820 strain (A), while no structure was observed when 
fim was deleted (B). Black arrow shows fimbria and the open arrows indicate flagella. Black 
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No genes related to fimbrial operons were found after a screening for mutants with a 
competitive disadvantage in humanized mice engrafted with hematopoietic stem cells 
(Libby et al., 2010). This result strongly suggests that fimbrial operons are mostly required 
during interaction with human epithelial cells, such as intestinal and gallbladder cells, that 
are absent from this mice model. Moreover, functional redundancy is often observed for 
fimbrial adhesins making it hard to evaluate their true contribution by single mutations. In 
order to understand the specific role played by each fimbrial system, our laboratory is 
currently creating a S. Typhi strain with deletions of all its fimbrial adhesins. This strain will 
greatly help to evaluate the global contribution of each fimbrial adhesins during association 
with eukaryotic cells. 

3. Non fimbrial adhesins 
3.1 Type 1 secretion systems 

In Salmonella, some important surface structures are expressed by different mechanisms and 
can be classified as non fimbrial adhesins. In S. Typhi, there are two examples of adhesins 
secreted by a type I secretion system (T1SS) : SiiE and BapA. In T1SS, the secreted proteins 
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directly pass through a channel formed between the IM and OM of the bacteria by the 
recognition of a signal at the C-terminus (China & Goffaux, 1999 as cited in Main-Hester et al., 
2008). SPI-4, present in all Salmonella strains, encodes a T1SS responsible for the secretion of 
SiiE, the largest protein found in Salmonella (595 kDa) (Latasa et al., 2005; Main-Hester et al., 
2008). Its cell surface expression requires the IM ATPase SiiF, the periplasmic adaptor SiiD and 
an outer membrane channel formed by SiiC (Gerlach et al., 2007). This adhesion system acts in 
a coordinated way with the T3SS of SPI-1 and is involved during the intestinal phase of 
infection (Gerlach et al., 2008). Previously annotated as two distinct ORFs in S. Typhi 
(STY4458-4459) (Parkhill et al., 2001), siiE harbours a premature stop codon probably 
rendering this large adhesin non-functional (Main-Hester et al., 2008; Morgan et al., 2004). An 
immunoblot done with antibodies directed against SiiE (STY4458) demonstrated the absence 
of production of SiiE in the whole cell proteins of S. Typhi further suggesting a lack of function 
in this serovar (Main-Hester et al., 2008). However, a transposon insertion in STY4458 showed 
a reduced competitive fitness in humanized mice, suggesting SiiE functionality and an 
uncharacterized role during interaction with hematopoietic cells (Libby et al., 2010).  

A second T1SS is clustered within SPI-9 and secretes another large repetitive protein called 
BapA (biofilm-associated protein) due to its similarity with BapA of Staphylococcus aureus. 
Well described in S. Enteritidis, BapA is involved in bacterial autoaggregation strongly 
inducing biofilm formation and is also required during the interaction with the intestinal 
mucosa (Latasa et al., 2005). Its expression is under the control of CsgD, an important 
regulator also coordinating curli fimbriae and cellulose production needed for biofilm 
production (Jonas et al., 2007). Again, solving the components required for biofilm 
formation by S. Typhi is crucial since bcsC (STY4184), essential for cellulose and biofilm 
production, is a pseudogene (Parkhill et al., 2001; Zogaj et al., 2001). 

3.2 Type 5 secretion systems 

Autotransported adhesins can be monomeric or trimeric and are considered as type 5 secretion 
systems. S. Typhi harbours two monomeric examples of autotransported adhesins, shdA 
(STY2755) found in the CS54 island and misL (STY4030) clustered in SPI-3, as well as one 
representative of a trimeric autotransporter called sadA (STY4105). An N-terminal signal 
sequence allows their translocation into the periplasm by the Sec general secretory pathway, 
then a β-domain found at the C-terminal end of the protein adopts a β-barrel conformation in 
the OM allowing secretion of the passenger domain into the extracellular space (reviewed in 
Nishimura et al., 2010). ShdA is widely distributed in S. enterica subspecies I and appears to be 
produced during typhoid fever despite the presence of a frameshifting sequence (Harris et al., 
2006; Parkhill et al., 2001). Interestingly, ShdA and MisL can bind fibronectin in other serovars 
of Salmonella and are both considered as pseudogenes in S. Typhi (Dorsey et al., 2005; Kingsley 
et al., 2002). SadA harbours homology to the trimeric autotransporter adhesin YadA of Yersinia 
enterocolitica, a highly repetitive fibrous surface protein (Grosskinsky et al., 2007). YaiU 
(STY0405) encodes a fourth putative autotransported adhesin with no known role except that 
antibodies against the protein are produced during a typhoid fever (Harris et al., 2006). 

3.3 Other adhesins 

Besides fimbrial and afimbrial adhesins, other surface-exposed proteins can act as adhesins 
and mediate crucial roles during typhoid fever. One of the most hydrophobic proteins 
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encoded in the S. Typhi chromosome, STY0351, was recently characterized in detail and 
might be used as a potential vaccine target. This cell-surface protein is a novel adhesin 
directly involved in the pathogenesis of S. Typhi by conferring strong binding to the laminin 
extracellular matrix (Ghosh et al., 2011) and is positively regulated by the PhoP-PhoQ two-
component system (Charles et al., 2009). It also possesses high immunogenic properties and 
STY0351-specific antibodies confer protection in a mouse model (Charles et al., 2010; Ghosh 
et al., 2011). PagC is another surface-exposed protein activated by the PhoP-PhoQ system 
that is produced and actively recognised by antibodies from patients having previously 
suffered from typhoid fever (Charles et al., 2010; Harris et al., 2006). Previously associated 
with survival within macrophages (Miller et al., 1989), PagC possesses serum resistance 
activity (Nishio et al., 2005) and can promote OM vesicle release in S. Typhimurium 
(Kitagawa et al., 2010), but none of these roles are confirmed yet for S. Typhi.  

Multivalent adhesion molecules (MAM) are outer membrane proteins harbouring 6 or 7 
mammalian cell entry domains and are widely found in pathogenic Gram-negative bacteria 
(Krachler et al., 2011). MAM mediates early interactions with different cell types by 
providing protein as well as lipid interactions with fibronectin and phosphatidic acid 
(Krachler et al., 2011). The specificity for certain cell types is thought to be provided by the 
other adhesins clustered throughout the genome of the bacteria. In S. Typhi, BLASTP 
analysis revealed that STY1980 harbours about 96% homology with MAM7 of the EPEC 
strain E. coli O127:H6 (Altschul et al., 1990) and could be implicated during the primary 
interactions with the intestinal mucosa.  

4. Capsule and LPS 
S. Typhi produces a group 1 exopolysaccharide known as the Vi antigen. Thus, S. Typhi is 
one of the few Salmonella serovars that get shielded by an extracellular polysaccharide layer 
constituting the Vi capsule. The Vi polysaccharide is a linear homopolymer of α(1→4)-2-
acetamido-3-O-acetyl-2-deoxy-α-D-galacturonic acid (Heyns et al., 1959) and constitutes the 
major component of an injectable conjugated vaccine presently used against typhoid fever 
world-wide (World Health Organization, 2003). Vi has been involved in pathogenicity by 
evading the host innate immune system as it protects bacteria from phagocytosis and 
complement-mediated killing (Kossack et al., 1981). The in vitro masking of the OAg by the 
Vi antigen has been known for a long time (Felix & Pitt, 1934 as cited in Robbins & Robbins, 
1984), prevents recognition by TLR-4, and limited C3 deposition to the cell surface (Looney 
& Steigbigel, 1986), which will lead to reduced clearance of the bacteria (Wilson et al., 2011). 
Vi is preferentially expressed at low osmolarity and early during infection of human 
macrophages or mice and will be downregulated with the progression of infection (Daigle et 
al., 2001; Faucher et al., 2006; Janis et al., 2011). The expression of Vi reduces invasion, 
probably by limiting the access of the T3SS-1 (Arricau et al., 1998; L. Zhao et al., 2001) or by 
masking other adhesion molecules including Fim. Vi is also important for surviving in 
macrophages (Hirose et al., 1997). Vi is tightly regulated by its own activator TviA 
(Hashimoto et al., 1996; Virlogeux et al., 1996), the two-component system OmpR-EnvZ 
(Pickard et al., 1994), the Rcs system (Arricau et al., 1998; Virlogeux et al., 1996) and 
repressed by RpoS (Santander et al., 2007).  

Lipopolysaccharide (LPS) is the principal component of the outer membrane of Gram-
negative bacteria and a major virulence determinant of many pathogens (Raetz & Whitfield, 
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directly pass through a channel formed between the IM and OM of the bacteria by the 
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2008). SPI-4, present in all Salmonella strains, encodes a T1SS responsible for the secretion of 
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2008). Its cell surface expression requires the IM ATPase SiiF, the periplasmic adaptor SiiD and 
an outer membrane channel formed by SiiC (Gerlach et al., 2007). This adhesion system acts in 
a coordinated way with the T3SS of SPI-1 and is involved during the intestinal phase of 
infection (Gerlach et al., 2008). Previously annotated as two distinct ORFs in S. Typhi 
(STY4458-4459) (Parkhill et al., 2001), siiE harbours a premature stop codon probably 
rendering this large adhesin non-functional (Main-Hester et al., 2008; Morgan et al., 2004). An 
immunoblot done with antibodies directed against SiiE (STY4458) demonstrated the absence 
of production of SiiE in the whole cell proteins of S. Typhi further suggesting a lack of function 
in this serovar (Main-Hester et al., 2008). However, a transposon insertion in STY4458 showed 
a reduced competitive fitness in humanized mice, suggesting SiiE functionality and an 
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encoded in the S. Typhi chromosome, STY0351, was recently characterized in detail and 
might be used as a potential vaccine target. This cell-surface protein is a novel adhesin 
directly involved in the pathogenesis of S. Typhi by conferring strong binding to the laminin 
extracellular matrix (Ghosh et al., 2011) and is positively regulated by the PhoP-PhoQ two-
component system (Charles et al., 2009). It also possesses high immunogenic properties and 
STY0351-specific antibodies confer protection in a mouse model (Charles et al., 2010; Ghosh 
et al., 2011). PagC is another surface-exposed protein activated by the PhoP-PhoQ system 
that is produced and actively recognised by antibodies from patients having previously 
suffered from typhoid fever (Charles et al., 2010; Harris et al., 2006). Previously associated 
with survival within macrophages (Miller et al., 1989), PagC possesses serum resistance 
activity (Nishio et al., 2005) and can promote OM vesicle release in S. Typhimurium 
(Kitagawa et al., 2010), but none of these roles are confirmed yet for S. Typhi.  
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4. Capsule and LPS 
S. Typhi produces a group 1 exopolysaccharide known as the Vi antigen. Thus, S. Typhi is 
one of the few Salmonella serovars that get shielded by an extracellular polysaccharide layer 
constituting the Vi capsule. The Vi polysaccharide is a linear homopolymer of α(1→4)-2-
acetamido-3-O-acetyl-2-deoxy-α-D-galacturonic acid (Heyns et al., 1959) and constitutes the 
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Vi antigen has been known for a long time (Felix & Pitt, 1934 as cited in Robbins & Robbins, 
1984), prevents recognition by TLR-4, and limited C3 deposition to the cell surface (Looney 
& Steigbigel, 1986), which will lead to reduced clearance of the bacteria (Wilson et al., 2011). 
Vi is preferentially expressed at low osmolarity and early during infection of human 
macrophages or mice and will be downregulated with the progression of infection (Daigle et 
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probably by limiting the access of the T3SS-1 (Arricau et al., 1998; L. Zhao et al., 2001) or by 
masking other adhesion molecules including Fim. Vi is also important for surviving in 
macrophages (Hirose et al., 1997). Vi is tightly regulated by its own activator TviA 
(Hashimoto et al., 1996; Virlogeux et al., 1996), the two-component system OmpR-EnvZ 
(Pickard et al., 1994), the Rcs system (Arricau et al., 1998; Virlogeux et al., 1996) and 
repressed by RpoS (Santander et al., 2007).  

Lipopolysaccharide (LPS) is the principal component of the outer membrane of Gram-
negative bacteria and a major virulence determinant of many pathogens (Raetz & Whitfield, 
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2002). It is a glycolipid consisting in three structural regions covalently linked: (i) lipid A, 
also known as endotoxin, a hydrophobic anchor composed of acyl chains linked to 
phosphorylated N-acetylglucosamine; (ii) the inner and outer core composed of conserved 
oligosaccharides and; (iii) a variable polysaccharide chain or OAg. Salmonella OAg exhibits 
extensive composition and structural variation and has been divided into 46 O serogroups 
(Popoff et al., 2001). The O9 antigen of S. Typhi is characterized by the presence of a tyvelose 
residue. In response to acidified macrophage phagosomes, genes activated by the PhoP-
PhoQ and PmrA-PmrB systems can modify the global structure of LPS and protect 
Salmonella from being killed by the immune system, notably by antimicrobial peptides 
(reviewed in Gunn, 2008). Heterogeneity in the length of the OAg repeats has been observed 
(P. Reeves, 1993) and is important for serum resistance and interaction with host cells (Bravo 
et al., 2011; Hoare et al., 2006; Hölzer et al., 2009). The S. Typhi OAg is essential for serum 
resistance but is not required for cell invasion (Hoare et al., 2006). Internalization of S. Typhi 
by epithelial cells involves the LPS core (Hoare et al., 2006) which acts as a ligand for CFTR 
(Lyczak et al., 2001; Pier et al., 1998). The S. Typhi LPS core is involved in intracellular 
replication in macrophages (unpublished data), as observed with S. Typhimurium (Nagy et 
al., 2006; Zenk et al., 2009). S. Typhi does not have a bimodal distribution of OAg as it 
cannot produce very long OAg, consisting of more than 100 repeats of OAg units, because 
the major regulator Wzz (FepE) is non functional (Raetz & Whitfield, 2002). LPS 
biosynthesis involves many genes located in different clusters on the chromosome and may 
be controlled through several regulatory systems (P.R. Reeves et al., 1996). In S. Typhi, OAg 
expression is regulated by RfaH under the control of sigma factor RpoN (Bittner et al., 2002). 

5. Secretion systems 
5.1 Type 3 secretion systems 

S. enterica harbours two distinct type 3 secretion systems (T3SSs) located on SPI-1 (T3SS-1) 
and SPI-2 (T3SS-2) that are crucial to its virulence along with a flagellar apparatus. T3SSs are 
complex molecular machines built from more than 20 different proteins, forming a structure 
similar to a molecular syringe (Kubori et al., 1998, Kimbrough & Miller, 2000 as cited in 
Sanowar et al., 2010). IM and OM rings are connected by a channel called the needle 
complex. These structures can inject many protein effectors directly from the bacterial 
cytoplasm to the cytoplasm of the eukaryotic cells, allowing a direct manipulation of host 
cellular pathways. The injection process is energized by specific cytoplasmic ATPase and 
direct contact with the eukaryotic cells is needed in order to activate secretion. Although 
T3SS are surface-exposed molecules, the lack of specific antibodies against the T3SS in the 
sera of convalescent patients of typhoid fever (Charles et al., 2010; Harris et al., 2006; Hu et 
al., 2009) might be a consequence of their tight regulation. 

5.1.1 T3SS-1 

In order to cause a systemic infection, Salmonella must first cross the intestinal epithelial 
barrier. Conditions found in the intestine, such as low oxygen tension and high osmolarity, 
are known to induce T3SS-1 of Salmonella by the HilA central regulator (Bajaj et al., 1996, 
Galán & Curtiss, 1990 and Jones & Falkow, 1994 as cited in Altier, 2005). Injection of 
effectors secreted by the T3SS-1 mediates the invasion of non-phagocytic epithelial cells by 
Salmonella (Galán & Curtiss, 1989; Galán, 1999). Effectors interact with the actin cytoskeleton 
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and induce membrane ruffles around the bacteria allowing its internalisation into epithelial 
cells. In S. Typhi, the contribution of the T3SS-1 during invasion of epithelial cells was 
confirmed with invA, sipEBCDA or iagAB (hilAB) mutants (Galán & Curtiss, 1991; Hermant 
et al., 1995; Miras et al., 1995). The T3SS-1 of S. Typhi may also play a role during the 
systemic phase of the infection (Haraga et al., 2008; Libby et al., 2010). 

5.1.2 T3SS-2 

After reaching the epithelial submucosa, Salmonella encounters and enters immune system 
cells like macrophages, dendritic cells and neutrophils. The intracellular environment of these 
cells promotes induction of the T3SS-2, which is regulated by the SsrA-SsrB two-component 
regulatory system. Inside cells, bacteria are found in a SCV (Salmonella-containing vacuole) 
and inject T3SS-2 effectors to modify the SCV, alter host pathways and promote intracellular 
survival (Brumell et al., 2001; Waterman & Holden, 2003; Yu et al., 2004). Although S. 
Typhimurium absolutely requires the T3SS-2 for its intramacrophage survival (Cirillo et al., 
1998; Hensel et al., 1998), a complete deletion of this system does not impair survival of S. 
Typhi in human macrophages (Forest et al., 2010). Nevertheless, S. Typhi T3SS-2 might be 
required for survival in other immune cells, as a mutant harbouring a transposon insertion in 
ssrB is disadvantaged in a humanized mouse model (Libby et al., 2010). 

5.1.3 Flagella 

The flagellar apparatus constitutes a third T3SS that is under the control of a highly 
organized transcriptional hierarchy involving three promoter classes with flhDC being the 
first activator (Kutsukake et al., 1990 and Karlinsey et al., 2000 as cited in Chevance & 
Hughes, 2008). In Salmonella, each cell harbours 6-8 peritrichous flagella built from more 
than 25 different proteins (Harshey, 2011). The final structure is composed of a basal body, 
including a stationary and a moving rotor, an external hook and the filament comprised of 
flagellin (Harshey, 2011). Secretion of flagellin subunits and motility processes are powered 
by the proton motive force (Minamino & Namba, 2008 and Paul et al., 2008 as cited in 
Chevance & Hughes, 2008). Subspecies I, II, IIIa and IV of Salmonella enterica are considered 
biphasic since they can alternatively express FliC or FljB major flagellar subunits in a 
mechanism known as phase variation (Lederberg & Iino, 1956; Simon et al., 1980). Most S. 
Typhi strains do not possess the fljB locus and are monophasic, but some isolates contain a 
27 kb linear plasmid harbouring the fljB:z66 encoding for a novel flagellin (S. Baker et al., 
2007; Frankel et al., 1989). Flagella normally contribute to the virulence through motility and 
chemotaxis (Macnab, 1999), but can also be implicated during biofilm formation (Crawford 
et al., 2010a). Flagellin can be detected by TLR-5 present at the cell surface of monocytes, 
dendritic cells and epithelial cells inducing proinflammatory and adaptive immune 
responses. In S. Typhi, TviA directly downregulates flagellar expression thereby avoiding 
its early recognition by the intestinal mucosa (Winter et al., 2008). Flagellar genes are 
involved in survival within macrophages or during the systemic phase of infection (Bäumler 
et al., 1994; Chan et al., 2005; Klumpp & Fuchs, 2007; Libby et al., 2010; Y. Zhao et al., 2002). 
Nevertheless, the real contribution of the flagellar apparatus is hard to evaluate since 
expression of the T3SS-1 is co-regulated with the flagella (Eichelberg & Galán, 2000; Saini et 
al., 2010). Interestingly, patients harbouring antibodies directed against flagella had 
uncomplicated typhoid fever, while prevalence of anti-OMP (outer membrane proteins) 
antibodies was associated with increased ileal perforation rates (Nambiar et al., 2009). 
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cells like macrophages, dendritic cells and neutrophils. The intracellular environment of these 
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The flagellar apparatus constitutes a third T3SS that is under the control of a highly 
organized transcriptional hierarchy involving three promoter classes with flhDC being the 
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Typhi strains do not possess the fljB locus and are monophasic, but some isolates contain a 
27 kb linear plasmid harbouring the fljB:z66 encoding for a novel flagellin (S. Baker et al., 
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expression of the T3SS-1 is co-regulated with the flagella (Eichelberg & Galán, 2000; Saini et 
al., 2010). Interestingly, patients harbouring antibodies directed against flagella had 
uncomplicated typhoid fever, while prevalence of anti-OMP (outer membrane proteins) 
antibodies was associated with increased ileal perforation rates (Nambiar et al., 2009). 
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5.2 Type 6 secretion systems 

Type 6 secretion systems are newly-discovered structures present in about 25% of 
sequenced Gram-negative bacterial genomes (Boyer et al., 2009). In S. enterica subsp. I, T6SS 
can be identified within SPI-6 (S. Typhi), SPI-19, SPI-20 or SPI-21 (Blondel et al., 2009). T6SS 
are contractile injection machinery harbouring strong similarities to the tail sheath and spike 
of bacteriophages (Bönemann et al., 2010). These tubular structures can penetrate eukaryotic 
as well as prokaryotic membranes in a cell-contact dependant way in order to inject protein 
effectors. T6SS are often required within phagocytic cells (Ma et al., 2009; Pukatzki et al., 
2009), but they can also be implicated in biofilm formation (Aschtgen et al., 2008; Enos-
Berlage et al., 2005), colonization of the gastrointestinal tract (Blondel et al., 2010), quorum 
sensing (Weber et al., 2009) as well as in the delivery of toxins to other cells (Hood et al., 
2010). Although S. Typhi harbours a pseudogene in a key component of its T6SS, the system 
is functional and its presence corresponds to an enhanced cytotoxicity toward epithelial cells 
(M. Wang et al., 2011). T6SS expression is regulated by RcsB, PmrA and Hfq (M. Wang et al., 
2011). Its contribution during the interaction with hematopoietic cells should be further 
studied since a transposon insertion in two genes encoded within SPI-6 showed a 
competitive disadvantage in humanized mice (Libby et al., 2010). 

Surface 
structure Role in virulence Observed for  

S. Typhi 
Observed in other 

serovars 
Bcf and 
Stb 

Seroconversion
Intestinal persistence in mice 

Harris 2006; Hu 2009
Weening 2005 

Fim 
Binds to mannose, adhesion and 
invasion of epithelial cells 
Biofilm 

Satta 1993 Althouse 2003 
 

Boddicker 2002 
Stg Adhesion to epithelial cells Forest 2007
Sth Long-term infection of mice Lawley 2006 

Saf Intestinal colonization of swine
Long-term infection of mice  Carnell 2007 

Lawley 2006 
Sef Interaction with macrophages Edwards 2000 
Stc Intestinal persistence in mice Weening 2005 

Std Binds to α(1,2)fucose
Intestinal persistence in mice  Chessa 2009 

Weening 2005 
Tcf and 
YaiU Seroconversion Harris 2006  

Csg Seroconversion
Biofilm 

Harris 2006
Ledeboer 2006 

SiiE 

Adhesion to apical side of epithelial 
cells 
Colonization of the gastrointestinal 
tract 

 

Gerlach 2008 
 
 

Blondel 2010 

BapA Interaction with intestinal mucosa, 
bacterial autoaggregation and biofilm  Latasa 2005 

ShdA Seroconversion
Binds to fibronectin 

Harris 2006
Kingsley 2002 

MisL Intestinal colonization, binds to 
fibronectin  Dorsey 2005 
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Surface 
structure Role in virulence Observed for  

S. Typhi 
Observed in other 

serovars 
Type IVB 
pili 

Binds to CFTR, cellular invasion
Bacterial self-association

Pan 2005; Pier 1998
Morris 2003b Morris 2003a 

STY0351 Seroconversion
Cell adhesion and binds to laminin

Charles 2010
Ghosh 2011  

PagC 

Seroconversion
Survival within macrophages 
Serum resistance 
OM vesicle release 

Charles 2010;
Harris 2006 Miller 1989 

Nishio 2005 
Kitagawa 2010 

Vi 
Capsule 

Host immune system evasion 
 
Intramacrophage survival 

Kossack 1981;
Looney, 1986; 
Wilson 2011 
Hirose 1997

 

LPS 

Binds to CFTR
Antimicrobial peptides resistance 
Serum resistance 
Intramacrophage survival 

Lyczak 2001
Baker 1999 
Hoare 2006 

Unpublished data 

Gunn 2008 
Bravo 2008 
Nagy 2006 

T3SS-1 Effectors secretion and invasion of 
eukaryotic cells

Galán 1991;
Hermant 1995 Galán 1989, 1999 

T3SS-2 Effectors secretion and 
intramacrophage survival

Cirillo 1998; 
Hensel 1998 

Flagella 
Motility and chemotaxis
Intramacrophage survival 
Biofilm formation

Liu 1988
Unpublished data 

Macnab 1999 
Bäumler 1994 

Crawford 2010a 

T6SS Colonization of the gastrointestinal 
tract  Blondel 2010 

Table 1. S. Typhi surface structures considered in this review and their roles in virulence.  

6. Future perspectives 
The multidrug-resistance observed for S. Typhi strains is of great concern since the total 
number of cases has increased during the last decade (Crump et al., 2004; Pang et al., 1998). 
There are two crucial lines of defence that should be improved in order to win the combat 
against typhoid fever : prevention and treatment. The best vaccine would be safe, given in a 
single dose, offering an efficient and long lasting immunity and remain stable at room 
temperature. Next generation vaccines have been recently tested in human trials (reviewed in 
Lindow et al., 2011). The expression of surface structures is tightly coordinated to avoid 
recognition by the immune system. Nevertheless, we have some clues regarding the structures 
recognized during typhoid fever (Charles et al., 2010; Harris et al., 2006; Hu et al., 2009). Since 
antibodies promote killing of S. Typhi (Lindow et al., 2011), a good approach to improve the 
efficiency of vaccines might be to create an avirulent strain expressing its immunogenic 
structures on inducible promoters inside antigen presenting cells (S. Wang et al., 2011). 

Another strategy in the fight against S. Typhi should be the identification and treatment of 
the 1-5% infected individuals who become asymptomatic carriers (Crawford et al., 2010b; 
Parry et al., 2002). This task is complicated as antibiotherapy is often unsuccessful to remove 
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bacterial autoaggregation and biofilm  Latasa 2005 

ShdA Seroconversion
Binds to fibronectin 

Harris 2006
Kingsley 2002 

MisL Intestinal colonization, binds to 
fibronectin  Dorsey 2005 
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Surface 
structure Role in virulence Observed for  

S. Typhi 
Observed in other 

serovars 
Type IVB 
pili 

Binds to CFTR, cellular invasion
Bacterial self-association

Pan 2005; Pier 1998
Morris 2003b Morris 2003a 

STY0351 Seroconversion
Cell adhesion and binds to laminin

Charles 2010
Ghosh 2011  

PagC 

Seroconversion
Survival within macrophages 
Serum resistance 
OM vesicle release 

Charles 2010;
Harris 2006 Miller 1989 

Nishio 2005 
Kitagawa 2010 

Vi 
Capsule 

Host immune system evasion 
 
Intramacrophage survival 

Kossack 1981;
Looney, 1986; 
Wilson 2011 
Hirose 1997

 

LPS 

Binds to CFTR
Antimicrobial peptides resistance 
Serum resistance 
Intramacrophage survival 

Lyczak 2001
Baker 1999 
Hoare 2006 

Unpublished data 

Gunn 2008 
Bravo 2008 
Nagy 2006 

T3SS-1 Effectors secretion and invasion of 
eukaryotic cells

Galán 1991;
Hermant 1995 Galán 1989, 1999 

T3SS-2 Effectors secretion and 
intramacrophage survival

Cirillo 1998; 
Hensel 1998 

Flagella 
Motility and chemotaxis
Intramacrophage survival 
Biofilm formation

Liu 1988
Unpublished data 

Macnab 1999 
Bäumler 1994 

Crawford 2010a 

T6SS Colonization of the gastrointestinal 
tract  Blondel 2010 

Table 1. S. Typhi surface structures considered in this review and their roles in virulence.  

6. Future perspectives 
The multidrug-resistance observed for S. Typhi strains is of great concern since the total 
number of cases has increased during the last decade (Crump et al., 2004; Pang et al., 1998). 
There are two crucial lines of defence that should be improved in order to win the combat 
against typhoid fever : prevention and treatment. The best vaccine would be safe, given in a 
single dose, offering an efficient and long lasting immunity and remain stable at room 
temperature. Next generation vaccines have been recently tested in human trials (reviewed in 
Lindow et al., 2011). The expression of surface structures is tightly coordinated to avoid 
recognition by the immune system. Nevertheless, we have some clues regarding the structures 
recognized during typhoid fever (Charles et al., 2010; Harris et al., 2006; Hu et al., 2009). Since 
antibodies promote killing of S. Typhi (Lindow et al., 2011), a good approach to improve the 
efficiency of vaccines might be to create an avirulent strain expressing its immunogenic 
structures on inducible promoters inside antigen presenting cells (S. Wang et al., 2011). 

Another strategy in the fight against S. Typhi should be the identification and treatment of 
the 1-5% infected individuals who become asymptomatic carriers (Crawford et al., 2010b; 
Parry et al., 2002). This task is complicated as antibiotherapy is often unsuccessful to remove 
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biofilms found in the gallbladder, especially on gallstones, and surgical removal of the 
gallbladder is usually required but expensive (Crawford et al., 2010b; Prouty et al., 2002) 
Hence, efforts should be taken to understand the specific structures required for biofilm 
formation by S. Typhi in order to develop therapies to eliminate typhoid carriage.  

Novel strategies are being developed to target surface structures implicated in bacterial 
pathogenesis as potential treatments (reviewed in Lynch & Wiener-Kronish, 2008). For 
example, pilicides are small compounds preventing interactions between the OM usher and 
chaperone-subunits complexes of type 1 pili, hence interfering with fimbrial biogenesis 
(Pinkner et al., 2006). Since most surface structures of Salmonella are expressed by the CUP, 
targeting the fimbrial ushers might be a useful method to eliminate colonisation and avoid 
the resulting antimicrobial resistance. Moreover, curlicides are able to interfere with CsgA 
polymerization as well as type 1 fimbrial biogenesis resulting in the blocking of biofilm 
accumulation (Cegelski et al., 2009). Similarly, small-molecule inhibitors and inactivating 
antibodies can target binding or translocation of effectors by T3SS (Hudson et al., 2007; 
Neely et al., 2005; Nordfelth et al., 2005; Swietnicki et al., 2011). Targeting the capsule or LPS 
biosynthetic pathways might be a good approach to fight against S. Typhi since there is no 
corresponding enzyme in its human host (Cipolla et al., 2010; Goller & Seed, 2010). 

Finally, understanding the role and function of S. Typhi surface proteins is primordial as 
these molecules are the first ones to directly interact with host components or cells, leading 
to a possibility for the development of new strategies to fight typhoid (see Table 1). 
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1. Introduction  
Enteric fever is a severe systemic Gram-negative bacterial infection caused by several 
serovars of Salmonella enterica subspecies enterica, including S. Typhi and S. Paratyphi 
serotypes A (most commonly), B and C. It is characterised by high fever and a myriad of 
other non-specific features, including abdominal pain and constipation, headache, myalgia 
and arthralgia, cough, lymphadenopathy and rash. S. Typhi, the human-specific causative 
agent of typhoid fever, is thought to account for an estimated 21 million new cases and 
216,000 deaths every year (Crump et al., 2004). S. Typhi is generally transmitted in food and 
water contaminated with faeces from those excreting bacteria, either during the acute illness 
or during chronic asymptomatic carriage, although infection of health-care or laboratory 
workers through poor hygiene practices or accidental exposure is also described. 
Transmission in regions with adequate sanitation and sewage facilities is uncommon as, in 
general, a relatively high inoculum is required to survive the gastric acid environment and 
cause infection. Enteric fever is therefore most common in resource-poor settings where the 
provision of clean drinking water and sewage disposal facilities is inadequate. South and 
Central Asia, Africa and South and Central America are considered endemic for this disease 
and particularly high incidence rates are found in the Indian sub-continent and South-east 
Asia, with rates exceeding 100 per 100,000 population per year (Bhan et al., 2005). In other 
countries typhoid fever remains an important consideration for travellers both pre- and 
post-travel (Levine et al., 1982; Ackers et al., 2000; Bhan et al., 2005). 

The accurate and rapid clinical diagnosis of enteric fever in these regions is obfuscated by 
the range of other common fever-causing infections including malaria, dengue fever, 
leptospirosis, melioidosis and the rickettsioses. Accurate diagnosis to differentiate typhoid 
fever from these conditions is often difficult, both in the clinic and in the laboratory, but is 
imperative for effective treatment selection. Even in highly-resourced western countries, 
physicians often start typhoid treatment empirically whilst awaiting confirmation of the 
diagnosis. Treatment decisions are further complicated by the increasing prevalence of 
antibiotic resistance amongst clinical isolates due to plasmid-mediated multidrug resistance 
(in particular the gyrA gene mutation, conferring variable fluoroquinolone resistance in 
both S. Typhi and S. Paratyphi A (Chau et al., 2007)) and the potential for extended-
spectrum β-lactamase (ESBL) and carbapenemase-producing strains (Al Naiemi et al., 2008; 
Pokharel et al., 2006; Nordmann et al., 2008). Rates of illness caused by S. Parathyphi and 
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1. Introduction  
Enteric fever is a severe systemic Gram-negative bacterial infection caused by several 
serovars of Salmonella enterica subspecies enterica, including S. Typhi and S. Paratyphi 
serotypes A (most commonly), B and C. It is characterised by high fever and a myriad of 
other non-specific features, including abdominal pain and constipation, headache, myalgia 
and arthralgia, cough, lymphadenopathy and rash. S. Typhi, the human-specific causative 
agent of typhoid fever, is thought to account for an estimated 21 million new cases and 
216,000 deaths every year (Crump et al., 2004). S. Typhi is generally transmitted in food and 
water contaminated with faeces from those excreting bacteria, either during the acute illness 
or during chronic asymptomatic carriage, although infection of health-care or laboratory 
workers through poor hygiene practices or accidental exposure is also described. 
Transmission in regions with adequate sanitation and sewage facilities is uncommon as, in 
general, a relatively high inoculum is required to survive the gastric acid environment and 
cause infection. Enteric fever is therefore most common in resource-poor settings where the 
provision of clean drinking water and sewage disposal facilities is inadequate. South and 
Central Asia, Africa and South and Central America are considered endemic for this disease 
and particularly high incidence rates are found in the Indian sub-continent and South-east 
Asia, with rates exceeding 100 per 100,000 population per year (Bhan et al., 2005). In other 
countries typhoid fever remains an important consideration for travellers both pre- and 
post-travel (Levine et al., 1982; Ackers et al., 2000; Bhan et al., 2005). 

The accurate and rapid clinical diagnosis of enteric fever in these regions is obfuscated by 
the range of other common fever-causing infections including malaria, dengue fever, 
leptospirosis, melioidosis and the rickettsioses. Accurate diagnosis to differentiate typhoid 
fever from these conditions is often difficult, both in the clinic and in the laboratory, but is 
imperative for effective treatment selection. Even in highly-resourced western countries, 
physicians often start typhoid treatment empirically whilst awaiting confirmation of the 
diagnosis. Treatment decisions are further complicated by the increasing prevalence of 
antibiotic resistance amongst clinical isolates due to plasmid-mediated multidrug resistance 
(in particular the gyrA gene mutation, conferring variable fluoroquinolone resistance in 
both S. Typhi and S. Paratyphi A (Chau et al., 2007)) and the potential for extended-
spectrum β-lactamase (ESBL) and carbapenemase-producing strains (Al Naiemi et al., 2008; 
Pokharel et al., 2006; Nordmann et al., 2008). Rates of illness caused by S. Parathyphi and 
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non–typhoidal Salmonella are increasing in many endemic areas further complicating 
accurate laboratory testing (Ochiai et al., 2005; Palit et al., 2006).  

It has long been accepted that vaccines represent the most cost effective approach to control 
typhoid infection, especially in the era of widespread and increasing antibiotic resistance 
(Parry et al., 2002; Whitaker et al., 2009). However, few countries have taken up routine 
typhoid immunization, partially due to uncertainty on disease burden and vaccine 
effectiveness. The development of cheap and reliable enteric fever diagnostics would play a 
key role in more accurately defining the scale of the problem and thus facilitating both long-
term disease control and individual patient treatment (Baker et al., 2010). A combination of 
accurate diagnosis, effective vaccination and directed treatment could ultimately lead to the 
eradication of this human-restricted infection if appropriately implemented. Here we review 
the current means available for enteric fever diagnosis and the progress being made in 
improving molecular diagnostics in particular. 

2. Clinical diagnosis of enteric fever  
Enteric fever may affect individuals of any age; recently it has been shown to affect a much 
higher proportion of children aged less than 5 years than previously thought, causing a 
similar range of signs and symptoms to those seen in adults (Sinha et al., 1999). 
Immunosuppressed individuals, those with reduced gastric acid production, biliary and 
urinary tract abnormalities, haemoglobinpathies and other concomitant infectious diseases 
(including malaria and schistosomiasis) are at higher risk of acquiring infection and at risk 
of developing more severe or disseminated disease (Gotuzzo et al., 1991; Khosla et al., 1993; 
Mathai et al., 1995; Bhan et al., 2002; Crawford et al., 2010).  

The clinical presentation of typhoid fever is notoriously variable, ranging from non-specific 
fever symptoms to fulminant Gram-negative sepsis with multisystem disease. The 
incubation period is classically 10 to 14 days although can range from 5 to 21 days. Early 
evidence suggested that as well as asymptomatic carriers, some individuals are capable of 
remaining asymptomatic and afebrile despite demonstrable bacteraemia (Snyder et al., 
1963). The incubation period is likely to be directly proportional to the inoculum ingested 
and the cell-mediated immune response of the individual infected, although precise 
correlates of protection have yet to be determined (Sztein, 2007).  

In the early days following infection, individuals may develop diarrhoea and abdominal 
discomfort. Diarrhoea is thought to be more common in certain geographic areas and in 
individuals with HIV/AIDS and in children less than 1 year of age (Butler et al., 1991). After 
a variable asymptomatic duration, individuals may develop constipation (10-38%), 
abdominal pain (30-40%), headache (often a dull frontal aching, 62%) and fever (Stuart & 
Pollen, 1946; Clark et al., 2010). Various studies have shown that fever is present in from 75 
to 100% of microbiologically-confirmed cases on presentation (Stuart & Pullen, 1946; Butler 
et al., 1991; Clark et al., 2010); it classically starts low and increases in a saw-toothed pattern, 
often to between 39 and 40C by the second week (see figure 1). 

The spectrum of symptoms experienced is highly varied, and therefore the diagnosis may be 
missed particularly in areas where other febrile illnesses, such as malaria, tuberculosis or 
dengue, are common. Other presentations may include a more ‘food poisoning’ type illness 
with diarrhoea and vomiting or a predominantly respiratory presentation with symptoms 
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including cough and audible crackles on chest auscultation. Other clinical findings of note 
include a relative bradycardia (Faget’s sign, which occurs in less than 50% of patients), 
hepatosplenomegaly (20 to 50%) and Rose spots (up to 25%), which are classically described 
as salmon pink evanescent maculopapular spots seen towards the end of the first week of 
illness on the trunk, and from which S. Typhi may be cultured if biopsied (Parry et al., 2002; 
World Health Organization, 2003). 

 
Fig. 1. The variation of oral temperature during typhoid infection 

Presentation of neonatal typhoid fever resulting from vertical transmission during late 
pregnancy is usually within 3 days of delivery; signs including fever, vomiting, diarrhoea, 
and abdominal distension (Bhan et al., 2005). Significant hepatomegaly and jaundice and 
seizures can occur (Butler et al., 1991). Typhoid fever typically presents as a milder or 
atypical illness, often as a severe pneumonia, in children younger than 5 years (Mahle & 
Levine, 1993). The rate of severe complications is lower than in older age-groups (Mahle & 
Levine, 1993; Chiu & Lin, 1999; Sinha et al., 1999; Bhan et al., 2005).  

Duration of illness before therapy, choice of antimicrobial therapy, strain virulence, 
inoculum size, previous exposure or vaccination, and other host factors such as HLA type, 
AIDS or other immune suppression, antacid consumption or concomittant H. pylori infection 
(Bhan et al., 2002) affect severity of the disease. Depending on the clinical resources 
available, approximately 10–15% of patients may develop more severe disease charaterised 
by the development of abdominal complications (Bhan et al., 2005). Gastrointestinal 
bleeding, intestinal perforation and typhoid encephalopathy are the commonest 
complications (Ali et al., 1997; Parry et al., 2002; World Health Organization, 2003; Bhan et 
al., 2005). The more details of clinical features of typhoid complications are described in the 
Seminar by Bhan et al. (Bhan et al., 2005).  

Traditionally, the clinical features of paratyphoid fever were thought to be similar or milder 
than those of typhoid fever. With increasing incidence and more data now available, studies 
have started to demonstrate an equivalent or even increased rate of complications with 
paratyphoid infections (Ekdahl et al., 2005; Meltzer et al., 2005; Vollaard et al., 2005; Maskey 
et al., 2006; Woods et al., 2006). S. Paratyphi A, B or C may present with either systemic (Lee 
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et al., 2000; Rajagopal et al., 2002; Mohanty et al., 2003) or localised infection (Fangtham et 
al., 2008). A relapse rate of 8% has been reported with S. Paratyphi A which is increasing in 
incidence throughout Southeast Asia (Ochiai et al., 2005; Woods et al., 2006; Fangtham et al., 
2008) and may be associated with higher rates of complicated disease and outbreaks of 
infection (Khan et al., 2007; Pandit et al., 2008; Patel et al., 2010). S. Paratyphi A and B may 
present with a non-specific Salmonella gastroenteritis with diarrhoea being a predominant 
symptom (Thisyakorn et al., 1987; Yang et al., 2010). Gastrointestinal symptoms are usually 
not present with S. Paratyphi C infection but there have been cases with systemic 
complications such as septicaemia and arthritis (Lang et al., 1992).  

3. Laboratory diagnosis of enteric fever  
Current widely used methods for the diagnosis of individuals with enteric fever include 
bacterial culture, microscopy and serological assays, specifically the Widal test, which have 
been recently reviewed by Bhan et al. (2005), Bhutta (2006), Kundu et al. (2006), Wain & 
Hosoglu (2008) and Parry et al. (2011). Molecular diagnostics of enteric fever, in particular 
nucleic acid amplification by polymerase chain reaction (PCR), have been growing rapidly 
in last decade although they are confined within the research setting. 

3.1 Bacterial culture  

Accurate diagnosis of enteric fever requires isolation (or detection) of the causative organism, 
preferably from a sterile site (World Health Organization, 2003). Even though an array of 
specimens including whole blood, bone marrow, stool, duodenal fluid, urine and skin (Rose 
spots) (Gilman et al., 1975; Vallenas et al., 1985; Hoffman et al., 1986; Rubin et al., 1990) have 
historically been shown to harbor cultivable bacteria, blood is the most common specimen 
submitted for culture of S. Typhi (Parry et al., 2002; Wain and Hosoglu 2008). Between 45 and 
70% of patients with typhoid fever may be diagnosed by blood culture (World Health 
Organization, 2003; Wain et al., 2001, 2008). The sensitivity of culture from blood is dependent 
on a variety of factors including the volume of blood taken (and its ratio to enrichment broth), 
pre-treatment with antibiotics and delay in transportation of the sample to the laboratory 
(Wain et al., 2008). As the number of circulating bacteria may be extremely low and 
predominantly intracellular (over 50% in one study (Wain et al., 2001)), any of these variables 
may significantly affect the growth and therefore the isolation rate. Use of selective media such 
as ox bile broth may increase this rate, as, while selective for bile resistant organisms, it inhibits 
some of the bactericidal activity of blood and is capable of releasing intracellular bacteria 
(Coleman & Buxton, 1907; Kaye et al., 1966; Wain et al., 2008). Research performed in our 
laboratory has also confirmed that bile (as ox bile soy tryptone broth) causes selective lysis of 
mammalian cells whilst leaving bacterial cells intact and capable of unhindered growth in 
culture (Zhou & Pollard, 2010). Whilst useful for research settings, selective culture of blood in 
bile-containing media outside of highly endemic regions is unhelpful in the general 
microbiology laboratory although alternative additives such as saponin have also been 
investigated (Murray et al., 1991; Wain & Hosoglu 2008; Wain et al., 2008). 

Although it is thought that a significant inoculum is required to cause typhoid fever, in those 
with enhanced susceptibility, ingestion of even a small number of S. Typhi organisms may be 
sufficient to cause infection. Previous studies using a typhoid challenge model in healthy adult 
volunteers demonstrated that as few as 105 organisms were capable of causing disease 
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following gastric acid suppression using milk (Glynn et al., 1995). In ongoing challenge 
studies, we have demonstrated that as few as 700 colony forming units (CFU) of non-
attenuated live S. Typhi may cause clinical illness after gastric acid suppression using sodium 
bicarbonate. That very low numbers of S. Typhi are found circulating in the bloodstream at 
onset of symptoms in most typhoid cases is therefore not surprising; in 81 patients diagnosed 
with typhoid fever, a median level of 0.3 (IQR, 0.1-10) bacteria per millilitre of blood was 
found (Wain et al., 2001). Therefore, one of the key issues in typhoid diagnostics is how to 
detect the extremely low level bacteraemia present in a sick patient. Even using modern PCR 
and related diagnostics, current studies often still employ a pre-culture stage in order to try 
and maximise the organism detection rate (Nga et al., 2010; Zhou & Pollard, 2010). 

Bone marrow harbors over 10 times as many organisms per unit volume than in the blood 
(Wain et al., 2008). Aside from the degree of patient discomfort involved, bone marrow 
aspiration and culture may therefore represent a useful addition to blood culture if 
appropriate facilities exist, particularly in patients who have been heavily antibiotic exposed 
(Wain et al., 2001) or who are being investigated for haematological conditions or pyrexia of 
unknown origin simultaneously (Volk et al., 1998). 

Stool specimens are commonly collected during the diagnostic work-up of patients with 
typhoid infection, but there may be difficulty in obtaining specimens due to constipation 
when rectal swabs are a less good alternative. Stool should be cultured in selenite 
enrichment broth to maximise the culture yield (Moriñigo et al., 1993) for which standard 
selenite F medium appears at least as effective as selenite supplemented with mannitol 
(selenite M) (Wain et al., 2008). The results of a positive stool culture need to be interpreted 
in light of the clinical condition of the patient to exclude healthy carriers (such as `Typhoid 
Mary‘) (Soper, 1939). Stool cultures obtained from acutely ill patients may become positive 
before blood cultures, immediately preceeding either the primary or secondary bacteraemic 
phase, and their sensitivity increases with the quantity obtained (Personal observations; 
Wain et al., 2008). Stool cultures are therefore a useful aid to diagnosis and to guide public 
health prevention activities in certain settings.  

Rose spot skin biopsies (Gilman et al., 1975; Wain et al., 1998) and urine samples may also 
be used for culturing S. Typhi, the latter being culture positive in approximately 7% of 
confirmed cases (Gilman et al., 1975). Duodenal contents obtained using a duodenal string 
test or aspiration may be more useful for culture identification of causative organisms, but 
the procedures required are often poorly tolerated, particularly by young children 
(Vallenas et al., 1985).  

Most diagnoses of enteric fever are still made by blood culture followed by microbiological 
identification. However, blood culture, whilst considered "routine" in most resource-rich 
settings, is expensive, requiring specialist facilities and personnel, and time-consuming, 
taking at least 2 to 5 days for organism growth and positive identification.  

3.2 Serological tests  

Several serological tests have been developed in order to detect the presence of either S. 
Typhi antigens or the antibody response to it. The classic Widal test, a tube agglutination 
test developed by Widal F. in 1896 (Widal et al., 1896), detects the presence of agglutinating 
antibodies in the serum of infected/exposed patients against lipopolysaccharide (LPS; O) 
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Several serological tests have been developed in order to detect the presence of either S. 
Typhi antigens or the antibody response to it. The classic Widal test, a tube agglutination 
test developed by Widal F. in 1896 (Widal et al., 1896), detects the presence of agglutinating 
antibodies in the serum of infected/exposed patients against lipopolysaccharide (LPS; O) 
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and flagella (H) antigens of S. Typhi (Olopoenia & King, 2000; World Health Organization, 
2003). These antibodies present at 6 to 8 days and 10 to 12 days respectively, following 
infection; a 4-fold rise in either of these antibodies between acute and convalescent sera is 
diagnostic (World Health Organization, 2003). The test is only moderately specific for 
typhoid infection; however, studies from several areas, predominantly endemic for typhoid 
infection, demonstrate a significant variation in assay performance particularly when using 
a single Widal test result to make a typhoid fever diagnosis. Reasons for false-positive test 
results may include previous vaccination or exposure to natural infection, cross-reactivity 
with epitopes from other enterobacteriaceae or concomittant infections including malaria, 
typhus and other causes of bacteraemia (Reynolda et al., 1970; Levine et al., 1978; Olopoenia 
& King, 2000; House et al., 2001; World Health Organization, 2003; Omuse et al., 2010). 
Likewise, false-negative tests are also seen which may be due to previous antibiotic 
exposure or other medical conditions capable of reducing the antibody response generated. 
Widal tests are relatively inexpensive however, particularly in comparison to bacterial 
culture methods, and are therefore still widely used (Bakr et al., 2011) and are possibly of 
more benefit in non-endemic settings (Levine et al., 1978; Chew et al., 1992). 

Much effort has been put into improving on the classic Widal test over the last twenty years 
specifically in order to improve the speed and reliability of serological testing (Bhutta & 
Mansurali, 1999; House et al., 2001; Gasem et al., 2002; Hatta et al., 2002; Jesudason et al., 
2002; Olsen et al., 2004; Tam et al., 2008; Fadeel et al., 2011). Several of these assays have 
subsequently become commerically available; Typhidot® (Malaysian Biodiagnostic 
Research SDN BHD, Malaysia) and TUBEX assays (IDL Bideh, Solletuna, Sweden) are 
discussed in further detail below.  

Typhidot® is a dot enzyme-linked immunosorbent assay capable of detecting both IgM and 
IgG antibodies against a S. Typhi-specific 50kDa outer membrane protein (OMP) (Ismail et 
al., 1991; Choo et al., 1994, 1999). OMP dotted onto a nitrocellulose strip is probed with test 
sera and developed using peroxidase-conjugated antihuman IgM/IgG antibodies and a 
substrate for colour development (Choo et al., 1994; Kawano et al., 2007).  

TUBEX-TF® is an inhibition binding assay that detects the presence of the O9 component of S. 
Typhi LPS. Binding of S. Typhi LPS (O9) antibody-coated indicator to S. Typhi LPS (antigen)-
coated magnetic particles is inhibited by patient sera containing anti-O9 antibodies, which 
results in a quantitative red-blue colour change (Lim et al., 1998; Oracz et al., 2003). Elevated 
levels of anti-O9 IgM antibodies together with typical clinical symptoms of typhoid fever 
probably indicates acute infection with S. Typhi (Tam & Lim, 2003; Feleszko et al., 2004; Tam 
et al., 2008). Subsequent modification of the antigens used has resulted in a similar test for 
paratyphoid fever which has demonstrated early promise (Tam et al., 2008). 

In clinical studies involving small cohorts of hospitalized patients, both the Typhidot and 
TUBEX tests have demonstrated good performance in clinically suspected typhoid fever 
cases in comparison to the Widal test, particularly in early infection (Bhutta & Mansurali, 
1999; House et al., 2001; Jesudason et al., 2002; Olsen et al., 2004; Begum et al., 2009; 
Narayanappa et al., 2010). In larger studies both in Asia and Africa, the new generation 
serological tests have compared less favourably (Dutta et al., 2006; Ley et al., 2011). Data 
from a large community-based surveillance study in Calcutta from 6697 patients with 
fever for 3 or more days demonstrated that, using a cut-off of fever for >5 days, the Widal 
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test was more sensitive overall than the other two tests (Widal sensitivity 67%, specificity 
85%, PPV 75%, NPV 79%; Typhidot 59%, 75%, 89% and 33%; Tubex 55%, 81%, 72% and 
66%)(Dutta et al., 2006). The Widal test was also significantly cheaper but took longer to 
produce a result. One concern raised by the authors was that there was relatively poor 
standardisation of the kit reagents in the two newer tests and this may have had an effect 
due to the large number of tests performed.   

More recently, the Dri-Dot Latex agglutination and IgM lateral flow assays have been 
developed by KIT Biomedical Research, Royal Tropical Institute, The Netherlands, and are 
simple to use for diagnosis of enteric fever. The validation study of the Dri-Dot Latex 
agglutination and IgM lateral flow assays for the diagnosis of typhoid fever, carried out in 
patients with clinically diagnosed typhoid fever in an Egyptian population, has 
demonstrated that the sensitivity and specificity were 71.4% and 86.3% for the Dri-Dot, and 
80% and 71.4% for IgM Lateral Flow assay, respectively. A major limitation of these 
serologic tests is the limited sensitivity at the early stage of the disease. The sensitivity of 
these assays was increased to 84.3% when both tests were performed in parallel but the 
specificity decreased to 70.5%. Given that these assays are rapid and provide easy-to-
interpret results, they may be useful for diagnosis of enteric fever in typhoid-endemic 
countries (Nakhla et al.,2011; Smith et al., 2011). 

In summary, although several alternatives exist for diagnosing typhoid serologically, to-date 
the newer tests have not improved greatly on the performance of a test that is over a century 
old. With newer techniques for antigen discovery becoming available and an increasing 
amount of data being collected regarding the immune response to typhoid and paratyphoid 
infection, rapid and more effective diagnostic serological tests for typhoid infection are 
likely to become available in the near future.  

3.3 Molecular diagnosis of enteric fever  

Detecting the presence of S. Typhi in clinical samples using highly sensitive molecular 
techniques is not a recent development. In the 1980s, Rubin et al. designed and used a DNA 
probe cloned from Citrobacter freundii which has similar Vi antigen to S. Typhi for detection of 
S. Typhi and demonstrated 99% specificity and sensitivity using lactose-negative colonies or 
previously identified bacteria from febrile patients in Peru and in Indonesia (Rubin et al., 
1988). As a direct diagnostic method however, the DNA probe method cannot detect less than 
500 bacteria per ml of blood; patients with typhoid generally have fewer than 15 S. Typhi 
bacteria per ml (Watson, 1955; Wain et al., 1998). The DNA probe method was refined in a 
further study (Rubin et al., 1989), in which blood samples (and other specimens including bone 
marrow aspirates) were taken from patients presenting with febrile symptoms and 
concentrated by centrifugation using a DuPont Isolator tube, followed by overnight incubation 
of the bacteria on nylon filters. This modification allowed the detection of S. Typhi in 42% 
(13/32) of samples from patients with culture-confirmed typhoid fever using the equivalent of 
2.5 ml of blood, compared with 53% (17/33) of these patients by culture of 8 ml peripheral 
blood. Additionally the probe detected 4 of 47 patients from whom S. Typhi was not isolated 
by culture, suggesting superior sensitivity could be achieved. 

These early studies supported the introduction and development of further nucleic acid 
amplification tests to enable the rapid detection of very small numbers of bacterial 
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and flagella (H) antigens of S. Typhi (Olopoenia & King, 2000; World Health Organization, 
2003). These antibodies present at 6 to 8 days and 10 to 12 days respectively, following 
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diagnostic (World Health Organization, 2003). The test is only moderately specific for 
typhoid infection; however, studies from several areas, predominantly endemic for typhoid 
infection, demonstrate a significant variation in assay performance particularly when using 
a single Widal test result to make a typhoid fever diagnosis. Reasons for false-positive test 
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typhus and other causes of bacteraemia (Reynolda et al., 1970; Levine et al., 1978; Olopoenia 
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Widal tests are relatively inexpensive however, particularly in comparison to bacterial 
culture methods, and are therefore still widely used (Bakr et al., 2011) and are possibly of 
more benefit in non-endemic settings (Levine et al., 1978; Chew et al., 1992). 
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specifically in order to improve the speed and reliability of serological testing (Bhutta & 
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2002; Olsen et al., 2004; Tam et al., 2008; Fadeel et al., 2011). Several of these assays have 
subsequently become commerically available; Typhidot® (Malaysian Biodiagnostic 
Research SDN BHD, Malaysia) and TUBEX assays (IDL Bideh, Solletuna, Sweden) are 
discussed in further detail below.  

Typhidot® is a dot enzyme-linked immunosorbent assay capable of detecting both IgM and 
IgG antibodies against a S. Typhi-specific 50kDa outer membrane protein (OMP) (Ismail et 
al., 1991; Choo et al., 1994, 1999). OMP dotted onto a nitrocellulose strip is probed with test 
sera and developed using peroxidase-conjugated antihuman IgM/IgG antibodies and a 
substrate for colour development (Choo et al., 1994; Kawano et al., 2007).  

TUBEX-TF® is an inhibition binding assay that detects the presence of the O9 component of S. 
Typhi LPS. Binding of S. Typhi LPS (O9) antibody-coated indicator to S. Typhi LPS (antigen)-
coated magnetic particles is inhibited by patient sera containing anti-O9 antibodies, which 
results in a quantitative red-blue colour change (Lim et al., 1998; Oracz et al., 2003). Elevated 
levels of anti-O9 IgM antibodies together with typical clinical symptoms of typhoid fever 
probably indicates acute infection with S. Typhi (Tam & Lim, 2003; Feleszko et al., 2004; Tam 
et al., 2008). Subsequent modification of the antigens used has resulted in a similar test for 
paratyphoid fever which has demonstrated early promise (Tam et al., 2008). 

In clinical studies involving small cohorts of hospitalized patients, both the Typhidot and 
TUBEX tests have demonstrated good performance in clinically suspected typhoid fever 
cases in comparison to the Widal test, particularly in early infection (Bhutta & Mansurali, 
1999; House et al., 2001; Jesudason et al., 2002; Olsen et al., 2004; Begum et al., 2009; 
Narayanappa et al., 2010). In larger studies both in Asia and Africa, the new generation 
serological tests have compared less favourably (Dutta et al., 2006; Ley et al., 2011). Data 
from a large community-based surveillance study in Calcutta from 6697 patients with 
fever for 3 or more days demonstrated that, using a cut-off of fever for >5 days, the Widal 
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test was more sensitive overall than the other two tests (Widal sensitivity 67%, specificity 
85%, PPV 75%, NPV 79%; Typhidot 59%, 75%, 89% and 33%; Tubex 55%, 81%, 72% and 
66%)(Dutta et al., 2006). The Widal test was also significantly cheaper but took longer to 
produce a result. One concern raised by the authors was that there was relatively poor 
standardisation of the kit reagents in the two newer tests and this may have had an effect 
due to the large number of tests performed.   

More recently, the Dri-Dot Latex agglutination and IgM lateral flow assays have been 
developed by KIT Biomedical Research, Royal Tropical Institute, The Netherlands, and are 
simple to use for diagnosis of enteric fever. The validation study of the Dri-Dot Latex 
agglutination and IgM lateral flow assays for the diagnosis of typhoid fever, carried out in 
patients with clinically diagnosed typhoid fever in an Egyptian population, has 
demonstrated that the sensitivity and specificity were 71.4% and 86.3% for the Dri-Dot, and 
80% and 71.4% for IgM Lateral Flow assay, respectively. A major limitation of these 
serologic tests is the limited sensitivity at the early stage of the disease. The sensitivity of 
these assays was increased to 84.3% when both tests were performed in parallel but the 
specificity decreased to 70.5%. Given that these assays are rapid and provide easy-to-
interpret results, they may be useful for diagnosis of enteric fever in typhoid-endemic 
countries (Nakhla et al.,2011; Smith et al., 2011). 

In summary, although several alternatives exist for diagnosing typhoid serologically, to-date 
the newer tests have not improved greatly on the performance of a test that is over a century 
old. With newer techniques for antigen discovery becoming available and an increasing 
amount of data being collected regarding the immune response to typhoid and paratyphoid 
infection, rapid and more effective diagnostic serological tests for typhoid infection are 
likely to become available in the near future.  

3.3 Molecular diagnosis of enteric fever  

Detecting the presence of S. Typhi in clinical samples using highly sensitive molecular 
techniques is not a recent development. In the 1980s, Rubin et al. designed and used a DNA 
probe cloned from Citrobacter freundii which has similar Vi antigen to S. Typhi for detection of 
S. Typhi and demonstrated 99% specificity and sensitivity using lactose-negative colonies or 
previously identified bacteria from febrile patients in Peru and in Indonesia (Rubin et al., 
1988). As a direct diagnostic method however, the DNA probe method cannot detect less than 
500 bacteria per ml of blood; patients with typhoid generally have fewer than 15 S. Typhi 
bacteria per ml (Watson, 1955; Wain et al., 1998). The DNA probe method was refined in a 
further study (Rubin et al., 1989), in which blood samples (and other specimens including bone 
marrow aspirates) were taken from patients presenting with febrile symptoms and 
concentrated by centrifugation using a DuPont Isolator tube, followed by overnight incubation 
of the bacteria on nylon filters. This modification allowed the detection of S. Typhi in 42% 
(13/32) of samples from patients with culture-confirmed typhoid fever using the equivalent of 
2.5 ml of blood, compared with 53% (17/33) of these patients by culture of 8 ml peripheral 
blood. Additionally the probe detected 4 of 47 patients from whom S. Typhi was not isolated 
by culture, suggesting superior sensitivity could be achieved. 

These early studies supported the introduction and development of further nucleic acid 
amplification tests to enable the rapid detection of very small numbers of bacterial 
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components, thus providing new tools for sensitive and specific detection, identification and 
subsequently resistance testing of microorganisms starting from non-cultured sample 
material. Aside from the significant time saving over standard culture methods and the 
ability to detect much smaller number of bacteria, as with other organisms, nucleic acid 
amplification overcomes the issue of non-culturable or dead material, as is often seen with 
previous antibiotic treatment (Darton et al., 2009; Ho et al., 2009; Rello et al., 2009). After the 
early studies using DNA probes and hybridization techniques attention was turned to the 
use of polymerase chain reaction (PCR) methods for the detection of both S. Typhi and S. 
Paratyphi A for diagnosis of enteric fever.  

3.3.1 Gene targets of PCR based assays for diagnosis of enteric fever 

Generally any genomic sequences specific for S. Typhi or Paratyphi can be used as the PCR 
targets, and are easily available from the published DNA data bases. The widely researched 
targets for S. Typhi PCR-based assays include the S. Typhi flagellin gene fliC-d (Song et al., 
1993; Hague et al., 1999, 2001; Kumar et al., 2002; Prakash et al., 2005; Ambati et al., 2007; 
Hatta & Smits 2007; Nandagopal et al., 2010; Nath et al., 2010), the viaB region encoding the 
Vi antigen of S. Typhi (Hashimoto et al., 1995), the Salmonella invasion gene invA (Cocolin et 
al., 1998), hilA gene encoding a transcription factor of S. Typhi (Sánchez-Jiménez  & 
Cardona-Castro, 2004), Vi polysaccharide export ATP-binding protein vexC gene (Farrell et 
al., 2005), ST5 gene (Aziah et al., 2007), an iron-regulated gene iroB (Bäumler et al., 1997), 5S-
23S spacer region (Zhu et al., 1996), and a heat shock protein groEL gene (Nair et al., 2002).  

Other gene targets are also used in multiplex PCR assays, including the tyvelose epimerase 
gene (tyv; previously rfbE), fliC-d, fliC-a and the paratose synthase gene (prt; previously rfbS) 
(Hirose et al., 2002; Ali et al., 2009), invA, viaB, fliC-d and prt (Kumar et al., 2006), the outer 
membrane protein C (ompC), the putative regulatory protein gene STY4220, the intergenic 
region (SSPAI) between SSPA1723a and SSPA1724 in serovar Paratyphi A, and stgA (a 
fimbrial subunit protein) in serovar Typhi (Ngan et al., 2010), stkF (a putative fimbrial 
protein), spa2473, spa2539, hsdM (DNA methyltransferase) of S. Paratyphi (Ou et al., 2007). 

Both S. Typhi and S. Paratyphi A have extremely limited genetic diversity within their 
populations and between 1 and 3% of the gene content of the S. Typhi and S. Paratyphi A 
genomes are unique (Roumagnac et al., 2006). This may aid DNA test specificity over other 
Gram-negative organisms. Further genomic exploration of both S. Typhi and S. Paratyphi A 
will identify new and better targets and then lead to novel nucleic acid based tests.   

3.3.2 Sensitivity and specificity of PCR based assays for diagnosis of enteric fever 

PCR-based tests for detecting the causative pathogens of enteric fever have developed rapidly 
over the last decade; however questions regarding the clinical utility and standardization of 
tests remain. Key to these issues is the array of methodologies used and variable sensitivities 
and specificities found. Song et al. (1993) was the first to apply PCR for detection of S. Typhi in 
clinical samples in an attempt to overcome the need for a pre-incubation or concentration step. 
Two pairs of oligonucleotide primers were designed to amplify the Hd flagella gene (fliC-d) of 
S. Typhi by nested PCR. This nested PCR had a minimum detection limit of 10 bacteria as 
determined by dilutions of DNA from S. Typhi and proved highly sensitive and specific using 
both laboratory and clinical samples. S. Typhi DNA was detected in 11 of 12 clinical specimens 
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from patients with confirmed typhoid fever, whereas 10 blood specimens from patients with 
other febrile disease were all negative. Furthermore, this nested PCR also detected S. Typhi 
DNA from blood samples of 4 patients with suspected typhoid fever on the basis of clinical 
features but with negative cultures. Since then, many studies on the use of the nested PCR for 
detection of S. Typhi and diagnosis of typhoid fever have been published (Hague et al., 1999, 
2001; Kumar et al., 2002; Prakash et al. 2005; Ambati et al., 2007; Hatta & Smits, 2007; Nath et 
al., 2010; Nandagopal et al., 2010). A nested PCR method was also developed using the viaB 
gene target, but its use in clinical diagnosis of enteric fever remains to be tested even though it 
demonstrated good sensitivity and specificity in tests performed on DNA samples isolated 
from clinical bacterial isolates (Hashimoto et al., 1995).  

The nested PCR approach significantly improved the detection rate compared to that of blood 
culture and the Widal test; however its limitations include the longer time taken to perform 
and the more contaminations in comparison to a conventional PCR assay. Massi et al. utilized 
just one pair of primers ST1 and ST4 that Song et al. (1993) used for PCR detection of S. Typhi, 
and demonstrated that this single round PCR was also specific and could detect as little as 2-3 
copies of S. Typhi DNA as determined by serial dilution of genomic DNA from S. Typhi 
(Massi et al., 2003). Using this conventional PCR method, genomic S. Typhi DNA was detected 
in 46 of 73 blood samples collected from patients with clinically suspected typhoid fever who 
had fever within 3 days of hospitalized admission, and who received no prior antibiotic 
treatment. PCR compared favourably (63% positivity amongst the clinically suspected cases) 
to blood culture (13.7%) and the Widal test (35.6%), using these 73 samples. The time taken for 
PCR analysis of each sample was less than 12 h, rather than 16 h for the nested PCR (Song et 
al., 1993) and between 3 to 5 days for blood culture.  

Conventional PCR generally detects amplification using an agarose gel, which has 
limitations in sensitivity and speed. Cocolin et al. developed a PCR-microtitre plate 
hybridization technique for detection of S. Typhi invA by PCR, and demonstrated enhanced 
sensitivity and faster availability of results in comparison to a standard agarose gel 
electrophoresis approach (Cocolin et al., 1998). Other PCR assays were also researched on 
different gene targets in order to find a rapid and sensitive detection of S. Typhi in clinical 
specimens (Zhu et al., 1996; Bäumler et al., 1997; Nair et al., 2002; Sánchez-Jiménez  & 
Cardona-Castro, 2004; Farrell et al., 2005; Nizami et al., 2006; Aziah et al., 2007 ). 

Real-time PCR (RT-PCR), which is generally detected by measuring a fluorescent signal and 
has several advantages over conventional PCR has recently been explored, yet not 
exhaustively, for detection of both S. Typhi and S. Paratyphi A. Massi et al. applied TaqMan-
based real-time PCR (TaqMan assay) to the quantification of S. Typhi in the blood of patients 
suspected of having typhoid fever by targeting the S. Typhi flagellin gene in genomic DNAs 
isolated from blood samples (Massi et al., 2005). Of 55 blood samples taken from suspected 
typhoid fever patients, eight blood samples with a positive blood culture had S. Typhi loads 
ranging from 1.01 x 103 to 4.35 x 104 copies/ml blood, and from 47 blood samples with 
negative blood culture, there were 40 (85.1%) TaqMan assay-positive samples with loads 
ranging from 3.9 to 9.9 x 102 copies/ml blood. In their study, the TaqMan assay detected more 
than 103 copies/ml blood of S. Typhi in all of the blood culture-positive samples, whereas less 
than 103 copies/ml blood of S. Typhi were detected in the blood culture-negative samples. 
This suggests that a TaqMan assay may be useful for assessing S. Typhi loads, especially in 
cases of suspected typhoid fever with negative results from the standard blood culture test. 
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components, thus providing new tools for sensitive and specific detection, identification and 
subsequently resistance testing of microorganisms starting from non-cultured sample 
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protein), spa2473, spa2539, hsdM (DNA methyltransferase) of S. Paratyphi (Ou et al., 2007). 
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populations and between 1 and 3% of the gene content of the S. Typhi and S. Paratyphi A 
genomes are unique (Roumagnac et al., 2006). This may aid DNA test specificity over other 
Gram-negative organisms. Further genomic exploration of both S. Typhi and S. Paratyphi A 
will identify new and better targets and then lead to novel nucleic acid based tests.   

3.3.2 Sensitivity and specificity of PCR based assays for diagnosis of enteric fever 

PCR-based tests for detecting the causative pathogens of enteric fever have developed rapidly 
over the last decade; however questions regarding the clinical utility and standardization of 
tests remain. Key to these issues is the array of methodologies used and variable sensitivities 
and specificities found. Song et al. (1993) was the first to apply PCR for detection of S. Typhi in 
clinical samples in an attempt to overcome the need for a pre-incubation or concentration step. 
Two pairs of oligonucleotide primers were designed to amplify the Hd flagella gene (fliC-d) of 
S. Typhi by nested PCR. This nested PCR had a minimum detection limit of 10 bacteria as 
determined by dilutions of DNA from S. Typhi and proved highly sensitive and specific using 
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from patients with confirmed typhoid fever, whereas 10 blood specimens from patients with 
other febrile disease were all negative. Furthermore, this nested PCR also detected S. Typhi 
DNA from blood samples of 4 patients with suspected typhoid fever on the basis of clinical 
features but with negative cultures. Since then, many studies on the use of the nested PCR for 
detection of S. Typhi and diagnosis of typhoid fever have been published (Hague et al., 1999, 
2001; Kumar et al., 2002; Prakash et al. 2005; Ambati et al., 2007; Hatta & Smits, 2007; Nath et 
al., 2010; Nandagopal et al., 2010). A nested PCR method was also developed using the viaB 
gene target, but its use in clinical diagnosis of enteric fever remains to be tested even though it 
demonstrated good sensitivity and specificity in tests performed on DNA samples isolated 
from clinical bacterial isolates (Hashimoto et al., 1995).  

The nested PCR approach significantly improved the detection rate compared to that of blood 
culture and the Widal test; however its limitations include the longer time taken to perform 
and the more contaminations in comparison to a conventional PCR assay. Massi et al. utilized 
just one pair of primers ST1 and ST4 that Song et al. (1993) used for PCR detection of S. Typhi, 
and demonstrated that this single round PCR was also specific and could detect as little as 2-3 
copies of S. Typhi DNA as determined by serial dilution of genomic DNA from S. Typhi 
(Massi et al., 2003). Using this conventional PCR method, genomic S. Typhi DNA was detected 
in 46 of 73 blood samples collected from patients with clinically suspected typhoid fever who 
had fever within 3 days of hospitalized admission, and who received no prior antibiotic 
treatment. PCR compared favourably (63% positivity amongst the clinically suspected cases) 
to blood culture (13.7%) and the Widal test (35.6%), using these 73 samples. The time taken for 
PCR analysis of each sample was less than 12 h, rather than 16 h for the nested PCR (Song et 
al., 1993) and between 3 to 5 days for blood culture.  

Conventional PCR generally detects amplification using an agarose gel, which has 
limitations in sensitivity and speed. Cocolin et al. developed a PCR-microtitre plate 
hybridization technique for detection of S. Typhi invA by PCR, and demonstrated enhanced 
sensitivity and faster availability of results in comparison to a standard agarose gel 
electrophoresis approach (Cocolin et al., 1998). Other PCR assays were also researched on 
different gene targets in order to find a rapid and sensitive detection of S. Typhi in clinical 
specimens (Zhu et al., 1996; Bäumler et al., 1997; Nair et al., 2002; Sánchez-Jiménez  & 
Cardona-Castro, 2004; Farrell et al., 2005; Nizami et al., 2006; Aziah et al., 2007 ). 

Real-time PCR (RT-PCR), which is generally detected by measuring a fluorescent signal and 
has several advantages over conventional PCR has recently been explored, yet not 
exhaustively, for detection of both S. Typhi and S. Paratyphi A. Massi et al. applied TaqMan-
based real-time PCR (TaqMan assay) to the quantification of S. Typhi in the blood of patients 
suspected of having typhoid fever by targeting the S. Typhi flagellin gene in genomic DNAs 
isolated from blood samples (Massi et al., 2005). Of 55 blood samples taken from suspected 
typhoid fever patients, eight blood samples with a positive blood culture had S. Typhi loads 
ranging from 1.01 x 103 to 4.35 x 104 copies/ml blood, and from 47 blood samples with 
negative blood culture, there were 40 (85.1%) TaqMan assay-positive samples with loads 
ranging from 3.9 to 9.9 x 102 copies/ml blood. In their study, the TaqMan assay detected more 
than 103 copies/ml blood of S. Typhi in all of the blood culture-positive samples, whereas less 
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Farrell et al. developed broad-range (Pan) Salmonella and S. Typhi specific real-time PCR 
assays using LightCycler (Roche Diagnostics, Indianapolis, IN). Using direct stool samples the 
pan-Salmonella assay was validated with 96% (53/55) sensitivity and 96% (49/51) specificity. 
However, the S. Typhi-specific PCR assay was not sufficiently validated due to the low 
incidence of S. Typhi infections in the test region (Farrel et al., 2005).   

All these studies demonstrated that the sensitivity and specificity of PCR assays was 
significantly better compared to that of blood culture and/or the Widal test, and some 
selected evaluation studies of these tests are summarized in Table 1. 

Test 
used 

Target 
gene Samples (n) tested Blood 

culture PCR Widal test Reference 

nested 
PCR fliC-d 

suspected 16 12BC+
4BC-

11/12BC+
4/4BC-  Song et al. 

1993 
control 10 febrile 0/10

nested 
PCR fliC-d 

suspected 55 8BC+
47BC-

8/8BC+
24/47BC-

6/8BC+
23/47BC- 

Hague  
et al. 
2001 control 20 nonfebrile 0/20 9/20

nested 
PCR fliC-d 

suspected 40 20BC+
20BC-

20/20BC+
12/20BC-  Kumar  

et al. 
2002 control None

nested 
PCR fliC-d 

suspected 63 17BC+
46BC-

17/17BC+
36/46BC-

12/17BC+ 
4/46BC-

Prakash  
et al. 
2005 Control 25 nonfebrile 0/25 1/25

nested 
PCR fliC-d 

suspected 119 68BC+
51BC-

67/68BC+
26/51BC-

34/68BC+ 
11/51BC- 

Hatta & 
Smiths 
2007 control 12 febrile 0/12 4/12

nested 
PCR fliC-d 

suspected 42 14BC+
38BC-

14/14BC+
29/38BC-

7/14BC+ 
19/38BC- Ambati  

et al. 
2007 control 11 febrile

8 nonfebrile  0/11
0/8

2/11
0/8

nested 
PCR fliC-d 

suspected 291 6BC+
285BC-

6/6BC+
8/285BC-  Nandagop

al et al. 
2010 control 10 febrile 0/10

PCR viaB suspected 203 26 BC+
177BC-

10/26BC+
12/177BC-  Nizami  

et al. 
2006 control None

PCR hilA 

suspected 37 34BC+
3BC-

34/34BC+
3/3BC-  

Sánchez-
Jiménez & 
Cardona-
Castro 
2004 

control 

35 infected 
with other 
pathogens  
150 healthy 
volunteers 

 
0/35 

 
0/150 
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Test 
used 

Target 
gene Samples (n) tested Blood 

culture PCR Widal test Reference 

PCR fliC-d 
suspected 82 28BC+ 59/82  Haque  

et al. 
1999 control 20 nonfebrile  0/20  

PCR fliC-d suspected 73 10BC+ 
63BC- 

10/10BC+
36/63BC-

10/10BC+ 
16/63BC- 

Massi et al. 
2003 

Control None     

PCR ST-50 suspected 33BC+ 
broths  29/33  Aziah et al. 

2007 control 40BC- broths  0/40  

PCR fliC-d suspected 820 78BC+ 
742BC- 

73/78BC+
95/742BC-  Chaudhry 

et al. 
2010 control None    

RT-PCR fliC-d suspected 55 8BC+ 
47BC- 

8/8BC+ 
40/47BC-  Massi et al. 

2005 control 26 nonfebrile  0/26  
BC: Blood culture; BC+: Blood culture positive; BC-: Blood culture negative 

Table 1. The results of selected studies on the sensitivity and specificity of PCR, blood 
culture and Widal test on blood samples from patients with suspected enteric fever 

3.3.3 Multiplex PCR detection for S. Typhi and S. Paratyphi  

Classically S. Typhi has been considered as the major cause of enteric fever; however, in 
recent years S. Paratyphi and Vi-negative variants of S. Typhi have emerged rapidly (Wain 
et al., 2005; Dong et al., 2010). S. Paratyphi A is a causative agent of paratyphoid fever and 
has become a major cause of enteric fever in Asia. For example, more than 80% of enteric 
fever outbreaks have been caused by S. Paratyphi since 1998, three years after Vi 
polysaccharide typhoid fever vaccine was introduced in Guangxi province China (Dong et 
al., 2010). The largest one (495 episodes), which occurred in 2004 in Luocheng County, was 
caused by a contaminated water supply system. S. Paratyphi has been the predominant 
cause of enteric fever in Guangxi province China since 1999 (Dong et al., 2010). Studies from 
India and Nepal also suggested that paratyphoid fever caused by S. Paratyphi A can 
contribute up to half of all cases of enteric fever in some settings (Ochiai et al., 2005; Woods 
et al., 2006). PCR tests using S. Typhi specific primers appear to be sensitive to detect 
typhoid fever, but cannot detect paratyphoid fever. Recent developments in multiplex PCR 
methods have addressed the issue of paratyphoid as well as typhoid fever diagnosis. 

Hirose et al. developed a complex PCR using the primers for O, H, and Vi antigen genes, tyv 
(rfbE), prt (rfbS), fliC-d, fliC-a, and viaB, for the rapid identification of S. Typhi and S. 
Paratyphi A. This assay was able to accurately identify and distinguish S. Typhi and S. 
Paratyphi A from laboratory isolates; however, its clinical use was not assessed (Hirose et 
al., 2002). Similarly, Levy et al. developed a multiplex PCR to identify Salmonella serogroups 
A, B and D, and Vi-positive strains. Blinded testing of 664 Malian and Chilean Salmonella 
blood isolates demonstrated 100% sensitivity and specificity; again clinical utility was not 
assessed (Levy et al. 2008). Kumar et al. explored another set of target genes including those 
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BC: Blood culture; BC+: Blood culture positive; BC-: Blood culture negative 

Table 1. The results of selected studies on the sensitivity and specificity of PCR, blood 
culture and Widal test on blood samples from patients with suspected enteric fever 

3.3.3 Multiplex PCR detection for S. Typhi and S. Paratyphi  

Classically S. Typhi has been considered as the major cause of enteric fever; however, in 
recent years S. Paratyphi and Vi-negative variants of S. Typhi have emerged rapidly (Wain 
et al., 2005; Dong et al., 2010). S. Paratyphi A is a causative agent of paratyphoid fever and 
has become a major cause of enteric fever in Asia. For example, more than 80% of enteric 
fever outbreaks have been caused by S. Paratyphi since 1998, three years after Vi 
polysaccharide typhoid fever vaccine was introduced in Guangxi province China (Dong et 
al., 2010). The largest one (495 episodes), which occurred in 2004 in Luocheng County, was 
caused by a contaminated water supply system. S. Paratyphi has been the predominant 
cause of enteric fever in Guangxi province China since 1999 (Dong et al., 2010). Studies from 
India and Nepal also suggested that paratyphoid fever caused by S. Paratyphi A can 
contribute up to half of all cases of enteric fever in some settings (Ochiai et al., 2005; Woods 
et al., 2006). PCR tests using S. Typhi specific primers appear to be sensitive to detect 
typhoid fever, but cannot detect paratyphoid fever. Recent developments in multiplex PCR 
methods have addressed the issue of paratyphoid as well as typhoid fever diagnosis. 

Hirose et al. developed a complex PCR using the primers for O, H, and Vi antigen genes, tyv 
(rfbE), prt (rfbS), fliC-d, fliC-a, and viaB, for the rapid identification of S. Typhi and S. 
Paratyphi A. This assay was able to accurately identify and distinguish S. Typhi and S. 
Paratyphi A from laboratory isolates; however, its clinical use was not assessed (Hirose et 
al., 2002). Similarly, Levy et al. developed a multiplex PCR to identify Salmonella serogroups 
A, B and D, and Vi-positive strains. Blinded testing of 664 Malian and Chilean Salmonella 
blood isolates demonstrated 100% sensitivity and specificity; again clinical utility was not 
assessed (Levy et al. 2008). Kumar et al. explored another set of target genes including those 
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responsible for invasion (invA), O (prt), H (fliC-d) and Vi (viaB) antigen genes in a multiplex 
PCR, and demonstrated accurate identification of laboratory isolates and 100% detection 
probability when a cell suspension of 104 CFU/ml (500 CFU per reaction) was used. S. Typhi 
bacteria were artificially inoculated into water and food (milk and meat rinse) samples and 
detected by the multiplex PCR after overnight pre-enrichment in buffered peptone water. 
No Salmonella bacteria could be detected from water samples collected from the field by the 
multiplex PCR or standard culture method (Kumar et al., 2006). 

Using the same target genes as Hirose et al. (Hirose et al., 2002), Ali et al. further optimised 
the primers and applied the nested multiplex PCR directly to clinical blood specimens for 
diagnosis. Of 42 multiplex PCR-positive blood samples, they showed that 26, 9, and 2 were 
Vi-positive S. Typhi, Vi-negative S. Typhi and S. Paratyphi A, respectively, and five patients 
had a mixed infection. Tests with several common pathogens confirmed that the assay was 
specific (Ali et al., 2009). 

The analysis of the genome of S. Paratyphi led Ou et al. to identify four gene targets (stkF, 
spa2473, spa2539 and hsdM) which were used to develop a highly discriminatory multiplex 
PCR assay (Ou et al., 2007). A valuation study using spiked blood and stool samples 
demonstrated that the sensitivity of the discriminatory multiplex PCR was 1 x 105 
CFU/ml and 2 x 105 CFU/ml, respectively, and however, the sensitivity can be increased 
to 1 x 104 CFU/ml and 2 x 103 CFU/ml after 5 h culture enrichment (Teh et al., 2008). 
Nagarajan et al. have further improved upon the existing PCR-based diagnostic technique 
by using one pair of primers that is unique to S. Typhi and S. Paratyphi A, corresponding 
to the STY0312 gene in S. Typhi and its homolog SPA2476 in S. Paratyphi A, and another 
pair that amplifies the region in S. Typhi CT18 and S. Typhi Ty2 corresponding to the 
region between genes STY0313 to STY0316 but which is absent in S. Paratyphi A. The 
possibility of a false-negative result arising due to mutation in hypervariable genes has 
been reduced by targeting a gene unique to typhoidal Salmonella serovars as a diagnostic 
marker. This set of primers can also differentiate between S. Typhi CT18, S. Typhi Ty2, 
and S. Paratyphi A, which have stable deletions in this specific locus. The PCR assay 
designed in this study has a sensitivity of 95% compared to the Widal test which has a 
sensitivity of only 63% (Nagarajan et al., 2009). Ngan et al. developed another multiplex 
PCR format in which the outer membrane protein C (ompC) was used for detection of 
members of the Salmonella genus, the putative regulatory protein gene STY4220 for the 
presence of either S. Typhi or S. Paratyphi A, and the intergenic region (SSPAI) between 
SSPA1723a and SSPA1724 in serovar Paratyphi A and a fimbrial subunit protein (stgA) in 
serovar Typhi for differentiation between S. Typhi and S. Paratyphi. This multiplex PCR 
was evaluated using 124 clinical and reference Salmonella serovars and both S. Typhi and 
S. Paratyphi A were detected at 100% specificity and sensitivity. This multiplex PCR 
reaction can detect approximately 1 pg of Salmonella genomic DNA. When tested on 8 h 
enriched spiked blood samples of serovars Typhi and Paratyphi A, the sensitivity was 
estimated at 4.5 x 104 - 5.5 x 104 CFU/ml, with similar detection levels observed for spiked 
fecal samples (Ngan et al., 2010). 

Recently Nga et al. used a novel multiplex three colour real-time PCR assay to detect 
specific target sequences in the genomes of S. Typhi and S. Paratyphi A. The assay was 
validated and demonstrated a high level of specificity and reproducibility under 
experimental conditions with the DNA extracted from blood and bone marrow samples 
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from culture positive and negative enteric fever patients. All bone marrow samples tested 
were positive for Salmonella; however, the sensitivity on blood samples was limited. The 
assay demonstrated an overall specificity of 100% (75/75) and sensitivity of 53.9% (69/128) 
on biological samples. The data on the PCR detection limit suggested that PCR performed 
directly on blood samples may be an unsuitable methodology and a potentially 
unachievable target for the routine diagnosis of enteric fever because the bacterial load of S. 
Typhi in peripheral blood is low, often below the limit of detection by culture and, 
consequently, below detection by PCR (Nga et al., 2010). 

3.3.4 Novel blood culture PCR system and application in human challenge study  

An alternative strategy to increase the sensitivity and specificity of PCR is PCR 
amplification on the blood culture after a short period of incubation. We have recently 
developed a fast and highly sensitive blood culture PCR method for detection of 
Salmonella serovar Typhi (Zhou & Pollard, 2010). The method uses an optimised ox bile 
tryptone soy broth for blood culture with subsequent PCR assay in an attempt to reduce 
the turn-around time for diagnosis and increase diagnostic sensitivity. By using a 5-hour 
incubation, 3 CFU of S. Typhi cells could mutliply over about 10 generations. This was 
assessed by a time-course experiment, the results of which were published (Zhou & 
Pollard, 2010) and are cited here in Table 2.  

Incubation time (hour) CFUa filC-d ampliconsb 
0 3 --- 
1 4 --- 
2 17 ---- 
3 105 +++ 
4 209 +++ 
5 4461 +++ 

*Three bacteria of Salmonella serovar Typhi were incubated in the tryptone soy broth containing 2.4% ox 
bile and 20% blood. a The mean of three independent experiments; b Salmonella serovar Typhi fliC-d 
amplicons resulting from PCR using the DNA templates prepared from three independent cultures. 

Table 2. The growth and PCR detection of S. Typhi in ox bile tryptone soy broth blood 
culture*. 

The sensitivity of this blood culture-PCR method was equivalent to 0.75 CFU per millilitre of 
blood which is similar to the level of clinical typhoid samples which regular PCR cannot 
detect. The whole blood culture PCR assay takes less than 8 hours to complete rather than 
several days for conventional blood culture. This novel blood culture PCR method is 
superior in speed and sensitivity to both conventional blood culture and PCR assays. Its use 
in clinical diagnosis may allow early detection of the causative organism and facilitate 
initiation of prompt treatment among patients with typhoid fever. The recent use of this 
novel culture PCR method to our ongoing human typhoid challenge studies has proved that 
the advantage of combining culture and PCR amplification is an increase in the speed of a 
positive confirmatory diagnosis, even though it is unlikely to produce a greater level of 
sensitivity than that of traditional culture alone. However, practical clinical use in 
diagnosing enteric fever of this culture PCR system remains to be proved, in particular, 
using blood samples with antibiotic pre-treatment. 
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No Salmonella bacteria could be detected from water samples collected from the field by the 
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marker. This set of primers can also differentiate between S. Typhi CT18, S. Typhi Ty2, 
and S. Paratyphi A, which have stable deletions in this specific locus. The PCR assay 
designed in this study has a sensitivity of 95% compared to the Widal test which has a 
sensitivity of only 63% (Nagarajan et al., 2009). Ngan et al. developed another multiplex 
PCR format in which the outer membrane protein C (ompC) was used for detection of 
members of the Salmonella genus, the putative regulatory protein gene STY4220 for the 
presence of either S. Typhi or S. Paratyphi A, and the intergenic region (SSPAI) between 
SSPA1723a and SSPA1724 in serovar Paratyphi A and a fimbrial subunit protein (stgA) in 
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S. Paratyphi A were detected at 100% specificity and sensitivity. This multiplex PCR 
reaction can detect approximately 1 pg of Salmonella genomic DNA. When tested on 8 h 
enriched spiked blood samples of serovars Typhi and Paratyphi A, the sensitivity was 
estimated at 4.5 x 104 - 5.5 x 104 CFU/ml, with similar detection levels observed for spiked 
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Recently Nga et al. used a novel multiplex three colour real-time PCR assay to detect 
specific target sequences in the genomes of S. Typhi and S. Paratyphi A. The assay was 
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from culture positive and negative enteric fever patients. All bone marrow samples tested 
were positive for Salmonella; however, the sensitivity on blood samples was limited. The 
assay demonstrated an overall specificity of 100% (75/75) and sensitivity of 53.9% (69/128) 
on biological samples. The data on the PCR detection limit suggested that PCR performed 
directly on blood samples may be an unsuitable methodology and a potentially 
unachievable target for the routine diagnosis of enteric fever because the bacterial load of S. 
Typhi in peripheral blood is low, often below the limit of detection by culture and, 
consequently, below detection by PCR (Nga et al., 2010). 

3.3.4 Novel blood culture PCR system and application in human challenge study  

An alternative strategy to increase the sensitivity and specificity of PCR is PCR 
amplification on the blood culture after a short period of incubation. We have recently 
developed a fast and highly sensitive blood culture PCR method for detection of 
Salmonella serovar Typhi (Zhou & Pollard, 2010). The method uses an optimised ox bile 
tryptone soy broth for blood culture with subsequent PCR assay in an attempt to reduce 
the turn-around time for diagnosis and increase diagnostic sensitivity. By using a 5-hour 
incubation, 3 CFU of S. Typhi cells could mutliply over about 10 generations. This was 
assessed by a time-course experiment, the results of which were published (Zhou & 
Pollard, 2010) and are cited here in Table 2.  

Incubation time (hour) CFUa filC-d ampliconsb 
0 3 --- 
1 4 --- 
2 17 ---- 
3 105 +++ 
4 209 +++ 
5 4461 +++ 

*Three bacteria of Salmonella serovar Typhi were incubated in the tryptone soy broth containing 2.4% ox 
bile and 20% blood. a The mean of three independent experiments; b Salmonella serovar Typhi fliC-d 
amplicons resulting from PCR using the DNA templates prepared from three independent cultures. 

Table 2. The growth and PCR detection of S. Typhi in ox bile tryptone soy broth blood 
culture*. 

The sensitivity of this blood culture-PCR method was equivalent to 0.75 CFU per millilitre of 
blood which is similar to the level of clinical typhoid samples which regular PCR cannot 
detect. The whole blood culture PCR assay takes less than 8 hours to complete rather than 
several days for conventional blood culture. This novel blood culture PCR method is 
superior in speed and sensitivity to both conventional blood culture and PCR assays. Its use 
in clinical diagnosis may allow early detection of the causative organism and facilitate 
initiation of prompt treatment among patients with typhoid fever. The recent use of this 
novel culture PCR method to our ongoing human typhoid challenge studies has proved that 
the advantage of combining culture and PCR amplification is an increase in the speed of a 
positive confirmatory diagnosis, even though it is unlikely to produce a greater level of 
sensitivity than that of traditional culture alone. However, practical clinical use in 
diagnosing enteric fever of this culture PCR system remains to be proved, in particular, 
using blood samples with antibiotic pre-treatment. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 

 

442 

4. Future perspectives  
Blood culture has some distinct advantage over other diagnostic methods, such as the 
combination of bacterial identification with antibiotic susceptibility, and an unquestioned 
role in providing epidemiological data; however, it has many problems related to its 
relatively long turnaround time and low sensitivity, especially in patients receiving 
antibiotic treatment. Detection of bacterial DNA in whole blood by PCR assay is the 
methodology most able to substantially decrease the turnaround time without bias from the 
inhibitory effect of antibiotics, yet the published PCR assays for diagnosis of enteric fever 
are in limited use. Further investigation to develop rapid and reliable diagnostics for enteric 
fever are urgently needed.  

One of the limiting factors in the use of current PCR methodology in clinical diagnosis of 
enteric fever is the low number of bacteria circulating in the blood of enteric fever patients. 
Advancement in the use of PCR would require the capture and amplification of a smaller 
number of bacteria (maybe even a single organism) in blood or other bodily fluids. Such a 
task is not insurmountable but it will be a challenge to make it cost effective (Baker et al., 
2010). An alternative approach to increase the PCR assay sensitivity and specificity is to 
remove the interfering human genomic DNA present in the samples. To achieve this, 
selective lysis of human genomic DNA with external nuclease may be usful, as proven in 
pathogen identification in patients with sepsis (Horz et al., 2008; Handschur et al., 2009). 
Removal of dominant human genomic DNA causes enrichment of bacterial DNA, thus 
improving sensitivity and specificity of PCR assays. Using S. Typhi spiked blood samples, 
we have demonstrated that this approach can increase the sensitivity of PCR assays by more 
than 1,000 fold (unpublished result). However, a field trial with clinical typhoid specimens 
is needed to confirm the laboratory findings. Reverse transcription PCR may be another 
choice to detect such a low number of bacteria in typhoid patient blood as the higher 
number of copies of mRNA for a specific gene target could increase the PCR assay 
sensitivity. The fliC of S. Typhi was used as target in the reverse transcription-multiplex 
PCR assay for simultaneous detection of Escherichia coli O157:H7, Vibrio cholerae O1 and S. 
Typhi (Morin et al., 2004).  

The study on host specific responses to enteric fever may identify signatures of host-
pathogen interactions with S. Typhi, which will form the basis of development of new 
molecular diagnostics for enteric fever. Activation of host specific genes or pathways during 
infection could be identified using DNA microarrays; a physiological signature or metabolic 
product associated with typhoid could be studied with mass spectrometry or other 
proteomic technologies. For example, surface-enhanced laser desorption/ionization time-of-
flight (SELDI-TOF) mass spectroscopy has been used in identifying SARS protein 
biomarkers (Mazzulli et al., 2005). All these new technological approaches may add insight 
into proteins as biomarkers of typhoid infection, and potentially result in a new generation 
of novel molecular diagnostics for enteric fever.  

Enteric fever is endemic in resource poor countries, and development in new technologies 
should focus on how these can be applied to location with limited resources. Efforts are 
being made to simplify typhoid PCR assays using pre-prepared and freeze-dried regents 
(Aziah et al., 2007). However, new PCR technologies, such as isothermal PCR, are of 
particularly practical use in the diagnosis of enteric fever, as these methods allow for the 
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possibility of developing less-complicated and less-expensive machinery than is necessary 
for conventional PCR. Several isothermal PCR technologies have been developed (Gill & 
Ghaemi, 2008), including strand displacement amplification (SDA) (Walker et al., 1992), 
loop-mediated amplification (LAMP) (Notomi et al., 2000), and helicase-dependent 
amplification (HDA) (Vincent et al., 2004). Recently, Francois et al. have examined the 
robustness of LAMP for bacterial diagnostic applications using S. Typhi as the target 
organism (Francois et al., 2011), and demonstrated that LAMP is more sensitive than 
conventional qPCR and is also a very robust, innovative and powerful molecular diagnostic 
method. However, SDA, HDA and/or other isothermal amplification methods could be 
more advantageous over LAMP in multiplex amplifications. The recent surge in 
paratyphoid disease makes it necessary to develop new diagnostics for detection of both S. 
Typhi and Paratyphi. Another advantage of isothermal PCR is its potential for use in 
resource poor or point-of-care settings. 

In summary, advancement in genomics and proteomics will further our understanding of 
molecular pathogenesis of enteric fever, and eventually lead to identification of new targets 
which could form the basis for new molecular diagnostics. With progress in new 
technologies, we expect that a new generation of fast and sensitive molecular diagnostics for 
enteric fever will be developed in the near future.  
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1. Introduction 
Of all the molecules present in the living organism, proteins are the most abundant and are 
often described as the most fundamental. This is a reasonable assertion, considering the 
enormous diversity of crucial cellular functions that are performed by proteins, which range 
from structural support and signal transduction to enzyme catalysis and immune defence. 
Given the vital nature of their function, efficient and orderly production of proteins is 
essential for cell fitness and survival.  

In every living cell, protein synthesis or translation as it is otherwise known, is performed by 
complex, dynamic ribonucleoprotein particles known as ribosomes. Conversion of the genetic 
code into biologically active proteins is an elaborate process that relies on the availability of 
mRNA template, as well as amino acid substrates that are delivered to the ribosome attached 
to tRNA molecules. In addition, the ribosome is assisted by a number of protein factors, 
known as “translation factors”, which serve to streamline and accelerate various sub-steps of 
the process. Having said that, however, all phases of the translation cycle can be performed in 
the absence of such factors, albeit slow, so the ribosome can be regarded as the core of 
translation. It manages to manufacture proteins at an incredible speed (up to 20 amino acids 
per second) and with very few errors (one in every 1,000 – 10,000 codons deciphered) (Kramer 
& Farabaugh, 2007). In Escherichia coli (E. coli), ribosomes account for up to 50% of the dry mass 
of the cell and considering their central role in gene expression, it is not surprising that the cell 
devotes up to 40% of its total energy to ribosome production during rapid growth (Nierhaus, 
1991; Nierhaus, 2006). The immensity of the task of the ribosome is adequately reflected in the 
sophistication of its structure, where the modern ribosome represents one of the largest and 
most complex cellular machines. Despite substantial progress in terms of genetic, biochemical 
and structural techniques, designed to delineate the mechanism of action of the ribosome, 
many aspects of protein synthesis and ribosome function remain to be elucidated. 
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1.1 Bacterial ribosomes – Structure and function 

Ribosomes are universally conserved and are composed of ribosomal RNA (rRNA) and 
ribosomal proteins (r-proteins) in all organisms. Ribosomal RNA is the major structural 
component of all cytoplasmic ribosomes, where it accounts for approximately two thirds of 
the total mass. The remaining third consists of a large number of mostly small, basic 
ribosomal proteins (r-proteins) that are scattered over the surface of the structure. The 
simplest ribosome, that of the bacterial cell, totals approximately 2.5 MDa and is over 200 Å 
in width (Williamson, 2009), establishing it as the largest enzymatic particle in the cell. The 
number of ribosomes in the cell can reach up to tens of thousands in order to cope with the 
increased demand for protein synthesis during periods of rapid cell division (Bremer & 
Dennis, 1996). 

All ribosomes consist of two subunits of unequal size. In prokaryotes the smaller of the two 
subunits is known as the 30S and the larger subunit is known as the 50S, which are named 
based on their coefficient of sedimentation. The subunits exist as free, separated molecules 
in the cell cytoplasm when inactive but associate to form a translation-competent 70S 
ribosome upon the initiation of protein synthesis. The 30S is composed of one strand of 16S 
rRNA (1,542 nucleotides) and 21 r-proteins. As expected the 50S contains more rRNA (23S 
and 5S containing 2,904 and 120 nucleotides, respectively) and more protein (33 r-proteins). 
For many years, the detailed structure of the ribosome was elusive due to limitations of 
crystallographic techniques, which was compounded by the tremendous size of the particle. 
However, at the turn of the century, crystallographic images of ribosomal subunits at the 
atomic level appeared and marked a gigantic leap forward in our understanding of the 
structural mysteries (Ban et al., 2000; Wimberly et al., 2000). Since then detailed images of  

 
Fig. 1. High-resolution crystal structures of the ribosomal subunits. Tertiary structures of 
the bacterial 30S (A) and 50S (B) viewed from the inter-subunit face. Ribosomal RNA 
depicted in blue and r-proteins as green ribbons. Abbreviations are as follows: CP, central 
protuberance; PTC, peptidyl-transferase centre. The image was generated in PyMol 
(www.pymol.org) from the coordinates of the crystal structure of the T. thermophilus 
ribosome (PDB ID 2J00 & 2J01)(Selmer et al., 2006). 
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the full ribosome with translation ligands bound have been generated and to date the 
highest resolution crystal structure available is that of the Thermus thermophilus (T. 
thermophilus) 70S ribosome (Figure 1) (Selmer et al., 2006).  

As clearly illustrated by the crystal structure, the two subunits are markedly different in 
their overall shape. The morphology of each subunit is an inherent feature of the folds 
adopted by each rRNA species and gives rise to a rigid large subunit and a more flexible 
small subunit. The 50S is a compact, compressed particle consisting of a hemispherical base 
with three conspicuous protuberances designated the L1 stalk, the central protuberance (CP) 
and the L7/L12 stalk (Figure 1B). The two rRNA strands (23S and 5S rRNAs) are highly 
interlaced to form a dense rRNA mesh. In contrast, the 30S is not only smaller in size, but is 
also less compact. The four secondary structure domains of the 16S rRNA correlate well to 
distinct regions of the three dimensional structure such as the head, body and platform 
(Figure 1A). The r-proteins are spatially dispersed at the periphery and back of the subunits, 
remote from the main functional sites such as the decoding centre, peptidyl-transferase 
centre (PTC) and the inter-subunit face. With this realisation, the controversy surrounding 
the basis of ribosomal enzymatic activity was finally laid to rest since the structures 
established that the PTC was devoid of protein and the ribosome was quickly recognised as 
a ribozyme (Nissen et al., 2000). In addition, high-resolution structures of the 30S revealed 
that decoding was primarily mediated by dynamic rearrangements of the 16S rRNA upon 
cognate tRNA binding at the ribosomal A-site (Ogle et al., 2003). Together, these studies 
propelled rRNA into the spotlight, securing its superior position as the major mediator of 
ribosomal function.  

1.2 The ribosome at work 

A detailed description of bacterial translation is beyond the scope of this text, however a 
brief overview is presented to facilitate a clear understanding of the experiments that will be 
described later. The process can be conceptually divided into four major phases as described 
below. 

1.2.1 Initiation 

Initiation begins on the 30S subunit and requires the binding of an mRNA template that 
carries the blueprint for the protein product. Next, selective and rapid binding of the 
unique, initiator tRNA (fMet-tRNAfMet) to the 30S subunit takes place. This event is 
coordinated by the action of three initiation factors (IF1, IF2 and IF3), the principal one being 
the G-protein factor IF2, forming the 30S preinitiation complex. The 50S subunit is recruited 
and the initiation factors are released to form what is known as a 70S initiation complex (IC) 
that is now ready to proceed to the next phase. 

1.2.2 Elongation 

During elongation, the polypeptide grows as a result of the processive addition of amino 
acids that are delivered to the 70S ribosome as aminoacyl-tRNAs in a ternary complex with 
EF-Tu and GTP. Upon acceptance of the cognate substrate, rapid peptidyl transfer occurs. 
The tRNA-mRNA complex is re-positioned by a distance of exactly one codon to facilitate 
further addition of aminoacyl-tRNAs and this translocation step is stimulated by GTP 
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hydrolysis on EF-G. Amino-acyl tRNA selection, peptidyl transfer and translocation are 
repeated until a stop codon appears at the A-site. 

1.2.3 Termination 

In eubacteria, two release factor proteins (RF1 and RF2) recognize stop codons in a semi-
specific manner and activate release of the nascent protein from the P-site tRNA to 
terminate translation. A third release factor RF-3, removes and recycles RF1 and RF2. 

1.2.4 Ribosome recycling 

During the final phase, ribosome recycling factor (RRF), in combination with EF-G are 
required to split the 70S into its subunits. The deacylated tRNA attached to the P-site of the 
30S is ejected upon IF3 binding, the 30S can slide along the mRNA to re-initiate translation 
or the mRNA is also released. This event leaves the ribosome and its factors available to 
participate in further rounds of translation. 

1.3 Ribosomal proteins 

Despite the predominance of rRNA, the bacterial ribosome does contain an impressive array 
of 54 individual r-proteins.  In E. coli and Salmonella enterica serovar Typhimurium, 21 
proteins are associated with the small subunit (S proteins) and 33 with the large subunit (L 
proteins) (Wilson & Nierhaus, 2005). Among eukaryotes, the number of r-proteins increases 
by approximately 20-30 (Doudna & Rath, 2002). In bacteria, all r-proteins, with the exception 
of L7/L12, are present as a single copy per ribosome.  

The overall abundance of rRNA and its direct involvement in the major tasks of the 
ribosome (decoding and peptidyl-transfer) have allowed the r-proteins to evade direct 
scrutiny and their contribution to translation is largely ill-defined. Furthermore, many of 
these proteins tend to be highly conserved, which forcefully calls our attention to questions 
regarding their functional roles (Lecompte et al., 2002). In general, they are considered 
important for the maintenance and stability of the overall structure of the ribosome (Cech, 
2000). This assumption is largely due to their extensive contact with rRNA where many of 
the proteins contain extended projections that insert into the busy network of rRNA helices, 
prompting the idea that they probably promote or may even facilitate correct folding of the 
rRNA into its active conformation. However, few studies have directly addressed this issue 
and we are in the dark regarding the functional roles of most of the proteins. With this in 
mind, our research has focused on ascertaining the requirement and involvement of 
particular r-proteins for optimal cell growth and ribosome activity. We have posed the 
following questions: 

1. If rRNA is responsible for the basic function of the ribosome then what, if any, are the 
selective advantages offered by the r-proteins? In other words, are they all actually 
necessary for ribosome function? 

2. Is it possible to create mutants that completely lack a r-protein and mutants that carry a 
non-native version of the protein from another species? 

3. What are the physiological consequences of such mutations with respect to cell fitness 
and ribosome function? 
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4. If such mutations confer fitness costs (i.e. slower growth), is it possible to compensate 
for such costs? 

5. What are the mechanisms of fitness compensation that evolve in response to removal 
and replacement of r-proteins? 

By addressing such questions we are ultimately interested in probing the complexity and 
robustness of the translation apparatus. To approach some useful answers to these 
questions, we have used Salmonella enterica serovar Typhimurium LT2 (hereafter referred to 
as S. typhimurium) as a model organism and introduced deletions of the genes encoding the 
r-proteins S20 and L1 and replaced S20, L1 and L17 with orthologous counterparts from 
close and phylogenetically distant relatives, including the archaeon Sulfolobus acidocaldarius 
and the eukaryote Saccharomyces cerevisiae. 

2. Using S. typhimurium as a model in the ribosome field 
E. coli has long served as a model organism for genetic and biochemical studies of bacterial 
ribosome function. However, due to the co-linearity of their genomes, S. typhimurium 
represents a convenient alternative for such studies and is preferable in our case due to a 
more favourable and better characterized genetic background for the purposes of genetic 
suppression studies (McClelland et al., 2001) (see below). Although highly similar in terms 
of ribosomal gene content, S. typhimurium does possess some unique features that are 
described below. 

2.1 Primary sequences of rRNA and r-proteins 

In terms of the basic building blocks of the ribosome, rRNA and r-proteins, the genes 
encoding these components are generally highly conserved between E. coli and S. 
typhimurium, a reflection of their close phylogenetic relationship. In both organisms, there 
are seven independent rRNA operons (rrnA, rrnB, rrnC, rrnD, rrnE, rrnG and rrnH), each 
encoding a single copy of the 16S, 23S and 5S rRNAs. The genes encoding the 16S and 5S 
rRNAs show strong similarities; however, more variation is detected between the genes 
encoding the 23S rRNA species (rrl genes). In particular, the primary sequences of rrl genes 
in S. typhimurium are between 90 and 110 nucleotides longer due to the presence of so-called 
intervening sequences (IVSs) that are removed during maturation (Burgin et al., 1990). 
Despite this discrepancy in the length of their primary 23S rRNA sequences, the mature, 
core sequence in S. typhimurium is nearly identical (97%) to that of E. coli (Burgin et al., 1990).  

In terms of the r-proteins, a high degree of conservation is also observed upon alignment of 
the amino acid sequences of S. typhimurium LT2 proteins and E. coli K-12 MG1655 proteins. 
For the 21 r-proteins associated with the small subunit, a median similarity of 99.2% is 
detected with an average identity of 98.9% and a standard deviation of 0.9%. Similarly, for 
the 33 r-proteins associated with the large subunit, the median amino acid identity is 98.9% 
with an average similarity of 97.7% and a standard deviation of 3.6%. From these 
calculations, we can conclude that there is slightly more variation in the amino acid 
sequences of large subunit proteins when comparing the primary sequences of S. 
typhimurium LT2 and E. coli K-12 MG1655. However, overall, a high degree of conservation 
exists, which is not surprising given the close phylogenetic relationship. 
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hydrolysis on EF-G. Amino-acyl tRNA selection, peptidyl transfer and translocation are 
repeated until a stop codon appears at the A-site. 

1.2.3 Termination 

In eubacteria, two release factor proteins (RF1 and RF2) recognize stop codons in a semi-
specific manner and activate release of the nascent protein from the P-site tRNA to 
terminate translation. A third release factor RF-3, removes and recycles RF1 and RF2. 

1.2.4 Ribosome recycling 

During the final phase, ribosome recycling factor (RRF), in combination with EF-G are 
required to split the 70S into its subunits. The deacylated tRNA attached to the P-site of the 
30S is ejected upon IF3 binding, the 30S can slide along the mRNA to re-initiate translation 
or the mRNA is also released. This event leaves the ribosome and its factors available to 
participate in further rounds of translation. 

1.3 Ribosomal proteins 

Despite the predominance of rRNA, the bacterial ribosome does contain an impressive array 
of 54 individual r-proteins.  In E. coli and Salmonella enterica serovar Typhimurium, 21 
proteins are associated with the small subunit (S proteins) and 33 with the large subunit (L 
proteins) (Wilson & Nierhaus, 2005). Among eukaryotes, the number of r-proteins increases 
by approximately 20-30 (Doudna & Rath, 2002). In bacteria, all r-proteins, with the exception 
of L7/L12, are present as a single copy per ribosome.  

The overall abundance of rRNA and its direct involvement in the major tasks of the 
ribosome (decoding and peptidyl-transfer) have allowed the r-proteins to evade direct 
scrutiny and their contribution to translation is largely ill-defined. Furthermore, many of 
these proteins tend to be highly conserved, which forcefully calls our attention to questions 
regarding their functional roles (Lecompte et al., 2002). In general, they are considered 
important for the maintenance and stability of the overall structure of the ribosome (Cech, 
2000). This assumption is largely due to their extensive contact with rRNA where many of 
the proteins contain extended projections that insert into the busy network of rRNA helices, 
prompting the idea that they probably promote or may even facilitate correct folding of the 
rRNA into its active conformation. However, few studies have directly addressed this issue 
and we are in the dark regarding the functional roles of most of the proteins. With this in 
mind, our research has focused on ascertaining the requirement and involvement of 
particular r-proteins for optimal cell growth and ribosome activity. We have posed the 
following questions: 

1. If rRNA is responsible for the basic function of the ribosome then what, if any, are the 
selective advantages offered by the r-proteins? In other words, are they all actually 
necessary for ribosome function? 

2. Is it possible to create mutants that completely lack a r-protein and mutants that carry a 
non-native version of the protein from another species? 

3. What are the physiological consequences of such mutations with respect to cell fitness 
and ribosome function? 
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4. If such mutations confer fitness costs (i.e. slower growth), is it possible to compensate 
for such costs? 

5. What are the mechanisms of fitness compensation that evolve in response to removal 
and replacement of r-proteins? 

By addressing such questions we are ultimately interested in probing the complexity and 
robustness of the translation apparatus. To approach some useful answers to these 
questions, we have used Salmonella enterica serovar Typhimurium LT2 (hereafter referred to 
as S. typhimurium) as a model organism and introduced deletions of the genes encoding the 
r-proteins S20 and L1 and replaced S20, L1 and L17 with orthologous counterparts from 
close and phylogenetically distant relatives, including the archaeon Sulfolobus acidocaldarius 
and the eukaryote Saccharomyces cerevisiae. 

2. Using S. typhimurium as a model in the ribosome field 
E. coli has long served as a model organism for genetic and biochemical studies of bacterial 
ribosome function. However, due to the co-linearity of their genomes, S. typhimurium 
represents a convenient alternative for such studies and is preferable in our case due to a 
more favourable and better characterized genetic background for the purposes of genetic 
suppression studies (McClelland et al., 2001) (see below). Although highly similar in terms 
of ribosomal gene content, S. typhimurium does possess some unique features that are 
described below. 

2.1 Primary sequences of rRNA and r-proteins 

In terms of the basic building blocks of the ribosome, rRNA and r-proteins, the genes 
encoding these components are generally highly conserved between E. coli and S. 
typhimurium, a reflection of their close phylogenetic relationship. In both organisms, there 
are seven independent rRNA operons (rrnA, rrnB, rrnC, rrnD, rrnE, rrnG and rrnH), each 
encoding a single copy of the 16S, 23S and 5S rRNAs. The genes encoding the 16S and 5S 
rRNAs show strong similarities; however, more variation is detected between the genes 
encoding the 23S rRNA species (rrl genes). In particular, the primary sequences of rrl genes 
in S. typhimurium are between 90 and 110 nucleotides longer due to the presence of so-called 
intervening sequences (IVSs) that are removed during maturation (Burgin et al., 1990). 
Despite this discrepancy in the length of their primary 23S rRNA sequences, the mature, 
core sequence in S. typhimurium is nearly identical (97%) to that of E. coli (Burgin et al., 1990).  

In terms of the r-proteins, a high degree of conservation is also observed upon alignment of 
the amino acid sequences of S. typhimurium LT2 proteins and E. coli K-12 MG1655 proteins. 
For the 21 r-proteins associated with the small subunit, a median similarity of 99.2% is 
detected with an average identity of 98.9% and a standard deviation of 0.9%. Similarly, for 
the 33 r-proteins associated with the large subunit, the median amino acid identity is 98.9% 
with an average similarity of 97.7% and a standard deviation of 3.6%. From these 
calculations, we can conclude that there is slightly more variation in the amino acid 
sequences of large subunit proteins when comparing the primary sequences of S. 
typhimurium LT2 and E. coli K-12 MG1655. However, overall, a high degree of conservation 
exists, which is not surprising given the close phylogenetic relationship. 
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2.2 rRNA processing during ribosome biogenesis 

During transcription of the rRNA operons, the primary transcripts are processed to mature 
products by means of RNase cleavage and chemical modification (Kaczanowska & Ryden-
Aulin, 2007). The vast majority of studies that have examined these processing events have 
looked at the E. coli system only, however it is expected that rrn processing in close relatives 
such as S. typhimurium should be highly similar.  

Primary rrn transcripts of E. coli are initially substrates for the endoribonuclease RNase III 
that catalyzes separation of the rRNAs into pre-16S (17S), pre-23S and pre-5S (9S) species 
(Nierhaus, 2006). Final trimming of the 5’ and 3’ ends of each transcript involves a number 
of exonucleases and occurs in the context of pre-ribosomal particles (Deutscher, 2009). In 
some genera of bacteria, including S. typhimurium, mature 23S rRNA is not fully intact but is 
fragmented during processing. Experiments have revealed that the fragments arise due to 
RNase III-mediated removal of intervening sequences (Burgin et al., 1990). Although the 
resulting fragments of 23S rRNA are not re-ligated they are fully functional. Some 
heterogeneity exists between the seven copies of 23S rRNA genes in S. typhimurium LT2 with 
regard to the presence of these additional sequences. In the case of rrlG and rrlH, an insertion 
of approximately 110 nucleotides is observed in helix-25 (located at nucleotide position 550, 
approximately) and rrlA, rrlB, rrlC, rrlD, rrlE and rrlH contain an insertion of approximately 90 
nucleotides in helix-45 (located at nucleotide position 1170, approximately). Interestingly, 
ribosomes of a S. typhimurium mutant lacking RNase III remain functional, implying that 
fragmentation is not required for the activity of S. typhimurium ribosomes (Mattatall & 
Sanderson, 1998). This would also suggest that it is unlikely that these extra sequences evolved 
to support proper functioning of S. typhimurium ribosomes. Their intermittent distribution 
among diverse genera of bacteria would suggest that they may have been acquired by 
horizontal gene transfer (Mattatall & Sanderson, 1996).  

2.3 Unusual sucrose gradient profile of Salmonella ribosomes 

Analysis of ribosome function in vitro requires the extraction of large quantities of intact 
ribosomes from the cell using a standard sucrose density ultracentrifugation protocol 
(Johansson et al., 2008). Typically, this involves preparing a pure cell lysate that is passed 
through two sucrose cushions to remove cell debris. Ribosomal particles (70S, 50S and 30S) 
are subsequently separated on a final sucrose gradient (10 – 50%) based on differences in 
their densities. The standard protocols available are optimised for E. coli and pure fractions 
of each ribosomal particle are easily obtainable. The high degree of similarity between S. 
typhimurium and E. coli might, a priori, lead one to expect a similar profile when the protocol 
is applied to S. typhimurium. However, in our hands, we have consistently observed a 
striking difference.  

Looking at a typical, large-scale 70S purification profile from E. coli K12 strain MRE600 
(Figure 2A), clean, distinct peaks are observed for each ribosomal particle, as indicated. In 
contrast, the 70S peak from wild-type S. typhimurium LT2 contains a distinct shoulder 
(Figure 2B). Upon examination of the protein and rRNA content of the second, smaller peak, 
we observed that this contains 30S particles only, indicating that the 70S and 50S peaks 
coincide when ribosomes are prepared from S. typhimurium on a large scale. This is a 
consistent feature of the wild-type strain, as well as all r-protein mutant strains that we have 
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worked with. At the present time, there is no definitive explanation for these observations 
but the unusual co-migration of 70S and 50S species may be related to 23S rRNA processing 
differences between the species, or, 70S ribosomes of S. typhimurium may be composed of 
loosely-coupled subunits that require a higher magnesium concentration for stabilization. 

 
Fig. 2. Sucrose gradient ultracentrifugation profiles obtained during 70S ribosome 
purification. (A) Profile obtained from E. coli MRE600 showing three separate peaks for 70S, 
50S and 30S particles. (B) Profile obtained from wild-type S. typhimurium showing a distinc-
tive shouldered peak containing a mixture of 70S and 50S particles followed by a 30S peak.  

2.4 Advantages of using S. typhimurium as a model 

E. coli is traditionally regarded as the first choice model organism for studies of ribosome 
function. However, it has recently become clear that the most frequently used K-12 strain 
has mutations in components that function in translation. Mutations in the genes prmB 
(encoding class-I release factor RF2) and rpsG (encoding ribosomal protein S7) represent two 
well-characterized examples. O’ Connor et al. have reported that in all K-12 strains of E. coli, 
RF2 carries a threonine residue at position 246 as opposed to alanine, which is typically 
found at this position in the majority of bacterial RF2 proteins (O'Connor & Gregory, 2011). 
In the case of rpsG, a point mutation alters its canonical UGA stop codon to a leucine codon 
(Schaub & Hayes, 2011). Thus, the S7 protein of all K-12 strains carries an extension of 23 
amino acids at its C-terminus. This protein is essential and particularly important during 
30S assembly. Both of these mutations were identified as being partially responsible for the 
fitness cost and ribosomal perturbations associated with an rluD null mutation.  

These studies serve to highlight the importance of using a model organism with a clean 
genetic background. The presence of underlying, undetected mutations complicates the matter 
of defining the mechanism and cause of observed phenotypes associated with a mutation of 
interest due to the unavoidable likelihood of synergistic and epistatic interactions. Our 
research has concentrated on the effects of r-protein removal and replacement in terms of 
bacterial fitness and ribosome function with a strong focus on suppression genetics. So, 
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During transcription of the rRNA operons, the primary transcripts are processed to mature 
products by means of RNase cleavage and chemical modification (Kaczanowska & Ryden-
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looked at the E. coli system only, however it is expected that rrn processing in close relatives 
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Primary rrn transcripts of E. coli are initially substrates for the endoribonuclease RNase III 
that catalyzes separation of the rRNAs into pre-16S (17S), pre-23S and pre-5S (9S) species 
(Nierhaus, 2006). Final trimming of the 5’ and 3’ ends of each transcript involves a number 
of exonucleases and occurs in the context of pre-ribosomal particles (Deutscher, 2009). In 
some genera of bacteria, including S. typhimurium, mature 23S rRNA is not fully intact but is 
fragmented during processing. Experiments have revealed that the fragments arise due to 
RNase III-mediated removal of intervening sequences (Burgin et al., 1990). Although the 
resulting fragments of 23S rRNA are not re-ligated they are fully functional. Some 
heterogeneity exists between the seven copies of 23S rRNA genes in S. typhimurium LT2 with 
regard to the presence of these additional sequences. In the case of rrlG and rrlH, an insertion 
of approximately 110 nucleotides is observed in helix-25 (located at nucleotide position 550, 
approximately) and rrlA, rrlB, rrlC, rrlD, rrlE and rrlH contain an insertion of approximately 90 
nucleotides in helix-45 (located at nucleotide position 1170, approximately). Interestingly, 
ribosomes of a S. typhimurium mutant lacking RNase III remain functional, implying that 
fragmentation is not required for the activity of S. typhimurium ribosomes (Mattatall & 
Sanderson, 1998). This would also suggest that it is unlikely that these extra sequences evolved 
to support proper functioning of S. typhimurium ribosomes. Their intermittent distribution 
among diverse genera of bacteria would suggest that they may have been acquired by 
horizontal gene transfer (Mattatall & Sanderson, 1996).  

2.3 Unusual sucrose gradient profile of Salmonella ribosomes 

Analysis of ribosome function in vitro requires the extraction of large quantities of intact 
ribosomes from the cell using a standard sucrose density ultracentrifugation protocol 
(Johansson et al., 2008). Typically, this involves preparing a pure cell lysate that is passed 
through two sucrose cushions to remove cell debris. Ribosomal particles (70S, 50S and 30S) 
are subsequently separated on a final sucrose gradient (10 – 50%) based on differences in 
their densities. The standard protocols available are optimised for E. coli and pure fractions 
of each ribosomal particle are easily obtainable. The high degree of similarity between S. 
typhimurium and E. coli might, a priori, lead one to expect a similar profile when the protocol 
is applied to S. typhimurium. However, in our hands, we have consistently observed a 
striking difference.  

Looking at a typical, large-scale 70S purification profile from E. coli K12 strain MRE600 
(Figure 2A), clean, distinct peaks are observed for each ribosomal particle, as indicated. In 
contrast, the 70S peak from wild-type S. typhimurium LT2 contains a distinct shoulder 
(Figure 2B). Upon examination of the protein and rRNA content of the second, smaller peak, 
we observed that this contains 30S particles only, indicating that the 70S and 50S peaks 
coincide when ribosomes are prepared from S. typhimurium on a large scale. This is a 
consistent feature of the wild-type strain, as well as all r-protein mutant strains that we have 
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worked with. At the present time, there is no definitive explanation for these observations 
but the unusual co-migration of 70S and 50S species may be related to 23S rRNA processing 
differences between the species, or, 70S ribosomes of S. typhimurium may be composed of 
loosely-coupled subunits that require a higher magnesium concentration for stabilization. 

 
Fig. 2. Sucrose gradient ultracentrifugation profiles obtained during 70S ribosome 
purification. (A) Profile obtained from E. coli MRE600 showing three separate peaks for 70S, 
50S and 30S particles. (B) Profile obtained from wild-type S. typhimurium showing a distinc-
tive shouldered peak containing a mixture of 70S and 50S particles followed by a 30S peak.  

2.4 Advantages of using S. typhimurium as a model 

E. coli is traditionally regarded as the first choice model organism for studies of ribosome 
function. However, it has recently become clear that the most frequently used K-12 strain 
has mutations in components that function in translation. Mutations in the genes prmB 
(encoding class-I release factor RF2) and rpsG (encoding ribosomal protein S7) represent two 
well-characterized examples. O’ Connor et al. have reported that in all K-12 strains of E. coli, 
RF2 carries a threonine residue at position 246 as opposed to alanine, which is typically 
found at this position in the majority of bacterial RF2 proteins (O'Connor & Gregory, 2011). 
In the case of rpsG, a point mutation alters its canonical UGA stop codon to a leucine codon 
(Schaub & Hayes, 2011). Thus, the S7 protein of all K-12 strains carries an extension of 23 
amino acids at its C-terminus. This protein is essential and particularly important during 
30S assembly. Both of these mutations were identified as being partially responsible for the 
fitness cost and ribosomal perturbations associated with an rluD null mutation.  

These studies serve to highlight the importance of using a model organism with a clean 
genetic background. The presence of underlying, undetected mutations complicates the matter 
of defining the mechanism and cause of observed phenotypes associated with a mutation of 
interest due to the unavoidable likelihood of synergistic and epistatic interactions. Our 
research has concentrated on the effects of r-protein removal and replacement in terms of 
bacterial fitness and ribosome function with a strong focus on suppression genetics. So, 
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although E. coli K-12 is undoubtedly the most well-studied model organism, S. typhimurium 
represents a more suitable and reliable model for the purposes of our studies. 

3. Isolation and characterisation of ribosomal protein mutants 
The scarcity of studies designed to examine the distinct functional roles of r-proteins, 
despite their high level of conservation in all three phylogenetic kingdoms, certainly 
warrants further experimentation aimed at understanding their contributions to cell fitness 
and ribosome activity. To address this issue, genetically defined S. typhimurium mutants 
were constructed in which the target proteins were either completely removed (S20 and L1) 
from the chromosome or replaced (S20, L1 and L17) on the chromosome with orthologous 
counterparts from other species.  

3.1 Previous studies of r-protein mutants 

The majority of the early research on mutants lacking r-proteins was initiated by the work of 
Dabbs and colleagues. Beginning in the mid-70s, various antibiotic selection systems were 
developed for the isolation of E. coli mutants with alterations in r-proteins (Dabbs & 
Wittman, 1976; Dabbs, 1978). Most of the mutants that lacked a r-protein were isolated by 
chemically mutagenizing antibiotic sensitive cells, selecting for antibiotic dependence 
followed by selection for reversion of the antibiotic dependent phenotype (Dabbs, 1979). 
Using such methods, E. coli strains were isolated lacking one or more of 16 individual r-
proteins (S1, S6, S9, S13, S17, S20, L1, L11, L15, L19, L24, L27, L28, L29, L30 and L33) (Dabbs, 
1991). In all of these studies, absence of each protein was only verified on the protein level 
by means of two-dimensional gel electrophoresis and immunological methods using 
antibodies specific for each missing protein. The mutants exhibited a conditional lethal 
phenotype and were varied in terms of growth properties. These studies were certainly 
pioneering in terms of showing the non-essential nature of certain r-proteins but follow-up 
studies designed to determine the nature of the fitness costs and ribosomal defects were 
hampered by the chemical mutagenesis and selection methods used for the isolation of 
mutants. These strains were subject to mutagenesis on a genome-wide scale and were 
therefore not fully defined genetically, which creates difficulty in specifically linking the 
observed phenotypes to absence of the protein. In the past few years, much progress has 
been made in the techniques used for the manipulation of bacterial genetics (Datsenko & 
Wanner, 2000; Sharan et al., 2009). These methods have made it possible to introduce precise 
deletions of targeted genes and a number of research groups have been successful in 
obtaining r-protein null mutants (Wower et al., 1998; Cukras & Green, 2005; Bubunenko et 
al., 2007; Korepanov et al., 2007). In a recent work the number of the L7/L12 proteins have 
been varied by deletion of the binding site of one L7/L12 dimer on the L10 protein 
(Mandava et al., 2011). The characterisation of such mutants has advanced our current 
knowledge of the functions of some of the r-proteins; unfortunately, however, these mutants 
are all limited to the species E. coli. 

Attempts to produce functionally active hybrid ribosomes harboring non-native r-proteins 
have previously been undertaken (Liu et al., 1989; Giese & Subramanian, 1991). The majority 
of these studies only examined functional activity in terms of polysome formation. 
However, highly divergent proteins such as S18 from rye chloroplast, that shares only 35% 
amino acid identity with E. coli S18, was incorporated into 30-40% of E. coli monosomes and 
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polysomes upon expression from a plasmid (Weglohner et al., 1997). The ability of these 
hybrid ribosomes to form polysomes indicates that they were capable of forming functional 
complexes, although the extent of their functionality during specific steps of translation was 
not examined. In the same study, L12 from Arabidopsis chloroplasts was also incorporated 
into ribosomes but these hybrid ribosomes failed to form functional polysomes in vivo and 
were inactive in poly(U)-dependent poly(Phe) synthesis in vitro. In another study, the E. coli 
proteins of the GTPase-associated centre (L10, L11 and L7/L12) were replaced with their rat 
counterparts in vitro (Uchiumi et al., 2002). Although incorporated into the E. coli ribosome, 
eukaryotic elongation factors were required to support protein synthesis in vitro. So 
although divergent r-proteins can be assembled into the bacterial ribosome, proteins with 
defined functions, such as interactions with bacterial specific translation factors, lack 
function and do not preserve protein synthesis. 

3.2 Construction of r-protein mutants 

In our studies, mutants of S. typhimurium that completely lacked an r-protein, and mutants 
in which the native r-protein gene was replaced with closely related as well as 
phylogenetically distant orthologues were created. Due to its simplicity and precision, 
lambda red recombineering was used for the construction of all mutants (Datsenko & 
Wanner, 2000). For removal of S20 and L1, a kanamycin resistance cassette was PCR 
amplified using primers with 50 nucleotide 5' tails homologous to the flanking sequence of 
the target gene (rplA and rpsT). Electroporation of the linear DNA product into the cell 
resulted in substitution of the r-protein gene with the selectable kanamycin resistance 
cassette to create mutants lacking S20 (Tobin et al., 2010) and L1 (Figure 3A). A similar 
procedure was used for the generation of S20, L1 and L17 replacement mutants, however in 
this case the PCR fragment consisted of the open reading frame (ORF) of the orthologous 
replacement gene and an adjacent kanamycin resistance cassette (Lind et al., 2010). 
Homologous recombination resulted in replacement of the target r-protein ORF (rpsT, rplA 
and rplQ) with its orthologous ORF and the kanamycin resistance cassette (Figure 3B). 
Congenic wild-type control strains were also constructed and carried the kanamycin 
cassette adjacent to the native r-protein ORFs. In the case of both types of constructions, the 
native promoter and terminator sequences were preserved. Using this technique, individual 
mutants lacking the r-proteins S20 (ΔS20) and L1 (ΔL1) as well as replacement mutants 
carrying heterologous versions of S20, L1 and L17 were created. 

 
Fig. 3. Schematic diagram representing the technique employed to generate r-protein 
mutants. The recombining fragments in (A) and (B) were designed with 50 nucleotides of 
homology to the flanking sequences of the r-protein target genes to facilitate homologous 
recombination and replacement on the chromosome. 
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although E. coli K-12 is undoubtedly the most well-studied model organism, S. typhimurium 
represents a more suitable and reliable model for the purposes of our studies. 

3. Isolation and characterisation of ribosomal protein mutants 
The scarcity of studies designed to examine the distinct functional roles of r-proteins, 
despite their high level of conservation in all three phylogenetic kingdoms, certainly 
warrants further experimentation aimed at understanding their contributions to cell fitness 
and ribosome activity. To address this issue, genetically defined S. typhimurium mutants 
were constructed in which the target proteins were either completely removed (S20 and L1) 
from the chromosome or replaced (S20, L1 and L17) on the chromosome with orthologous 
counterparts from other species.  

3.1 Previous studies of r-protein mutants 

The majority of the early research on mutants lacking r-proteins was initiated by the work of 
Dabbs and colleagues. Beginning in the mid-70s, various antibiotic selection systems were 
developed for the isolation of E. coli mutants with alterations in r-proteins (Dabbs & 
Wittman, 1976; Dabbs, 1978). Most of the mutants that lacked a r-protein were isolated by 
chemically mutagenizing antibiotic sensitive cells, selecting for antibiotic dependence 
followed by selection for reversion of the antibiotic dependent phenotype (Dabbs, 1979). 
Using such methods, E. coli strains were isolated lacking one or more of 16 individual r-
proteins (S1, S6, S9, S13, S17, S20, L1, L11, L15, L19, L24, L27, L28, L29, L30 and L33) (Dabbs, 
1991). In all of these studies, absence of each protein was only verified on the protein level 
by means of two-dimensional gel electrophoresis and immunological methods using 
antibodies specific for each missing protein. The mutants exhibited a conditional lethal 
phenotype and were varied in terms of growth properties. These studies were certainly 
pioneering in terms of showing the non-essential nature of certain r-proteins but follow-up 
studies designed to determine the nature of the fitness costs and ribosomal defects were 
hampered by the chemical mutagenesis and selection methods used for the isolation of 
mutants. These strains were subject to mutagenesis on a genome-wide scale and were 
therefore not fully defined genetically, which creates difficulty in specifically linking the 
observed phenotypes to absence of the protein. In the past few years, much progress has 
been made in the techniques used for the manipulation of bacterial genetics (Datsenko & 
Wanner, 2000; Sharan et al., 2009). These methods have made it possible to introduce precise 
deletions of targeted genes and a number of research groups have been successful in 
obtaining r-protein null mutants (Wower et al., 1998; Cukras & Green, 2005; Bubunenko et 
al., 2007; Korepanov et al., 2007). In a recent work the number of the L7/L12 proteins have 
been varied by deletion of the binding site of one L7/L12 dimer on the L10 protein 
(Mandava et al., 2011). The characterisation of such mutants has advanced our current 
knowledge of the functions of some of the r-proteins; unfortunately, however, these mutants 
are all limited to the species E. coli. 

Attempts to produce functionally active hybrid ribosomes harboring non-native r-proteins 
have previously been undertaken (Liu et al., 1989; Giese & Subramanian, 1991). The majority 
of these studies only examined functional activity in terms of polysome formation. 
However, highly divergent proteins such as S18 from rye chloroplast, that shares only 35% 
amino acid identity with E. coli S18, was incorporated into 30-40% of E. coli monosomes and 
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polysomes upon expression from a plasmid (Weglohner et al., 1997). The ability of these 
hybrid ribosomes to form polysomes indicates that they were capable of forming functional 
complexes, although the extent of their functionality during specific steps of translation was 
not examined. In the same study, L12 from Arabidopsis chloroplasts was also incorporated 
into ribosomes but these hybrid ribosomes failed to form functional polysomes in vivo and 
were inactive in poly(U)-dependent poly(Phe) synthesis in vitro. In another study, the E. coli 
proteins of the GTPase-associated centre (L10, L11 and L7/L12) were replaced with their rat 
counterparts in vitro (Uchiumi et al., 2002). Although incorporated into the E. coli ribosome, 
eukaryotic elongation factors were required to support protein synthesis in vitro. So 
although divergent r-proteins can be assembled into the bacterial ribosome, proteins with 
defined functions, such as interactions with bacterial specific translation factors, lack 
function and do not preserve protein synthesis. 

3.2 Construction of r-protein mutants 

In our studies, mutants of S. typhimurium that completely lacked an r-protein, and mutants 
in which the native r-protein gene was replaced with closely related as well as 
phylogenetically distant orthologues were created. Due to its simplicity and precision, 
lambda red recombineering was used for the construction of all mutants (Datsenko & 
Wanner, 2000). For removal of S20 and L1, a kanamycin resistance cassette was PCR 
amplified using primers with 50 nucleotide 5' tails homologous to the flanking sequence of 
the target gene (rplA and rpsT). Electroporation of the linear DNA product into the cell 
resulted in substitution of the r-protein gene with the selectable kanamycin resistance 
cassette to create mutants lacking S20 (Tobin et al., 2010) and L1 (Figure 3A). A similar 
procedure was used for the generation of S20, L1 and L17 replacement mutants, however in 
this case the PCR fragment consisted of the open reading frame (ORF) of the orthologous 
replacement gene and an adjacent kanamycin resistance cassette (Lind et al., 2010). 
Homologous recombination resulted in replacement of the target r-protein ORF (rpsT, rplA 
and rplQ) with its orthologous ORF and the kanamycin resistance cassette (Figure 3B). 
Congenic wild-type control strains were also constructed and carried the kanamycin 
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Fig. 3. Schematic diagram representing the technique employed to generate r-protein 
mutants. The recombining fragments in (A) and (B) were designed with 50 nucleotides of 
homology to the flanking sequences of the r-protein target genes to facilitate homologous 
recombination and replacement on the chromosome. 
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3.3 Quantification of fitness costs 

In a laboratory setting, determining exponential growth rate is the most straightforward 
method for assaying fitness. To quantify the physiological effect of r-protein removal and 
replacement, we measured the doubling time of the wild-type and ribosomal mutant strains 
using a Bioscreen C analyzer. Relative fitness values were calculated as the growth rate of 
each mutant normalized to that of the wild-type reference strain used in each experiment 
(set to 1.0). Although relatively easy to execute, this measurement fails to evaluate fitness 
over the entire growth cycle and is unable to detect very small differences in fitness 
(sensitivity of  3%). A more labour intensive method that overcomes such limitations is 
pair-wise competition experiments where the test strain and wild-type are genetically 
tagged and compete over many generations (sensitivity of  0.3%). This method was used as 
a more sensitive fitness parameter in some of our experiments. 

3.4 Compensatory evolution 

Removal and replacement of highly conserved r-proteins, that function within a central 
component of the cell, constitute deleterious mutations and confer fitness costs, i.e. slower 
growth. Because such mutants grow more slowly and therefore produce fewer progeny, 
they will eventually be out-grown by competitors of higher fitness and eliminated from the 
population. However, if the mutant can persist in the population, it has the potential to 
develop further mutations that suppress or compensate the fitness cost of the initial 
deleterious mutation. Such compensatory mutations (denoted CM) can restore fitness back 
to the wild-type level and effectively neutralize the deleterious effect of the initial mutation 
(deletion or replacement of a r-protein). Alternatively, the fitness cost may be only partially 
relieved by the CM, which increases fitness but not to the extent of wild-type fitness (Figure 
4A). Here, we are interested in knowing if and by what mechanisms the fitness costs of L1 
removal and S20, L1 and L17 replacement can be compensated. This is not only helpful in 
the sense that it may provide clues to the functional roles of the proteins, but it also provides 
a unique opportunity to reveal novel co-operative mechanisms in ribosome function. 

The experiment is designed to optimize purifying selection, which reduces genetic diversity 
so that the population stabilizes on the most favourable (fittest) genotype. During the  

 
Fig. 4. Compensatory evolution by serial passage. (A) Schematic illustration of the 
principle of compensatory evolution. A deleterious mutation (M) is introduced into a wild-
type population (WT) and reduces fitness. Compensatory mutations (CM) that reduce the 
fitness cost of the initial deleterious mutation can restore fitness completely (yellow) or 
partially restore fitness (green). (B) Schematic illustration of the serial passage experiment 
used for the isolation of compensated mutants. 
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evolutionary process, CMs that reduce the fitness cost conferred by loss or replacement of 
the r-protein become more common in successive generations. Independent lineages of the 
mutants are serially passaged in liquid growth medium (LB) for a number of generations. 
To maintain continuous population growth and to ensure that all genetic variants are 
represented during the entire evolutionary process, large bottlenecks of  106 cells are used 
(Figure 4B). This experimental design maximises the potential to fix the compensated 
mutant of highest fitness. When mutants of higher fitness constitute the majority of the 
population, the experiment is terminated and a single colony is examined for the presence of 
candidate compensatory mutations that increase fitness. To verify that the identified 
mutations are responsible for improving fitness, genetic reconstructions are performed and 
fitness is quantified. 

3.5 In vivo and in vitro analysis of ribosomal function 

For a full appreciation of the functional roles of deleted r-proteins, both in vivo and in vitro 
techniques were employed to compare the activity of mutant ribosomes with their wild-type 
counterparts.  

3.5.1 In vivo system 

Synthesis of an easily detectable reporter protein was used here to measure the rate of 
polypeptide elongation and ribosomal misreading of stop codons and frameshifting. 
Polypeptide elongation rates of exponentially growing cultures were measured by 
determining the exact time taken to produce the first detectable -galactosidase molecule 
following IPTG induction (Miller, 1992). As S. typhimurium does not harbor the lac operon, 
the normal inducible lac operon was supplied on an F’ factor and was transferred to strains 
by means of conjugation. This method was used to determine the rate of polypeptide 
elongation in the strains lacking r-proteins S20 and L1.  

The synthesis of -galactosidase was also used to determine the frequency of stop codon 
read-through and frameshifting of an L1-depleted ribosome. In this instance, strains carried 
an F’ factor in which the lacI and lacZ genes are fused for constitutive expression of -
galactosidase. However, the ribosome must read-through a premature stop codon (UGA189 
or UAG220) or a +1 or -1 frameshift in lacI to produce an active molecule of the enzyme, the 
activity of which is detected as described above. A read-through value is calculated based 
on the amount of enzyme produced by the mutated lacIZ construct relative to that produced 
in a congenic strain harbouring a non-mutated lacIZ construct (Bjorkman et al., 1999).  
A second assay, based on luciferase expression, was also employed to determine if L1 
depleted ribosomes were prone to general misreading of sense codons (Kramer & 
Farabaugh, 2007). 

3.5.2 In vitro system 

The translation cycle is composed of a large number of intermediate sub-steps that proceed 
extremely fast in vivo. Thus, in order to specifically examine defined steps in translation, 
analysis of ribosome function in a controlled in vitro translation system is absolutely 
necessary. For the characterization of S20- and L1-depleted ribosomes, we have employed a 
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mutants are serially passaged in liquid growth medium (LB) for a number of generations. 
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reconstituted cell-free translation system  that is optimized to meet in vivo expectations in so 
far as it allows measurement of in vitro reactions in the millisecond range (Ehrenberg et al., 
1989). Ribosomal particles and all other translation components are prepared to high purity 
according to standard protocols. Additionally, all experiments are performed in polymix 
buffer that mimics the pH and complex ionic conditions of the bacterial cell (Pettersson & 
Kurland, 1980). Using this system, r-protein depleted ribosomes can be accurately compared 
with their wild-type counterparts in all steps of the translation cycle. Although the system 
was developed for E. coli, it has previously been shown that the system can be applied to 
ribosomes from S. typhimurium (Tubulekas et al., 1991). 

4. R-protein deletion mutants 
Genetically defined mutants of S. typhimurium, lacking individual r-proteins (ΔS20 and 
ΔL1), represent powerful tools for the analysis of the function of these proteins in the 
context of translation and can also reveal their potential roles in other cellular processes. 
Below follows a summary of the fitness costs, compensatory mechanisms and the in vivo and 
in vitro analysis of the mutants lacking S20 and L1. 

4.1 Removal of S20 and L1 confers substantial fitness costs 

Loss of small subunit protein S20 reduced exponential growth rate approximately three-fold 
relative to the wild-type under standard growth conditions (LB broth at 37C), 
corresponding to a relative fitness value of 0.33 (Table 1) (Tobin et al., 2010). Upon deletion 
of large subunit protein L1, the generation time of the mutant was reduced two-fold 
compared to wild-type under standard growth conditions (Table 1). This fitness cost was 
even more pronounced during growth at lower temperatures, indicative of a cold-sensitive 
phenotype. In the case of both mutants, complete restoration of the wild-type growth rate 
was observed upon induced expression of the deleted gene from an arabinose-inducible 
plasmid, verifying that the fitness costs were specifically attributable to loss of each 
respective protein (Figure 5A and B). 

 

 

 

 
Table 1. Fitness costs associated with removal of S20 and L1. The generation time of the 
wild-type strain is set to 1.0 and is used to normalize the growth rate of each mutant at the 
temperatures specified. 
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Fig. 5. Complementation of fitness costs upon induced expression of the deleted r-protein 
gene from an inducible plasmid. (A) In the absence of the arabinose inducer, the ΔS20 
strain grows very poorly relative to the wild-type (left-hand side of image). In the presence 
of arabinose, expression of the rpsT gene is induced and growth of the mutant matches that 
of wild-type (right-hand side of image) (Tobin et al., 2010). (B) Growth rates of the ΔL1 
mutant relative to the wild-type. In the presence of the arabinose inducer, rplA is expressed 
and fitness of the mutant matches that of wild-type. Error bars represent standard error of 
the mean. 

4.2 Compensatory mutations that mitigate the costs of L1 deletion 

Twelve independent lineages of the L1 mutant were evolved for approximately 300 
generations to determine if and by what mechanisms compensation could be achieved. 
Upon isolation of faster-growing mutants, four were chosen at random and subject to 
whole-genome sequencing to identify candidate compensatory mutations responsible for 
suppressing the fitness cost associated with loss of L1. A single nucleotide substitution in 
the rplB gene and a small deletion in the rplS gene were detected. These mutations resulted 
in the amino acid substitution E194K in large subunit protein L2 (encoded by rplB) and loss 
of the Leu codon at position 100 of L19 (referred to as rplS L100) (Figure 6A). Using a 
different L1 ancestral strain, the amino acid substitution P102L in the rplN gene (encoding 
large subunit protein L14) was also identified (Figure 6A). Strain reconstructions confirmed 
that each individual mutation was necessary and sufficient for fitness improvement and all 
three increased growth rate to a similar extent. In any combination, all three compensatory 
mutations demonstrated negative epistasis in the L1 background. In the wild-type strain, 
each individual mutation reduced fitness and this became even more pronounced when the 
mutations were combined (Figure 6B). 

4.3 Phenotypes of previous L1 deletion mutants 

Two independent E. coli knockout mutants of L1 were previously isolated as spontaneous 
revertants of chemically mutagenized spectinomycin- and kasugamycin-dependent strains 
(Dabbs, 1977; Dabbs, 1980). Examination of the activity of ribosomes purified from these 
strains suggested that absence of L1 reduced the in vitro production of polypeptide by 50%, 
corresponding to an approximate 50% reduction in growth rate (Subramanian & Dabbs, 
1980). To probe further into the ribosomal deficiencies, a follow-up study examined the  
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Fig. 6. Compensation for the fitness costs of L1 deletion. (A) Crystal structure of the T. 
thermophilus 50S subunit showing the localization of compensatory mutations (yellow 
spheres) in the r-proteins L2 (red), L14 (purple) and L19 (orange). Position of the L1 protein 
is shown in green. All other rRNA and protein residues are depicted in grey. The image was 
created in PyMol (www.pymol.org) using the coordinates of the T. thermophilus 50S subunit 
structure (PDB ID 2J01) (Selmer et al., 2006). (B) Genetic reconstructions and fitness effects of 
compensatory mutations in the L1 (green bars) and wild-type (white bars) backgrounds. 
Relative fitness was calculated as the growth rate of each strain as a fraction of the wild-type 
growth rate. Error bars represent standard error of the mean. 

activity of L1-depleted ribosomes using a number of partial reactions. It was found that both 
the binding of N-acetyl-Phe-tRNA to the P-site and stimulation of EF-G dependent GTP 
hydrolysis in the presence of tRNA and mRNA were significantly compromised with these 
ribosomes (Sander, 1983). Another L1 deletion mutant was isolated in an independent study 
as a spontaneous revertant of a chemically mutagenized erythromycin-dependent strain 
(Wild, 1988). This strain produced an excess of free ribosomal subunits and fewer 70S 
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ribosomes when the sedimentation profile of ribosomes was examined. In addition, a 
genetically defined rplA deletion strain has been constructed in E. coli (Baba et al., 2006), but 
at the time of writing no details of the phenotype of this mutant are known. 

4.3.1 Misreading phenotype 

The proposed involvement of L1 in regulating release of the E-site tRNA and the coupling of 
decoding accuracy at the A-site to occupation of the E-site (Wilson & Nierhaus, 2006) 
prompted us to investigate the decoding properties of the L1-depleted ribosome. By means 
of -galactosidase assays (described in 3.5.1), the level of frameshifting and stop codon 
readthrough was measured in vivo. The only significant difference between the wild-type 
and mutant was detected with respect to UGA readthrough, which was increased 
approximately three to five-fold in the case of the L1 mutant, independent of codon 
context. Misreading of sense codons was also examined although no significant differences 
were detected, suggesting that L1 plays a minor role, at most, in decoding at the A-site. 
Furthermore, none of the identified compensatory mutations altered readthrough of UGA in 
the L1 background. 

4.3.2 Polysome analysis 

It was previously shown that L1 has RNA chaperone activity (Ameres et al., 2007), so a role 
for L1 in ribosome biogenesis is possible. To investigate the distribution of different 
ribosomal particles in the cell, polysome profiles were examined and compared to the 
profile obtained from wild-type cells (Figure 7). The most striking observation of the mutant  

 
Fig. 7. Polysome profiles obtained following immediate translational arrest in log-phase. 
Distribution of ribosomal particles in the wild-type (A), ∆L1 mutant (B) and the ∆L1 mutant 
with the compensatory mutation (CM) in rplB (encoding L2). Each peak corresponds to each 
different particle as labelled and polysomes are labelled as 2x, 3x and 4x. a The table shows 
average peak heights for each particle relative to the the sum of all peak heights and were 
based on at least three independent profiles. b Total polysomes were calculated as the sum 
of 2x, 3x and 4x peak heights. c Total 70S particles were calculated as the sum of 70S, 2x, 3x 
and 4x peak heights. 
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profile (Figure 7B) was the large excess of free 50S subunits, which was increased three-fold 
compared to the wild-type (Figure 7A). Furthermore, this increase in free subunits was 
biased specifically towards the 50S as the amount of free 30S was only slightly increased. 
Thus, removal of L1 leads to an imbalance in formation of the ribosomal subunits. This 
increase in free subunits occurred at the expense of functional 70S complexes, which were 
reduced from 0.85 in the wild-type to 0.65 in the mutant. However, the ratio of 70S 
monosomes to polysomes was the same for the mutant and wild-type, indicating that those 
70S ribosomes that were formed could translate as efficiently as the wild-type. Upon 
overexpression of L1, these anomalies in ribosomal particle partitioning were removed, 
specifically identifying loss of L1 as the cause of the altered profile. The reduction of 70S 
complexes as monosomes and polysomes is likely to be responsible for the slow growth rate 
of the ∆L1 mutant as the translational capacity of the strain is likely to be substantially 
compromised. Interestingly, the E194K amino acid substitution in L2 conferred a small but 
reproducible reduction in the proportion of free ribosomal subunits and a consequent 
increase in the fraction of active 70S complexes (Figure 7C). 

4.4 L1 plays a major role in ribosome biogenesis 

A number of in vivo and in vitro methods were used in this study to evaluate the role of L1 in 
ribosome function. Based on the results of these assays, we propose that large subunit 
protein L1 is crucial for promoting balanced formation of the ribosomal subunits in S. 
typhimurium. This defect is further supported by the observed cold sensitivity of the ∆L1 
mutant, a feature that is often associated with aberrant ribosome biogenesis (Dammel & 
Noller, 1993; Bubunenko et al., 2006). It is not yet clear why the production of free ribosomal 
subunits is disproportionate, but a few alternative explanations are feasible. L1 has known 
RNA chaperone activity so the protein may be directly involved in biogenesis of the small 
subunit; however, no evidence is currently available to support this suggestion. The effect of 
L1 deletion on 30S production may be more indirect. It is conceivable that in the absence of 
L1, 50S subunits are more prone to misassembly than the wild-type. This, in turn, may 
perturb 30S assembly via sequestering of accessory factors required for the biogenesis of 
both subunits, for example. Alternatively, if the 30S subunits lack properly assembled 
association partners, final maturation of the 30S may be impaired and/or the 30S subunits 
may be more susceptible to the action of degradative RNases as previously suggested 
(Deutscher, 2009). Although only one of the three confirmed compensatory mutations (rplB 
E194K) displayed a detectable improvement in ribosomal particle partitioning (Figure 7C), 
the remaining two (rplN P102L and rplS ∆Leu) occur in proteins directly involved in 
formation of bridging contacts required for 70S complex formation (Selmer et al., 2006). 
Thus, it would appear as though these two compensatory mutations may alter subunit 
interactions and possibly increase 70S production. Furthermore, additional compensatory 
mutations in the genes rpsM (encoding S13 that forms bridges B1a and B1b with the 50S 
subunit) and engA (encoding the 50S biogenesis factor Der) provide more evidence that L1 
plays an important role in ribosome biogenesis.   

Along with helices 76-78 of the 23S rRNA, L1 occupies a highly mobile region of the 50S 
subunit known as the L1 stalk. Crystal structures of the 50S and 70S revealed that this stalk 
can adopt both an “open” and “closed” conformation, suggestive of an underlying 
functional role in the release of deacylated tRNA from the E-site thereby alluding to a role 
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for this region in the translocation step of polypeptide elongation (Harms et al., 2001; 
Yusupov et al., 2001). These observations sparked a number of structural-based 
investigations aimed at investigating L1 stalk dynamics which all indicate that this region is 
involved in modulating decaylated tRNA transit and release during translocation (Valle et 
al., 2003; Fei et al., 2008; Munro et al., 2010; Trabuco et al., 2010). Thus, to determine the 
activity of L1 depleted ribosomes in the elongation step of translation, a number of in vivo 
and in vitro assays are currently underway. 

4.5 Phenotype of S20 deletion mutant 

Knockout mutants of S20 have been isolated previously as antibiotic dependent revertants 
and as a suppressor of nonsense codons (Dabbs, 1978; Dabbs, 1979; Ryden-Aulin et al., 
1993). Both types of mutants displayed initiation defects in terms of initiator tRNA binding 
(Gotz et al., 1990) and subunit association (Gotz et al., 1989; Ryden-Aulin et al., 1993). In 
another study, an S20 knockout mutant was obtained as a suppressor of erythromycin 
dependence and produced precursor 30S particles and fewer 70S complexes, as measured by 
density ultracentrifugation (Wild, 1988). More recently, the recombineering approach has 
been used to isolate genetically defined, in-frame deletions of rpsT in E. coli, but data to 
describe the phenotypic effects of these deletions is currently unavailable (Baba et al., 2006; 
Bubunenko et al., 2007).  

4.5.1 Polypeptide formation in vivo 

The rate at which the ∆S20 mutant forms polypeptide in vivo was compared to the wild-type 
strain using the -galactosidase assay. Similar to the results of the ∆L1 mutant, no defect in 
the rate of polypeptide chain elongation was detected, however a reproducible reduction in 
the rate of accumulation of synthesized protein was evident (Tobin et al., 2010). Considering 
that S20 is a designated 30S subunit protein and given the results of previous studies, we 
hypothesized that the reduced rate of protein accumulation was likely the result of impaired 
initiation. A reduction in the frequency of mRNA initiation would directly decrease the 
number of rounds of translation per mRNA and reduce the yield of protein production. 
Thus, the activity of S20-depleted 30S subunits were compared to those obtained from the 
wild-type, using a number of in vitro methods designed to measure each distinct step of 
translation initiation. 

4.5.2 Reduced mRNA binding in vitro 

The rate of template binding was measured using a radioactively labeled mRNA with a 
strong Shine-Dalgarno (SD) sequence. In both the presence and absence of initiator tRNA 
and the initiation factors, the rate of mRNA binding to S20 30S subunits was reduced 
approximately 3.5-fold and maximum binding required 40 minutes compared to only 10 
minutes for the wild-type. Since similar rates of mRNA binding were observed with and 
without the initiation ligands, a primary impairment in mRNA binding could be concluded. 
Reconstitution with purified S20 restored the wild-type mRNA binding phenotype and 
established that defective mRNA association was a direct consequence of S20 removal 
(Figure 8A). In addition, titration of mRNA revealed that a substantial fraction ( 25%) of 
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profile (Figure 7B) was the large excess of free 50S subunits, which was increased three-fold 
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investigations aimed at investigating L1 stalk dynamics which all indicate that this region is 
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activity of L1 depleted ribosomes in the elongation step of translation, a number of in vivo 
and in vitro assays are currently underway. 

4.5 Phenotype of S20 deletion mutant 

Knockout mutants of S20 have been isolated previously as antibiotic dependent revertants 
and as a suppressor of nonsense codons (Dabbs, 1978; Dabbs, 1979; Ryden-Aulin et al., 
1993). Both types of mutants displayed initiation defects in terms of initiator tRNA binding 
(Gotz et al., 1990) and subunit association (Gotz et al., 1989; Ryden-Aulin et al., 1993). In 
another study, an S20 knockout mutant was obtained as a suppressor of erythromycin 
dependence and produced precursor 30S particles and fewer 70S complexes, as measured by 
density ultracentrifugation (Wild, 1988). More recently, the recombineering approach has 
been used to isolate genetically defined, in-frame deletions of rpsT in E. coli, but data to 
describe the phenotypic effects of these deletions is currently unavailable (Baba et al., 2006; 
Bubunenko et al., 2007).  

4.5.1 Polypeptide formation in vivo 

The rate at which the ∆S20 mutant forms polypeptide in vivo was compared to the wild-type 
strain using the -galactosidase assay. Similar to the results of the ∆L1 mutant, no defect in 
the rate of polypeptide chain elongation was detected, however a reproducible reduction in 
the rate of accumulation of synthesized protein was evident (Tobin et al., 2010). Considering 
that S20 is a designated 30S subunit protein and given the results of previous studies, we 
hypothesized that the reduced rate of protein accumulation was likely the result of impaired 
initiation. A reduction in the frequency of mRNA initiation would directly decrease the 
number of rounds of translation per mRNA and reduce the yield of protein production. 
Thus, the activity of S20-depleted 30S subunits were compared to those obtained from the 
wild-type, using a number of in vitro methods designed to measure each distinct step of 
translation initiation. 

4.5.2 Reduced mRNA binding in vitro 

The rate of template binding was measured using a radioactively labeled mRNA with a 
strong Shine-Dalgarno (SD) sequence. In both the presence and absence of initiator tRNA 
and the initiation factors, the rate of mRNA binding to S20 30S subunits was reduced 
approximately 3.5-fold and maximum binding required 40 minutes compared to only 10 
minutes for the wild-type. Since similar rates of mRNA binding were observed with and 
without the initiation ligands, a primary impairment in mRNA binding could be concluded. 
Reconstitution with purified S20 restored the wild-type mRNA binding phenotype and 
established that defective mRNA association was a direct consequence of S20 removal 
(Figure 8A). In addition, titration of mRNA revealed that a substantial fraction ( 25%) of 
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the S20-depleted 30S subunits were completely inactive in the binding of mRNA (Figure 8B). 
Since the rate of fMet-tRNAfMet binding emulated that of mRNA and was therefore used to 
detect the level of mRNA bound to 30S subunits in this assay, the possibility of unstable 
initiator tRNA binding could not be entirely excluded as the underlying cause of incomplete 
S20 30S occupancy with mRNA. Thus the stability of initiator tRNA binding was measured 
by its rate of dissociation from 30S pre-initiation complexes. The results demonstrated that 
dissociation of fMet-tRNAfMet occurred at the same rate for the mutant and wild-type. 
Hence, we could conclude that reduced initiator tRNA binding was a secondary, 
consequential effect of a primary impairment in mRNA binding (Tobin et al., 2010). 

 

 
 

Fig. 8. Activity of wild-type and S20-depleted 30S subunits in mRNA binding. (A) The 
rate of mRNA binding to the mutant 30S subunit is reduced by a factor of approximately 3.5. 
Upon reconstitution with purified S20 protein, this impairment is removed (insert). (B) 
Upon titration with mRNA, a considerable fraction of the mutant 30S subunits failed to 
associate with mRNA. (Tobin et al., 2010) 

4.5.3 Defective subunit association 

The kinetics of 50S association to wild-type and S20-depleted 30S subunits was also 
measured in a stopped-flow instrument using light scattering. This assay demonstrated that 
naked S20 30S subunits were severely impaired in association with wild-type 50S subunits 
and no improvement was observed when the 50S was added in excess (Figure 9A). 
However, a pronounced improvement (from ≤ 20% to  40%) in the association capacity of 
the mutant 30S was observed upon pre-incubation with mRNA, initiator tRNA and the 
initiation factors. Similar to the results of mRNA binding, subunit association was further 
improved upon extension of the S20 30S pre-incubation time with initiation components to 
40 minutes (Figure 9B) (Tobin et al., 2010). 

Comprehending a Molecular Conundrum: Functional Studies  
of Ribosomal Protein Mutants from Salmonella enterica Serovar Typhimurium 471 

 
Fig. 9. Kinetics of subunit association measured by light scattering. (A) In the absence of 
the initiation ligands and when the ratio of 30S to 50S is 1:1, very few mutant 70S complexes 
are formed (red circles) compared to wild-type (black squares). The addition of 5x more 50S 
to the reaction (wild-type, grey squares; S20, blue circles), did not increase 70S formation in 
the case of the mutant. (B) Association kinetics in the presence of mRNA, initiator tRNA, IF1 
and IF2 following pre-incubation for 10 minutes (wild-type, black squares; S20, red circles) 
and 40 minutes (S20, green circles). (Tobin et al., 2010) 

4.6 S20 is required for correct structural positioning of h44 

Defects in the rate and extent of mRNA binding, as well as the poor association capacity of 
S20-depleted 30S subunits are likely to account for the reduced rate of protein accumulation 
observed in vivo and the prolonged generation time of the S20 mutant. These impairments 
were puzzling as we could not reconcile them with the topographical location of S20 in 
mature 30S particles. The protein (Figure 10) is located at the base of the body of the 30S 
subunit, distal to the mRNA binding channel and subunit interface. However S20 has been 
shown to interact with helix 44 of the 16S rRNA during 30S assembly and in mature 30S 
particles (Brodersen et al., 2002; Dutca & Culver, 2008). High-resolution crystal structures 
have shown that this helix stretches across the entire length of the 30S body and forms part 
of the A- and P- sites where mRNA binding occurs (Schluenzen et al., 2000) and it also forms 
many bridging contacts with the 50S subunit (Selmer et al., 2006). Hence, upon removal of 
S20, h44 most likely adopts a suboptimal structural position that impairs the binding of 
mRNA and inhibits association with the 50S subunit (Tobin et al., 2010). Since prolonged 
incubation with the initiation components concealed these defects to some degree, it is likely 
that these 30S ligands promote a structural rearrangement of h44 that permits more stable 
binding of mRNA and facilitates docking of the 50S subunit. 

5. R-protein replacement mutants 
Besides the knowledge that can be gained regarding the essentiality and putative roles of r-
proteins by examining genetically defined deletion mutants, r-protein replacement studies 
offer a unique opportunity to ask some more general questions. Using lambda red 
recombineering, the ORFs of S20, L1 and L17 were replaced with both closely related and  
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the S20-depleted 30S subunits were completely inactive in the binding of mRNA (Figure 8B). 
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consequential effect of a primary impairment in mRNA binding (Tobin et al., 2010). 
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have shown that this helix stretches across the entire length of the 30S body and forms part 
of the A- and P- sites where mRNA binding occurs (Schluenzen et al., 2000) and it also forms 
many bridging contacts with the 50S subunit (Selmer et al., 2006). Hence, upon removal of 
S20, h44 most likely adopts a suboptimal structural position that impairs the binding of 
mRNA and inhibits association with the 50S subunit (Tobin et al., 2010). Since prolonged 
incubation with the initiation components concealed these defects to some degree, it is likely 
that these 30S ligands promote a structural rearrangement of h44 that permits more stable 
binding of mRNA and facilitates docking of the 50S subunit. 

5. R-protein replacement mutants 
Besides the knowledge that can be gained regarding the essentiality and putative roles of r-
proteins by examining genetically defined deletion mutants, r-protein replacement studies 
offer a unique opportunity to ask some more general questions. Using lambda red 
recombineering, the ORFs of S20, L1 and L17 were replaced with both closely related and  
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Fig. 10. Structure of the 30S subunit highlighting the proposed involvement of S20 in 
mRNA binding and subunit association. S20 (green ribbon) interacts with and possibly 
stabilizes h44 (red) in an orientation that is optimized for mRNA (orange; A-site, purple; P-
site, cyan) binding and interactions with the 50S subunit (bridges B2a, B3, B5 and B6 
depicted in yellow) (Tobin et al., 2010). All other rRNA and protein residues are depicted in 
grey. The image was created in PyMol (www.pymol.org) from the coordinates of the T. 
thermophilus 30S subunit (PDB ID 2J00) (Selmer et al., 2006). 

highly divergent orthologues on the chromosome of S. typhimurium (Lind et al., 2010). Such 
hybrid mutants address fundamental evolutionary questions regarding translational 
robustness and the plasticity of the bone fide ribosomal components. Highly sensitive fitness 
measurements were performed to directly examine the costs of replacement and to 
indirectly determine the functional capacity of hybrid ribosomes. In addition, compensatory 
evolution of replacement mutants with large fitness costs revealed a general mechanism for 
suppressing loss of functionality when a divergent protein is imported into the ribosome. 

5.1 Modest fitness costs upon r-protein replacement 

Considering the highly conserved nature of r-proteins and their involvement in one of the key 
processes of gene expression, their removal was expected to confer substantial reductions in 
cell fitness. The physiological effects of r-protein replacement however, was more difficult to 
predict, although it was reasonable to expect relatively weaker fitness costs, even if the non-
native protein lacked a high degree of homology to the host protein. The non-native 
replacement proteins ranged from close relatives, such as those from other proteobacteria E. 
coli and Klebsiella pneumoniae, to phylogenetically distant orthologues such as those from the 
eukaryote Saccharomyces cerevisiae and the archaeon Sulfolobus acidocaldarius (Lind et al., 2010). 
Exponential growth rates were measured in four different media where the doubling time of 
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the wild-type strain varied from 20 – 120 minutes and the growth rates of hybrid strains were 
expressed relative to this (Figure 11A showing L1 replacement mutants only). In the case of the 
S20 replacement mutants, all strains had higher fitness than the null mutant, irrespective of the 
growth medium used and even when amino acid identity fell to only 32%. Similarly, the 
fitness of the majority of L1 replacement mutants was only modestly reduced relative to wild-
type, although more substantial costs were evident when the amino acid identity of the 
homologue reached as low as 20-30% (Figure 11A). Since L17 is an essential r-protein, 
comparisons to a null mutant were not feasible, however, a substantial fitness reduction 
relative to the wild-type, was only observed when amino acid identity of the orthologue fell 
below 50%. Interestingly, higher fitness of certain L17 hybrid mutants relative to wild-type 
was also evident. A general trend that emerged was a reduction in relative fitness as 
phylogenetic distance increased, however the costs of replacement for the more homologous 
proteins were diminutive in comparison to the costs of removal. 

 
Fig. 11. Fitness costs associated with replacement of r-proteins. (A) Exponential growth 
rates of L1 replacement mutants in LB and minimal M9 medium with glucose, glycerol or 
acetate as carbon source. The growth rate of each mutant was normalized to that of a 
congenic wild-type strain in each respective medium (set to 1.0). (B) Selection coefficients 
associated with non-native S20, L1 and L17 r-proteins, estimated by means of pair-wise 
competitive growth with a congenic wild-type strain. Error bars in (A) and (B) represent 
standard error of the mean (SEM). 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 472 

 
Fig. 10. Structure of the 30S subunit highlighting the proposed involvement of S20 in 
mRNA binding and subunit association. S20 (green ribbon) interacts with and possibly 
stabilizes h44 (red) in an orientation that is optimized for mRNA (orange; A-site, purple; P-
site, cyan) binding and interactions with the 50S subunit (bridges B2a, B3, B5 and B6 
depicted in yellow) (Tobin et al., 2010). All other rRNA and protein residues are depicted in 
grey. The image was created in PyMol (www.pymol.org) from the coordinates of the T. 
thermophilus 30S subunit (PDB ID 2J00) (Selmer et al., 2006). 

highly divergent orthologues on the chromosome of S. typhimurium (Lind et al., 2010). Such 
hybrid mutants address fundamental evolutionary questions regarding translational 
robustness and the plasticity of the bone fide ribosomal components. Highly sensitive fitness 
measurements were performed to directly examine the costs of replacement and to 
indirectly determine the functional capacity of hybrid ribosomes. In addition, compensatory 
evolution of replacement mutants with large fitness costs revealed a general mechanism for 
suppressing loss of functionality when a divergent protein is imported into the ribosome. 

5.1 Modest fitness costs upon r-protein replacement 

Considering the highly conserved nature of r-proteins and their involvement in one of the key 
processes of gene expression, their removal was expected to confer substantial reductions in 
cell fitness. The physiological effects of r-protein replacement however, was more difficult to 
predict, although it was reasonable to expect relatively weaker fitness costs, even if the non-
native protein lacked a high degree of homology to the host protein. The non-native 
replacement proteins ranged from close relatives, such as those from other proteobacteria E. 
coli and Klebsiella pneumoniae, to phylogenetically distant orthologues such as those from the 
eukaryote Saccharomyces cerevisiae and the archaeon Sulfolobus acidocaldarius (Lind et al., 2010). 
Exponential growth rates were measured in four different media where the doubling time of 

Comprehending a Molecular Conundrum: Functional Studies  
of Ribosomal Protein Mutants from Salmonella enterica Serovar Typhimurium 473 

the wild-type strain varied from 20 – 120 minutes and the growth rates of hybrid strains were 
expressed relative to this (Figure 11A showing L1 replacement mutants only). In the case of the 
S20 replacement mutants, all strains had higher fitness than the null mutant, irrespective of the 
growth medium used and even when amino acid identity fell to only 32%. Similarly, the 
fitness of the majority of L1 replacement mutants was only modestly reduced relative to wild-
type, although more substantial costs were evident when the amino acid identity of the 
homologue reached as low as 20-30% (Figure 11A). Since L17 is an essential r-protein, 
comparisons to a null mutant were not feasible, however, a substantial fitness reduction 
relative to the wild-type, was only observed when amino acid identity of the orthologue fell 
below 50%. Interestingly, higher fitness of certain L17 hybrid mutants relative to wild-type 
was also evident. A general trend that emerged was a reduction in relative fitness as 
phylogenetic distance increased, however the costs of replacement for the more homologous 
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For those replacement mutants that displayed very small fitness costs as measured by 
exponential growth, pair-wise competition experiments were performed with the wild-type 
for a more sensitive estimate of the fitness costs (Lind et al., 2010). Using this method, we 
found that the majority of transfers were deleterious. In Figure 11B, the selection coefficient 
associated with each non-native protein is shown, which, in most cases, was less than or 
equal to -0.01, meaning that most of the imported genes conferred costs of 1% or less. 
Modelling was also performed to determine if such weak fitness costs represent an effective 
barrier for fixation of these proteins in nature via horizontal gene transfer. The results 
suggest that the fixation probability of such modestly counter-selected alleles is virtually nil 
in large natural populations of bacteria (Lind et al., 2010). 

5.2 High functional conservation of r-proteins  

Since the rate of bacterial growth is the product of the cellular ribosome concentration, times 
the rate of ribosome function (Bremer & Dennis, 1996), the fitness assays also provide an 
indirect measure of the translational capacity of the hybrid ribosomes. Given the generally 
larger fitness costs associated with complete loss of function in the null mutants, we were 
certain that the majority of non-native proteins improved fitness and thus appear to be at 
least semi-functional. Even though the replacement genes were often highly divergent in 
terms of base composition, codon usage and amino acid identity, overall, the fitness costs 
were relatively weak and significant reductions in fitness were only observed when the 
amino acid identity fell below 50% or so. So, although some of these proteins evolved in 
highly divergent organisms, they appear to function extraordinarily well in their non-native 
context. For example, L1 from Helicobacter pylori only shares 50% amino acid identity with 
the native S. typhimurium protein; the cost of replacement, however, is extremely small 
(approximately 1%). This clearly demonstrates the robustness of the ribosome and protein 
synthesis in general, and it also suggests that functional constraints are highly conserved 
between these proteins. 

5.3 Increased dosage rescues suboptimal r-proteins 

Those replacement mutants that harboured fitness costs of 10% or greater were subject to 
compensatory evolution to determine if and by what mechanisms fitness compensation 
could be achieved. After between 40 – 250 generations of growth, the S20 mutant (carrying 
the H. influenzae orthologue) and the L1 mutant (carrying the S. cerevisiae orthologue) 
showed increased fitness and were examined for an increase in the copy number of the non-
native gene by Southern hybridization (Lind et al., 2010). Indeed, a two- to three-fold 
increase was detected in some of the lineages and corresponded to increased expression of 
the orthologous protein when Western blots were performed. To verify that overproduction 
of the non-native protein constitutes a general mechanism of fitness compensation, the 
orthologous proteins were expressed from an inducible high-copy number plasmid and 
fitness was measured. Exponential growth rates confirmed that for the majority of 
replacement mutants, increased dosage of the non-native protein conferred higher fitness 
(Figure 12). Thus, insufficient expression of the divergent protein (possibly due to unstable 
mRNA/protein), or a requirement for more of the protein to restore proper ribosome 
function and/or assembly, are two likely scenarios that could be at least partially 
accountable for the fitness costs of r-protein replacement. Such imbalances in the 
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stoichiometry of interacting cellular components has previously been suggested to confer 
deleterious effects (Papp et al., 2003).  

 
Fig. 12. Growth compensation of r-protein replacement mutants via increased dosage of 
the non-native protein. Exponential growth rates of mutants harbouring the arabinose 
inducible, high-copy number plasmid with (+) and without (-) the non-native gene. 
Abbreviations for divergent proteins from each respective species are the same as in Figure 
11. Error bars represent SEM. 

6. Concluding remarks and future perspectives 
The ability to ascribe discrete functional roles to distinct components of the ribosome is 
essential to improve our understanding of how translation works and is a vital step towards 
furthering our knowledge of how this magnificent machine has evolved to the complex 
structure we see today in modern cells. The most fundamental aspect of the studies 
described herein, is directed towards resolving ribosome complexity to some degree in 
terms of the selective contributions made by certain r-proteins. The major tasks of the 
ribosome are RNA-mediated; however, the results of this study highlight the importance of 
the r-proteins for optimal function. Upon loss of either S20 or L1, we see that the cell is 
indeed viable; however, the substantial reductions in fitness reflect the requirement of the 
proteins for maintenance of proper ribosome function. In the case of both deletion mutants, 
the impairments in function appear to stem from perturbations in the higher order structure 
of the rRNA, suggesting, that both L1 and S20 are important in stabilizing the overall 
morphology of the subunits. Upon loss of S20, mRNA binding is severely impaired and 
association of the mutant 30S species with 50S subunits is drastically reduced. Both of these 
defects appear to occur as secondary effects caused by a primary disturbance in 16S rRNA 
structure; namely, distortion of the penultimate helix, h44. Similarly, in the absence of L1, an 
excess of free 50S subunits is formed in the cell, likely due to subunit misassembly in an L1-
depleted environment. Moreover, the majority of compensatory mutations selected as a 
response to L1 removal were mapped to other r-proteins dispersed at various sites of the 
small and large subunit, suggesting that they may amend the structural perturbations to 
some degree. The variation in the topographical distribution of the compensatory mutations 
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also highlights the high degree of co-operativity inherent to the ribosome. Thus, in both cases, 
it seems that loss of the protein indirectly perturbs protein synthesis via alterations in the 
overall morphology of the ribosome. Perhaps this is not altogether surprising, considering that 
both proteins are primary rRNA binders and are thus considered particularly important for 
initiating global folding of the major rRNA domains. One major strength and unique feature of 
the studies described herein, is our attempt to explain the observed fitness costs in terms of the 
costs to ribosome function detected by our in vitro system. Unfortunately, very few studies 
have attempted to bridge the crucial gap between both sets of data. This is a considerable 
challenge, given the inherent complexity of the ribosome and the enormous level of co-
operativity within the structure itself and at the cellular level. It is, however, an essential step 
towards capturing a complete picture of the mechanism of translation. 

In contrast to the substantial costs conferred by r-protein removal, in general, replacement of 
such proteins with orthologous counterparts from other species had only modest deleterious 
effects on fitness. This finding implies that the non-native proteins are capable of 
functioning in their new environment, despite having evolved in divergent species, clearly 
demonstrating the plasticity and robustness of the translation apparatus. This may suggest 
conservation in the overall shape of the proteins or at least those residues that interact with 
the target sites of the ribosome, akin to structural mimics of the native proteins. Overall the 
results emphasize the superiority of functional requirement over conservation of the 
primary sequence of amino acids, lending support to the suggestion that the major function 
of the r-proteins is to maintain the structural integrity of the ribosome.  

Future work in this area should concentrate on studies designed to delineate the specific 
roles of other r-proteins during translation. With a large array of approximately fifty 
proteins, the task is challenging. However, recent advances in genetic engineering has 
allowed us to construct precise deletions of various r-proteins, and the replacement 
approach offers a new avenue for dissecting the roles of essential proteins. By examining the 
function of hybrid ribosomes in vitro, distinct steps of the translation cycle can be evaluated 
and the contributions made by essential r-proteins could be exposed. The findings of these 
studies also highlight the usefulness of compensatory evolution in terms of revealing 
otherwise concealed cooperative mechanisms for partially restoring ribosome function. 
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1. Introduction 
Salmonella has been associated with some of the most devastating foodborne outbreaks in 
recent history. Salmonella outbreaks have been linked to a variety of foods including produce 
[Alfalfa Sprouts- 2009, 2010, 2011; pistachios-2009; cantaloupes-2008, 2011 etc.], processed 
foods [peanuts – 2009], and prepared foods [turkey burgers- 2011, Banquet Pot Pies – 2007]. 
The contamination of commercial shell eggs with Salmonella Enteriditis in 2010 led to the 
recall of over a half a billion eggs, and the contamination of peanut-containing products 
with Salmonella Typhimurium in 2008-2009 led to one of the largest recalls in U.S. history 
with over 3,900 products being recalled. The Peanut Corporation of America, responsible for 
the Salmonella outbreak in peanuts, was forced into bankruptcy. Multiple lawsuits were filed 
against Wright County Egg and Hillandale Farms responsible for the Salmonella outbreak in 
eggs. Despite their own internal testing which showed Salmonella contamination, these 
facilities still shipped product. The 2008 outbreak of Salmonella in jalapeno peppers resulted 
in 1442 persons infected with Salmonella Saintpaul across 43 states, the District of Columbia, 
and Canada. Unfortunately, the tomato industry was implicated early in the investigation, 
which resulted in economic losses to the tomato industry in hundreds of millions of dollars. 
Because Salmonella is widespread in the environment (in such places as chicken houses), 
vegetable plants and animals (as well as meat samples, eggs etc.), rapid, reliable, and 
validated pathogen detection methods are needed for use in production facilities, public 
health labs, as well as in the regulatory and monitoring agencies. To provide comprehensive 
rapid food testing solutions, all components of a pathogen detection system should be 
addressed: sample preparation, detection and data analysis. 

Fluorescent quantitative real-time PCR is the most sensitive method for detection, 
monitoring and measurement of pathogen levels. The method also can be used for strain 
identification based on single-nucleotide polymorphism detection. A key element in 
designing PCR assays is an algorithm to select primers and probes because they define 
accuracy – specificity and inclusivity of the PCR tests. The ability to design highly specific 
assays becomes easier as the number of bacterial genomes added to the public domain 
increases. 

There are a number of sample preparation methods available that are fast and easy for PCR-
based pathogen detection using both low throughput (manual) and high throughput 
(automated) methods. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 480 

functionally activated small ribosomal subunit at 3.3 angstroms resolution. Cell, 
Vol. 102, No. 5, pp. 615-623 

Selmer, M., Dunham, C. M., Murphy, F. V. t., Weixlbaumer, A., Petry, S., Kelley, A. C., Weir, 
J. R. and Ramakrishnan, V. (2006). Structure of the 70S ribosome complexed with 
mRNA and tRNA. Science, Vol. 313, No. 5795, pp. 1935-1942 

Sharan, S. K., Thomason, L. C., Kuznetsov, S. G. and Court, D. L. (2009). Recombineering: a 
homologous recombination-based method of genetic engineering. Nat Protoc, Vol. 
4, No. 2, pp. 206-223 

Subramanian, A. R. and Dabbs, E. R. (1980). Functional studies on ribosomes lacking protein 
L1 from mutant Escherichia coli. Eur J Biochem, Vol. 112, No. 2, pp. 425-430 

Tobin, C., Mandava, C. S., Ehrenberg, M., Andersson, D. I. and Sanyal, S. (2010). Ribosomes 
lacking protein S20 are defective in mRNA binding and subunit association. J Mol 
Biol, Vol. 397, No. 3, pp. 767-776 

Trabuco, L. G., Schreiner, E., Eargle, J., Cornish, P., Ha, T., Luthey-Schulten, Z. and Schulten, 
K. (2010). The role of L1 stalk-tRNA interaction in the ribosome elongation cycle. J 
Mol Biol, Vol. 402, No. 4, pp. 741-760 

Tubulekas, I., Buckingham, R. H. and Hughes, D. (1991). Mutant ribosomes can generate 
dominant kirromycin resistance. J Bacteriol, Vol. 173, No. 12, pp. 3635-3643 

Uchiumi, T., Honma, S., Nomura, T., Dabbs, E. R. and Hachimori, A. (2002). Translation 
elongation by a hybrid ribosome in which proteins at the GTPase center of the 
Escherichia coli ribosome are replaced with rat counterparts. J Biol Chem, Vol. 277, 
No. 6, pp. 3857-3862 

Valle, M., Zavialov, A., Sengupta, J., Rawat, U., Ehrenberg, M. and Frank, J. (2003). Locking 
and unlocking of ribosomal motions. Cell, Vol. 114, No. 1, pp. 123-134 

Weglohner, W., Junemann, R., von Knoblauch, K. and Subramanian, A. R. (1997). Different 
consequences of incorporating chloroplast ribosomal proteins L12 and S18 into the 
bacterial ribosomes of Escherichia coli. Eur J Biochem, Vol. 249, No. 2, pp. 383-392 

Wild, D. G. (1988). Reversion from erythromycin dependence in Escherichia coli: strains 
altered in ribosomal sub-unit association and ribosome assembly. J Gen Microbiol, 
Vol. 134, No. 5, pp. 1251-1263 

Williamson, J. R. (2009). The ribosome at atomic resolution. Cell, Vol. 139, No. 6, pp. 1041-
1043 

Wilson, D. N. and Nierhaus, K. H. (2005). Ribosomal proteins in the spotlight. Crit Rev 
Biochem Mol Biol, Vol. 40, No. 5, pp. 243-267 

Wilson, D. N. and Nierhaus, K. H. (2006). The E-site story: the importance of maintaining 
two tRNAs on the ribosome during protein synthesis. Cell Mol Life Sci, Vol. 63, No. 
23, pp. 2725-2737 

Wimberly, B. T., Brodersen, D. E., Clemons, W. M., Jr., Morgan-Warren, R. J., Carter, A. P., 
Vonrhein, C., Hartsch, T. and Ramakrishnan, V. (2000). Structure of the 30S 
ribosomal subunit. Nature, Vol. 407, No. 6802, pp. 327-339 

Wower, I. K., Wower, J. and Zimmermann, R. A. (1998). Ribosomal protein L27 participates 
in both 50 S subunit assembly and the peptidyl transferase reaction. J Biol Chem, 
Vol. 273, No. 31, pp. 19847-19852 

Yusupov, M. M., Yusupova, G. Z., Baucom, A., Lieberman, K., Earnest, T. N., Cate, J. H. and 
Noller, H. F. (2001). Crystal structure of the ribosome at 5.5 A resolution. Science, 
Vol. 292, No. 5518, pp. 883-896 

 

23 

Molecular Technologies for  
Salmonella Detection 

Robert S. Tebbs, Lily Y. Wong, Pius Brzoska and Olga V. Petrauskene 
Life Technologies, Foster City, CA 

USA 

1. Introduction 
Salmonella has been associated with some of the most devastating foodborne outbreaks in 
recent history. Salmonella outbreaks have been linked to a variety of foods including produce 
[Alfalfa Sprouts- 2009, 2010, 2011; pistachios-2009; cantaloupes-2008, 2011 etc.], processed 
foods [peanuts – 2009], and prepared foods [turkey burgers- 2011, Banquet Pot Pies – 2007]. 
The contamination of commercial shell eggs with Salmonella Enteriditis in 2010 led to the 
recall of over a half a billion eggs, and the contamination of peanut-containing products 
with Salmonella Typhimurium in 2008-2009 led to one of the largest recalls in U.S. history 
with over 3,900 products being recalled. The Peanut Corporation of America, responsible for 
the Salmonella outbreak in peanuts, was forced into bankruptcy. Multiple lawsuits were filed 
against Wright County Egg and Hillandale Farms responsible for the Salmonella outbreak in 
eggs. Despite their own internal testing which showed Salmonella contamination, these 
facilities still shipped product. The 2008 outbreak of Salmonella in jalapeno peppers resulted 
in 1442 persons infected with Salmonella Saintpaul across 43 states, the District of Columbia, 
and Canada. Unfortunately, the tomato industry was implicated early in the investigation, 
which resulted in economic losses to the tomato industry in hundreds of millions of dollars. 
Because Salmonella is widespread in the environment (in such places as chicken houses), 
vegetable plants and animals (as well as meat samples, eggs etc.), rapid, reliable, and 
validated pathogen detection methods are needed for use in production facilities, public 
health labs, as well as in the regulatory and monitoring agencies. To provide comprehensive 
rapid food testing solutions, all components of a pathogen detection system should be 
addressed: sample preparation, detection and data analysis. 

Fluorescent quantitative real-time PCR is the most sensitive method for detection, 
monitoring and measurement of pathogen levels. The method also can be used for strain 
identification based on single-nucleotide polymorphism detection. A key element in 
designing PCR assays is an algorithm to select primers and probes because they define 
accuracy – specificity and inclusivity of the PCR tests. The ability to design highly specific 
assays becomes easier as the number of bacterial genomes added to the public domain 
increases. 

There are a number of sample preparation methods available that are fast and easy for PCR-
based pathogen detection using both low throughput (manual) and high throughput 
(automated) methods. 
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A multiplex (multi-color) real-time PCR analysis, if designed correctly, provides 
simultaneous and specific detection of a number of pathogens in the same reaction and can 
save time and money. In addition to multiplexing, other technologies improve operator 
experience such as lyophilized configuration and fast cycling format.  

Effective data analysis software can significantly improve test workflow as well as accuracy 
of the presence or absence calls. Software packages can simplify analysis by displaying 
results graphically to make the system fail-proof even for novice users. 

To further characterize detected Salmonella species, isolates can be sequenced using modern 
whole genome sequencing platforms.  

2. Genetic methods complement biochemical and phenotypic analyses 
Salmonella serotypes are classified by the Kauffmann-White-Schema which is maintained by 
the WHO and the Collaborating Center for Reference and Research at Institute Pasteur. 
There are only two species Salmonella enterica, which is associated with human infections, 
and Salmonella bongori, which is mainly found in lizards. This schema was based mainly on 
DNA analysis and bonified by the judiciary of bacterial nomenclature (Center for Disease 
Control, 2004). Under the schema, there are six subspecies. The serotypes are I: Salmonella 
enterica subsp enterica, II: Salmonella enterica subsp. Salamae, III: Salmonella enterica subsp. 
Arizonae, IIIb Salmonella enterica subsp. Diarizonae, IV: Salmonella enterica subsp. Houtenae 
and VI Salmonella enterica susp. Indica. Salmonella serotyping is traditionally based on 
immunoreactive antibodies against the O and H antigens. Different classification schemes 
based on phylogenetic analyses of 16S and housekeeping genes have been proposed (Boyd 
et al., 1996; Tindall, 2005). 

Classification of bacteria is traditionally based on immunogenic and metabolic behavior. 
Analysis of bacterial genomes however led to reclassification and debates on the 
taxonomical classification. For example, Pupo et al. (2000) studied the phylogenetic relations 
of several housekeeping genes and the O-antigen of species of the genus Shigella and 
concluded that several species of Shigella are clusters of Escherichia coli. 

The nomenclature change in Salmonella was subsequently supported by genomic evidence 
as well. McQuiston et al. (2008) showed that a set of four housekeeping genes supports 
the Salmonella classification, and microarray analysis of the gene homologues in Salmonella 
result in a similar grouping (Porwollik et al., 2002). More recently, whole genome 
sequencing of Enterobacter sakazakii isolates revealed that this group is phylogenetically 
different from other Enterobacter species and was renamed to Cronobacter sakazakii (Iversen 
et al., 2008). The breakout of Cronobacter was supported by biochemical and microarray 
analyses (Healy et al., 2009). 

Since the completion of the first bacterial genome of Hemophilus influenza in 1995 
(Fleischmann et al., 1995), more than 1000 bacterial genomes have been completely 
sequenced. Currently, 21 serovars of Salmonella enterica subsp. enterica have been 
sequenced as well as Salmonella bongori. Many shotgun sequencing projects are still in 
progress, and the number of genomes will continue to increase. New metrics for 
taxonomical evaluation based on complete genomes have been proposed (Kunin et al., 
2005). Complete genomic information does not change the phylogeny based on 16S and 
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MLST substantially (Coenye & Vandamme, 2003), but it allows the study of specific genes 
present and absent across phylogenetic groups. 

3. Sample preparation for real-time PCR detection of Salmonella 
The successful detection of pathogenic organisms by genetic methods requires microbial 
lysis to release nucleic acids and efficient removal of inhibitors. Sample preparation can also 
serve to concentrate nucleic acids for improved sensitivity. Food and environmental 
samples create unique challenges for sample preparation due to the heterogeneous nature of 
the different matrices. The method used must account for the type and amount of organism 
to be lysed, the sample matrix, and the user’s needs and limitations (cost, ease-of-use, time-
to-results, sample throughput and capacity, and multi-functionality). 

Samples that contains inhibitory compounds can lead to partial or complete inhibition of 
PCR. Food and culture media both contain components that can inhibit PCR (Rosen et al., 
1992; Andersen & Omiecinski, 1992; Atmar et al., 1993; Demeke & Adams, 1992; Lofstrom 
et al., 2004) (for a review, see Wilson, 1997). PCR inhibitors originating from the food 
samples include humic acid from soil (Tsai & Olson, 1992a; Tsai & Olson, 1992b), proteins 
and aminoglycans from animal samples such as hemoglobin, lactoferrin and heparin (Al-
Soud & Radstrom, 2001), polysaccharides from plant material (Demeke & Adams, 1992; 
Monteiro et al., 1997), melanin from hair and skin (Eckhart et al., 2000), etc. Media 
including modified Rappaport broth and phosphate buffered saline can inhibit PCR 
(Rossen et al., 1992). PCR can also be inhibited by contaminants from the nucleic acid 
extraction phase including ionic detergents (Weyant et al., 1990), phenol, ethanol, 
proteinase K, guanidinium, and salts (Al-Soud & Radstrom, 2001). 

The control of PCR inhibition can be addressed on several fronts. Inhibitory effects can be 
minimized by optimizing the PCR mix. Bovine serum albumin (BSA) was shown to reduce 
PCR inhibition by humic acid (McGregor et al., 1996) and hemoglobin (Al-Soud & 
Radstrom, 2001), possibly through direct interaction with the inhibitory components such 
that they cannot interfere with PCR amplification. The single-stranded DNA binding protein 
from bacteriophage T4 (gp32) also reduced PCR inhibition caused by hemoglobin (Al-Soud 
& Radstrom, 2001). The addition of Tween® 20 or DMSO reversed PCR inhibition from low 
concentrations of the polysaccharides dextran sulfate and gum ghatti (Demeke & Adams, 
1992). Inhibitors that affect polymerase activity can be partially mitigated by increasing the 
polymerase concentration. PCR kit manufacturers often develop proprietary formulations to 
optimize PCR through design of experiment (DOE) studies. For example, Environmental 
Master Mix version 2 (EMMv2) was developed by Applied Biosystems specifically for 
complex samples containing potential inhibitory components (Figure 1). PCR inhibition can 
be monitored using an internal positive control (IPC) (Tebbs et al., 2010). Samples that show 
no amplification of target and IPC either contain inhibitors or the PCR reaction was 
improperly prepared. Technical errors are greatly minimized with new lyophilized 
formulations that only require the addition of sample. Amplification of the internal control 
gives confidence that a negative result is not due to inhibition. A simple mitigation to 
inhibited samples is dilution (Tsai & Olson, 1992a; Tsai & Olson, 1992b). For samples in 
which the target DNA is not the limiting factor, inhibitors can be diluted below their 
effective threshold to allow for PCR amplification. In addition, efficient DNA extraction 
following bacterial enrichment removes PCR inhibitors and improves accurate detection. 
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MLST substantially (Coenye & Vandamme, 2003), but it allows the study of specific genes 
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Fig. 1. Real-time PCR Master Mixes can mitigate PCR inhibition. (A) Environmental Master 
Mix version 2 shows detection of Salmonella DNA in the presence of 3.75 ng and 15.0 ng of 
humic acid. (B) Master mix from another source shows complete inhibition in the presence 
of the same amount of humic acid. Real-time PCR was performed on the 7500Fast 
instrument.  

Food borne pathogens are usually present in small quantities in food and therefore require 
enrichment to detect their presence. The United States requires testing for selected 
pathogens in the nation’s food supply. This is true for Salmonella species in foods such as 
ready-to-eat products and whole shell eggs. A standard practice for screening food for 
regulated pathogens is to mix 25 grams of food with 225 mL of broth (1:9 food to broth 
ratio). Reference methods are based on traditional culture procedures and typically use a 2-
step enrichment procedure, first in non-selective broth (pre-enrichment) and second in 
selective broth, prior to biochemical and serological characterization. These protocols are 
designed to detect down to a single viable organism. The pre-enrichment step allows 
recovery of injured or otherwise weakened Salmonella, whereas selective enrichment favors 
growth of Salmonella over background flora that competes with Salmonella for available 
nutrients. The U.S. FDA Bacteriological Analytical Manual (BAM) for Salmonella pre-enriches 
in different broths depending on the food matrix (typically lactose broth or tryptic soy 
broth), followed by selective enrichment in Rappaport-Vassiliadis (RV) medium and 
tetrathionate (TT) broth (Andrews & Hammack, 2011). Pre-enrichment is for 24 ± 2 h at 
35°C, and selective enrichment is for 24 ± 2 h at 42°C for RV and 35°C (food with low 
microbial load) or 43°C (food with high microbial load) for TT. The U.S. FDA protocol for 
sampling and detecting Salmonella in poultry houses pre-enriches environmental samples in 
buffered peptone water (24 ± 2 h at 35°C) and then selectively enriches in RV (24 ± 2 h at 
42°C) and TT (24 ± 2 h at 43°C) (Food and Drug Administration, 2008). The International 
Organization for Standardization (ISO) reference method for the detection of Salmonella in 
food (ISO 6579:2002(E)) recommends pre-enrichment in buffered peptone water (other 
broths are necessary for some food types) for 18 ± 2 h at 37°C followed by selective 
enrichment in Rappaport-Vassiliadis medium with soya (RVS broth) for 24 ± 3 h at 41.5°C 
and Muller-Kauffman tetrathionate/novobiocin broth (MKTTn broth) for 24 ± 3 h at 37°C 
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(ISO 6579:2002 [E]). The enrichment time alone for these traditional culture methods totals 2 
days. Following enrichment, the samples are plated to selective agar plates for 24-48 h 
growth and then transferred to slants for another 24 h growth. Presumptive detection of 
Salmonella is determined in 4 to 5 days (BS plates are left for 48 ± 2 h for BAM method). 

Food producers desire faster time-to-results since it provides great cost benefits. The Food 
and Safety Inspection Service (FSIS) requests all meat and poultry products be held by 
producers until test result indicate no pathogen is present. The FSIS recently proposed new 
regulations requiring test results be received before meat and poultry can be shipped, the so 
called “Test-and Hold” policy (Department of Agriculture, 2011). To the producer, storing 
product is not only costly but also shortens the product shelf life. 

Rapid methods can shorten time-to-results to less than 24 h for Salmonella. To be adopted by 
the food industry, new methods must undergo AOAC validation to demonstrate 
equivalency to reference culture methods. The AOAC developed the Performance Tested 
MethodsSM (PTM) program for the purpose of certifying commercial test kits (AOAC 
Research Institute website). Even with AOAC validation demonstrating equivalency, the 
FDA BAM considers positive results from rapid methods to be presumptive that must either 
be confirmed by culture or accepted as true positive (negative samples are accepted as true 
negative). Rapid methods are fast because detection is immediate, but also because 
enrichment requirements are usually shorter. Most PCR methods only require a single-step 
enrichment to demonstrate equivalency to reference standards. Well designed PCR assays 
can detect a single genomic copy of Salmonella and thus the limit of detection for PCR is 
largely determined by sample preparation. 

Multiple methods have been used to lyse pathogens including physical, chemical and 
enzymatic, or combinations of the three (Table 1). Common physical methods include 
temperature (freeze/thaw or heat), bead-beating, and sonication. Freeze/thaw lysis is a 
traditional method in which the cellular suspension is transferred between freezing and 
warm conditions, for example between a dry ice-ethanol bath and a 37°C water bath. During 
the freeze cycle ice crystals cause cells to expand and rupture. Multiple freeze/thaw cycles 
are required for efficient lysis which makes the procedure rather lengthy and is usually only 
associated with “home brew” methods. Microbial cells can also be lysed by heating at 95°C 
to 100°C. The lysis efficiency of heat is dependent on the microorganism, but is generally 
poor. Heat is often combined with chemical and/or enzymatic treatment to increase the 
lysis efficiency which is discussed later. If enzymatic treatment is used, then the heat step 
serves two functions, it can break open cells and inactivate enzymatic activity. Protease is 
common for bacterial lysis and if used must be inactivated before adding sample to a PCR 
mix since proteases will destroy DNA polymerase. Sonication uses high frequency sound 
waves to create localized regions of low pressure resulting in micro bubbles that rapidly 
form and implode, ultimately breaking open cells. Bead-beating is another physical method 
used for breaking open cells. Typically an equal volume of silica or zirconium beads 
(approximately 0.1 mm diameter) are combined with a sample and mixed on a laboratory 
vortex. Lysis is complete in 3-5 minutes. Bead-beating has a tendency to generate foam 
which can be controlled by using anti-foam agents. Bead-beating and sonication can result 
in greatly fragmented, low molecular weight nucleic acids. However, fragmentation is of 
minor concern for real-time PCR since assays are designed to amplify small fragments of 
typically less than 100 base pairs. 
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selective broth, prior to biochemical and serological characterization. These protocols are 
designed to detect down to a single viable organism. The pre-enrichment step allows 
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growth of Salmonella over background flora that competes with Salmonella for available 
nutrients. The U.S. FDA Bacteriological Analytical Manual (BAM) for Salmonella pre-enriches 
in different broths depending on the food matrix (typically lactose broth or tryptic soy 
broth), followed by selective enrichment in Rappaport-Vassiliadis (RV) medium and 
tetrathionate (TT) broth (Andrews & Hammack, 2011). Pre-enrichment is for 24 ± 2 h at 
35°C, and selective enrichment is for 24 ± 2 h at 42°C for RV and 35°C (food with low 
microbial load) or 43°C (food with high microbial load) for TT. The U.S. FDA protocol for 
sampling and detecting Salmonella in poultry houses pre-enriches environmental samples in 
buffered peptone water (24 ± 2 h at 35°C) and then selectively enriches in RV (24 ± 2 h at 
42°C) and TT (24 ± 2 h at 43°C) (Food and Drug Administration, 2008). The International 
Organization for Standardization (ISO) reference method for the detection of Salmonella in 
food (ISO 6579:2002(E)) recommends pre-enrichment in buffered peptone water (other 
broths are necessary for some food types) for 18 ± 2 h at 37°C followed by selective 
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(ISO 6579:2002 [E]). The enrichment time alone for these traditional culture methods totals 2 
days. Following enrichment, the samples are plated to selective agar plates for 24-48 h 
growth and then transferred to slants for another 24 h growth. Presumptive detection of 
Salmonella is determined in 4 to 5 days (BS plates are left for 48 ± 2 h for BAM method). 

Food producers desire faster time-to-results since it provides great cost benefits. The Food 
and Safety Inspection Service (FSIS) requests all meat and poultry products be held by 
producers until test result indicate no pathogen is present. The FSIS recently proposed new 
regulations requiring test results be received before meat and poultry can be shipped, the so 
called “Test-and Hold” policy (Department of Agriculture, 2011). To the producer, storing 
product is not only costly but also shortens the product shelf life. 

Rapid methods can shorten time-to-results to less than 24 h for Salmonella. To be adopted by 
the food industry, new methods must undergo AOAC validation to demonstrate 
equivalency to reference culture methods. The AOAC developed the Performance Tested 
MethodsSM (PTM) program for the purpose of certifying commercial test kits (AOAC 
Research Institute website). Even with AOAC validation demonstrating equivalency, the 
FDA BAM considers positive results from rapid methods to be presumptive that must either 
be confirmed by culture or accepted as true positive (negative samples are accepted as true 
negative). Rapid methods are fast because detection is immediate, but also because 
enrichment requirements are usually shorter. Most PCR methods only require a single-step 
enrichment to demonstrate equivalency to reference standards. Well designed PCR assays 
can detect a single genomic copy of Salmonella and thus the limit of detection for PCR is 
largely determined by sample preparation. 

Multiple methods have been used to lyse pathogens including physical, chemical and 
enzymatic, or combinations of the three (Table 1). Common physical methods include 
temperature (freeze/thaw or heat), bead-beating, and sonication. Freeze/thaw lysis is a 
traditional method in which the cellular suspension is transferred between freezing and 
warm conditions, for example between a dry ice-ethanol bath and a 37°C water bath. During 
the freeze cycle ice crystals cause cells to expand and rupture. Multiple freeze/thaw cycles 
are required for efficient lysis which makes the procedure rather lengthy and is usually only 
associated with “home brew” methods. Microbial cells can also be lysed by heating at 95°C 
to 100°C. The lysis efficiency of heat is dependent on the microorganism, but is generally 
poor. Heat is often combined with chemical and/or enzymatic treatment to increase the 
lysis efficiency which is discussed later. If enzymatic treatment is used, then the heat step 
serves two functions, it can break open cells and inactivate enzymatic activity. Protease is 
common for bacterial lysis and if used must be inactivated before adding sample to a PCR 
mix since proteases will destroy DNA polymerase. Sonication uses high frequency sound 
waves to create localized regions of low pressure resulting in micro bubbles that rapidly 
form and implode, ultimately breaking open cells. Bead-beating is another physical method 
used for breaking open cells. Typically an equal volume of silica or zirconium beads 
(approximately 0.1 mm diameter) are combined with a sample and mixed on a laboratory 
vortex. Lysis is complete in 3-5 minutes. Bead-beating has a tendency to generate foam 
which can be controlled by using anti-foam agents. Bead-beating and sonication can result 
in greatly fragmented, low molecular weight nucleic acids. However, fragmentation is of 
minor concern for real-time PCR since assays are designed to amplify small fragments of 
typically less than 100 base pairs. 
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Lysis Method Category Product Notes Test Kit Name Manufacturer 

Bead-Beating/ 
Chemical/Filter Manual DNA  

IT 1-2-3TM 
Sample 
Purification Kits 

Idaho 
Technology 

Chemical  Automated Lysate DNA 
Hybridization

GeneQuence® 
Salmonella Neogen 

Chemical/ 
Enzyme/ 
Heat 

Simple 
high 
throughput

Lysate 
2-step enrich 
(except meat 
and poultry) 

BAX® System 
PCR Assay 
Salmonella 

DuPont 
Qualicon 

Chemical/Heat Simple Lysate  
PrepSEQ® Rapid 
Spin Sample 
Preparation Kit 

Life 
Technologies 

Chemical/Heat Simple Lysate 2-step enrich Foodproof® 
ShortPrep I Kit 

BIOTECON 
Diagnostics 

Chemical/Heat Simple Lysate  
iQ-Check 
Salmonlla II Easy 
Extraction I 

Bio-Rad 

Chemical/Heat 
Simple 
high 
throughput

Lysate 
96-well 
Deepwell 
centrifugation

iQ-Check® 
Salmonella II 
Deepwell 
protocol 

Bio-Rad 

Chemical/Heat/
Magnetic beads Automated DNA  

Foodproof® 
Magnetic 
Preparation Kit I

BIOTECON 
Diagnostics 

Chemical/Heat/
Magnetic beads 

Semi-
automated

DNA/ 
RNA  

PrepSEQ® 
Nucleic Acid 
Extraction Kit 

Life 
Technologies 

Chemical/Heat/ 
Filter Manual DNA  

Foodproof® 
Sample 
Preparation Kit 

BIOTECON 
Diagnostics 

Chemical/Heat/ 
Filter Manual DNA  Biotest MMB 

Prep Salmonella Biotest AG 

Chemical/Heat/ 
Filter Manual DNA  SureFood® Prep 

Salmonella 
Congen 
Biotechnologie 

Sonication/Heat Automated DNA  GeneDisc® 
Salmonella  Pall Corp. 

 

Table 1. Sample preparation kits for detecting Salmonella by genetic methods. The kits 
included were chosen from the AOAC Research Institute online website of Performance 
Tested MethodsSM Validated for detection of Salmonella using genetic methods 
(http://www.aoac.org/testkits/testedmethods.html). Details for sample preparation were 
obtained from readily available information from company websites and might not be part 
of the AOAC approved workflow. AES and BioControl have AOAC validation for real-time 
PCR detection of Salmonella, but were omitted from the current list since details of their 
sample preparation methods were not available on their website.  
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Many chemicals have been used in cell lysis. The most common chemicals are detergents. 
Detergents disrupt the lipid bilayer surrounding cells. There are many types of detergents of 
varying strengths. Ionic detergents such as sodium dodecyl sulfate (SDS) are stronger than 
nonionic or zwitterionic detergents and are often employed for microbial lysis to extract 
DNA. In addition to disrupting lipids, SDS has the advantage of denaturing proteins, 
including DNAse and RNAse, and thus protecting nucleic acid during extraction. Because 
detergents cannot lyse cell walls, bacteria are often pre-treated with enzymes (proteases or 
lysozyme) before addition of detergent. Chaotropic salts are also commonly used for 
bacterial lysis. Guanidinium thocyanate and guanidinium chloride lyse cell membranes by 
denaturing proteins. Chemicals used in bacterial lysis are by nature hazardous and must be 
disposed of as hazardous waste. 

The use of magnetic particles for sample preparation has increased in recent years. 
Imunomagnetic separation (IMS) uses metal beads coated with antibodies specific to the 
target microbe of interest. A magnet can then be used to attract the bead containing the 
target microbe. The beads can be washed, and the presence of the target organism can be 
determined by plating onto selective agar, PCR, or other detection methods. Another 
solution is to use solid phase capture in which antibodies are linked to a solid support. The 
target microbe can be captured as sample passes across the support. For example, antibodies 
linked to a pipette tip can capture the target organism by collecting sample with a pipetting 
device. In theory, the target analyte binds while unwanted material passes through. The 
analyte can be further purified through a series of wash steps. In practice, antibodies 
typically show background capture of non-target organisms (Fratamico et al., 2011), and 
therefore the use of IMS is often combined with a detection method such as PCR or 
biochemical characterization. Furthermore, the sample matrix (i.e. high fat content) can 
affect binding of an antibody to its antigenic substrate (Bosilevac et al., 2010; Fitzmaurice, 
2006). Both false positive and false negative results have been reported for antibody-based 
methods. Both immunomagnetic beads and solid support systems have been used in 
combination with antibodies or phage-binder proteins to capture microbes. Phage-binder 
proteins are the proteins responsible for phage binding to host bacteria and are very host 
specific. Both technologies (beads and solid support) have also been used to capture nucleic 
acids from microbial lysates. Metal beads coated with silica and glass fiber filters are 
commonly used to capture nucleic acids. DNA binds under conditions of salt and high 
alcohol, and is eluted with aqueous solutions. Heating the elution buffer can improve 
recovery by increasing the ability of the nucleic acid to dissolve in solution. The advantage 
of these systems is increased target concentration and improved target purity without the 
need for centrifugation and aspiration—methods that are difficult to automate. The use of 
magnetic beads to capture nucleic acids eliminates the concern associated with antibody 
specificity since total DNA and RNA can be captured indiscriminately. The same is true for 
purification columns that bind nucleic acids to silica membranes. The specificity of the assay 
is determined by the detection method. The binding capacity for nucleic acids can be much 
higher for magnetic particles compared to that of standard spin columns. The disadvantage 
with the capture of total nucleic acids is the potential for the capture of large amounts of 
non-targeted DNA relative to target DNA. 

There are ways to simplify sample preparation. How to simplify depends on the needs of 
the end-user. If obtaining results within an 8-hour work shift is critical, then simplification 
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included were chosen from the AOAC Research Institute online website of Performance 
Tested MethodsSM Validated for detection of Salmonella using genetic methods 
(http://www.aoac.org/testkits/testedmethods.html). Details for sample preparation were 
obtained from readily available information from company websites and might not be part 
of the AOAC approved workflow. AES and BioControl have AOAC validation for real-time 
PCR detection of Salmonella, but were omitted from the current list since details of their 
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Many chemicals have been used in cell lysis. The most common chemicals are detergents. 
Detergents disrupt the lipid bilayer surrounding cells. There are many types of detergents of 
varying strengths. Ionic detergents such as sodium dodecyl sulfate (SDS) are stronger than 
nonionic or zwitterionic detergents and are often employed for microbial lysis to extract 
DNA. In addition to disrupting lipids, SDS has the advantage of denaturing proteins, 
including DNAse and RNAse, and thus protecting nucleic acid during extraction. Because 
detergents cannot lyse cell walls, bacteria are often pre-treated with enzymes (proteases or 
lysozyme) before addition of detergent. Chaotropic salts are also commonly used for 
bacterial lysis. Guanidinium thocyanate and guanidinium chloride lyse cell membranes by 
denaturing proteins. Chemicals used in bacterial lysis are by nature hazardous and must be 
disposed of as hazardous waste. 

The use of magnetic particles for sample preparation has increased in recent years. 
Imunomagnetic separation (IMS) uses metal beads coated with antibodies specific to the 
target microbe of interest. A magnet can then be used to attract the bead containing the 
target microbe. The beads can be washed, and the presence of the target organism can be 
determined by plating onto selective agar, PCR, or other detection methods. Another 
solution is to use solid phase capture in which antibodies are linked to a solid support. The 
target microbe can be captured as sample passes across the support. For example, antibodies 
linked to a pipette tip can capture the target organism by collecting sample with a pipetting 
device. In theory, the target analyte binds while unwanted material passes through. The 
analyte can be further purified through a series of wash steps. In practice, antibodies 
typically show background capture of non-target organisms (Fratamico et al., 2011), and 
therefore the use of IMS is often combined with a detection method such as PCR or 
biochemical characterization. Furthermore, the sample matrix (i.e. high fat content) can 
affect binding of an antibody to its antigenic substrate (Bosilevac et al., 2010; Fitzmaurice, 
2006). Both false positive and false negative results have been reported for antibody-based 
methods. Both immunomagnetic beads and solid support systems have been used in 
combination with antibodies or phage-binder proteins to capture microbes. Phage-binder 
proteins are the proteins responsible for phage binding to host bacteria and are very host 
specific. Both technologies (beads and solid support) have also been used to capture nucleic 
acids from microbial lysates. Metal beads coated with silica and glass fiber filters are 
commonly used to capture nucleic acids. DNA binds under conditions of salt and high 
alcohol, and is eluted with aqueous solutions. Heating the elution buffer can improve 
recovery by increasing the ability of the nucleic acid to dissolve in solution. The advantage 
of these systems is increased target concentration and improved target purity without the 
need for centrifugation and aspiration—methods that are difficult to automate. The use of 
magnetic beads to capture nucleic acids eliminates the concern associated with antibody 
specificity since total DNA and RNA can be captured indiscriminately. The same is true for 
purification columns that bind nucleic acids to silica membranes. The specificity of the assay 
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There are ways to simplify sample preparation. How to simplify depends on the needs of 
the end-user. If obtaining results within an 8-hour work shift is critical, then simplification 
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becomes more challenging. Quick time-to-results requires concentrating the microbe from 
large sample volumes in combination with efficient microbial lysis and DNA/RNA 
recovery. To meet this demand sample preparation becomes more complex. Automation 
can simplify the process, but adds additional costs for equipment. A common practice is 
to use magnetic particles to capture microbes or microbial nucleic acid since magnetic 
particles can be easily added to and extracted from an aqueous mixture. Furthermore, 
procedures using magnetic particles are simple to automate. Instruments can be designed 
to dispense and aspirate liquids, but instruments that perform these functions are 
typically more complex. 

Increased enrichment times have the advantage of increasing the concentration of the 
microbe which can greatly simplify sample preparation (Figure 2). Enrichment also dilutes 
dead cells that could be present in the sample matrix. A 2-step enrichment method (e.g. pre-
enrichment followed by selective enrichment) will also dilute the sample matrix which can 
reduce the impact of inhibitory substances associated with food and environmental samples, 
thus creating a more consistent sample for sample preparation. Double-enrichment has not 
found favor in molecular methods that are expected to be rapid. Indeed, PCR is very 
sensitive and double-enrichment is excessive for most applications. Most food and 
environmental samples can be enriched overnight (16-18 h) in one broth to allow Salmonella, 
if present, to grow to concentrations that are above the detection limit of PCR even when 
simple sample preparation methods are used. 
 

 
Fig. 2. Increasing Salmonella enrichment time can simplify sample preparation. Increased 
enrichment time increases Salmonella concentration requiring less volume and lower 
efficient sample preparation.  

The simplest sample preparation methods dilute enriched samples into a solution that is 
compatible with the detection method. Indeed, many Gram-negative bacteria are lysed by 
boiling in water for 10 minutes. Because PCR amplification begins with a denaturation step 
(typically 95°C for 10 minutes) it is theoretically possible to add diluted sample directly to 
PCR. However, this doesn’t seem to work well for many samples. Some level of lysis prior 
to adding to the PCR mix improves detection. For example, the addition of a simple 10 
minute boiling step prior to setting up a PCR greatly improves detection. It is likely that 
boiling denatures enzymes and degrades substrates that disrupt the PCR reaction. A simple 
sample preparation method is shown in Figure 3. 
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Fig. 3. Simple sample preparation for real-time PCR detection of Salmonella. (A) According 
to the direct protocol, sample is diluted in water and briefly centrifuged for 10 to 15 seconds 
in a table-top centrifuge. (B) Twenty-five grams of Brie cheese was spiked with 1-3 CFU 
Salmonella enterica serotype Typhimurium (strain Q210) and enriched at 37°C for 16 hours in 
buffered peptone water. The Direct Method showed a >10 Ct difference compared to the 
PrepSEQ® Rapid Spin method, but there was 100% correlation for detection of Salmonella 
between the two methods. Sample 4 (S4) which also received the spike gave negative results 
by both sample preparation methods, demonstrating all samples were spiked with low 
concentrations of Salmonella (i.e. fractional positive spike). Ten Cts correspond to a 1000-fold 
dilution in available DNA. Samples were analyzed on the 7500 Fast instrument using the 
MicroSEQ® Salmonella spp. Detection Kit.  

4. Genetic-based methods for detection of Salmonella in foods 
Genetic methods involve specific detection of RNA or DNA sequences to determine 
presence of the pathogen. There are a number of available kits in the market that apply 
genetic methods for the detection of Salmonella (Table 2). The most common genetic 
detection methods are PCR-based technologies. In the simplest form, conventional PCR 
involves amplification of a target DNA sequence using primers. The reaction is cycled 
between denaturing and annealing temperatures and may include a specific temperature for 
extension. The reaction generates an amplicon which can be detected on an agarose gel 
when stained with an intercalating dye such as ethidium bromide. The amplicon must be of 
the expected size for the sample to be called positive. 

A DNA-binding dye, such as SYBR® Green, can be added to PCR and monitored by a real-
time PCR instrument. SYBR® Green preferentially binds double-stranded DNA resulting in a 
DNA-Dye complex that shows a unique absorbance and emission spectrum. SYBR® Green 
dye will detect PCR products as they are amplified. Highly specific primer designs are 
required to avoid false positives because SYBR® Green dye will bind to all double-stranded 
DNA including any mis-primed products. Melt curve analysis of the PCR products of SYBR® 
Green dye reactions can be added to the end of a real-time PCR run to collect melting 
temperature (Tm) data of the PCR products amplified. This additional layer of data provides 
another check that the product amplified is of the expected Tm which is indicative of the 
fragment length. There are numerous examples of SYBR® Green PCR assays used to detect 
Salmonella in food or environmental samples (Nam et al., 2005; Techathuvanan et al., 2011). 
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Method Test Kit Name Manufacturer 
PCR/melt curve 
analysis BAX® System for Salmonella DuPont Qualicon 

   
Real-time PCR Assurance GDS® for Salmonella  BioControl Systems 
 Foodproof® Salmonella Detection Kit BIOTECON Diagnostics 
 GeneDisc® Salmonella  Pall Corp. 
 iQ-Check® Salmonella II Kit Bio-Rad 
 MicroSEQ® Salmonella spp. Detection Kit Life Technologies 
 Salmonella species LT Test Kit Idaho Technology 
 SureFood® Salmonella PLUS V Congen 
   
DNA hybridization GeneQuence® Salmonella Neogen 
   
NASBA Nuclisens EasyQ® Basic Kit* bioMerieux 
   

LAMP LoopAmp® DNA or RNA Amplification Kit* Eiken Chemical 
Company 

* General reagent kit which is not Salmonella specific. 

Table 2. Commercial kits utilizing genetic methods to detect Salmonella. 

Using fluorogenic probes with real-time PCR has rapidly become the standard for genetic 
detection because of its high specificity and sensitivity to detect low copy numbers. Many 
real-time instrument platforms have the ability to complete a run under one hour because 
of fast temperature ramping and improvements in master mix chemistries. TaqMan® 
assay uses target-specific primers and a probe that is labeled with a fluorescent reporter 
dye on the 5’ end and a quencher dye on the 3’ end (Tebbs et al., 2009; Balachandran et al., 
2011). The probe anneals to the target DNA sequence between the two primer sites. As the 
primer extends during each cycle of the PCR, the 5’ nuclease activity of Taq polymerase 
displaces the probe from the DNA strand, separating the reporter dye and quencher dye 
in the process, and fluorescent signal is emitted. An example of a real-time assay which 
detects Salmonella Typhimurium is shown in Figure 4. Details of TaqMan data analysis 
will be further discussed. 

An alternative fluorescent probe is the molecular beacon. The stem-and-loop structure of a 
molecular beacon probe consists of a target-specific sequence (which forms the loop) and 
non-target sequences that are complementary at the 5’ and 3’ end of the probe (forming the 
stem). When the probe is in a closed loop shape with the 5’ and 3’ ends hybridized to one 
another, the fluorescent reporter dye is quenched. When the molecular beacon probe 
hybridizes to the amplicon during PCR, the stem-and-loop structure opens, separating the 
fluorophore from the quencher releasing fluorescence. The application of molecular beacons 
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in Salmonella detection in foods has been tested in a variety of food matrices (Bhaqwat et al., 
2008; Patel & Bhagwat, 2008; Liming & Bhagwat, 2004). 

Another variation of real-time PCR employs Scorpions technology. Scorpions are PCR 
primers covalently linked to a probe (Carters, et al., 2008). The reporter dye on the probe is 
prevented from fluorescing by a quencher dye on a separate complementary oligo. Upon 
primer extension, a probe-binding sequence is created which allows the probe to bind 
intramolecularly and generate fluorescence. 

 
Fig. 4. Real-time PCR detection of Salmonella. 25 g of chocolate (A) 25 g of chocolate or (B) 25 
g of black paper spiked with Salmonella were enriched for 16 hours. Six samples were spiked 
with 1-5 CFU Salmonella and 2 samples were not spiked with Salmonella (NS1 and NS2). 
Samples were prepared by the PrepSEQ® Rapid Spin Sample Preparation kit (in triplicate), 
and analyzed on the 7500Fast instrument using the MicroSEQ® Salmonella spp. Detection Kit.  

RNA can also serve as the initial template for PCR for Salmonella detection. Detecting 
Salmonella RNA can serve as an indicator of viability of the bacteria (González-Escalona et 
al., 2009). RNA transcripts are likely present in higher copies than genomic DNA which can 
increase the sensitivity of the assay. In reverse transcription-PCR (RT-PCR), RNA is first 
converted to DNA by reverse transcriptase, and then PCR amplification occurs using the 
newly created DNA strands. 

Alternative methods to real-time PCR have also recently emerged. The principle difference 
of these methods from PCR is that they use different approaches for generating new DNA or 
RNA with each cycle of amplification. In standard PCR, a denaturation step creates new 
DNA strands for DNA amplification to occur, theoretically doubling DNA template with 
each cycle. In contrast, loop-mediated isothermal amplification (LAMP) technology uses 
auto-cycling strand displacement DNA synthesis to create new DNA template. A Bst DNA 
polymerase large fragment with high strand displacement activity is added to the reaction. 
There are two general stages of LAMP: generation of template from the input sample and 
cycling amplification (Tomita et al., 2008). Typically, four primer sets are used to target six 
independent sequences flanking the target DNA. An inner primer hybridizes to the target 
DNA and elongates. This is followed by strand displacement which is primed by an outer 
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primer; in this step, the outer primer hybridizes to the target DNA, displacing the newly 
created single strand DNA. Because each inner primer consists of a 5’ overhang that 
becomes self-complementary to a sequence as the primer extends, the newly created single 
strand DNA forms a structure that has loops at each end. This DNA with stem-loop 
structure is the template of LAMP cycling. During LAMP cycling, the inner primer initiates 
auto-strand displacement with the template; also, self-priming occurs within the template. 
In short, the products are multiple stem-loop structures and elongated products containing 
the target sequence. LAMP reaction occurs at a constant temperature, typically 60-65 C, and 
can be carried out in a water bath or heat block. Because a tremendous amount of DNA is 
formed in the reaction, the reaction by-product magnesium pyrophosphate forms a 
precipitate. The turbidity can be visible to the naked eye or visualized by UV after the 
addition of a fluorescent dye. The DNA products from LAMP can also be detected using a 
real-time turbidimeter. Application of LAMP in detection of Salmonella species in foods has 
previously been demonstrated (Ueda & Kuwabara, 2009). Another alternative method to 
real-time PCR is nucleic acid sequence-based amplification (NASBA) which amplifies RNA 
and creates new RNA strands by addition of a promoter site to complementary DNA. The 
isothermal method, which is typically run at 41 C, first converts RNA into DNA using 
reverse transcriptase, then hydrolyzes RNA from the RNA-DNA hybrid using Rnase H. A 
target-specific primer, with a T7 promoter sequence at its 5’ end, hybridizes to the single-
stranded DNA. T7 RNA polymerase binds to the promoter region of the newly created 
double-stranded DNA to synthesize new RNA templates. Detection of the RNA product 
from NASBA can be accomplished by DNA hybridization followed by 
electrochemiluminescence. NASBA has previously been used to detect Salmonella Enteritidis 
in foods (D’Souza & Jaykus, 2003). Although there is no AOAC certified kit specifically for 
Salmonella detection by LAMP or NASBA, there are commercially available kits to perform 
these types of detection. 

DNA hybridization is another useful way to detect target sequences of Salmonella. Labeled 
single-stranded DNA probes are added to a sample to detect either Salmonella DNA or RNA 
sequence. In one form of DNA hybridization, a poly-dA capture probe is added to a lysed 
sample in a microwell coated with poly-dT to detect Salmonella-specific rRNA sequence; 
simultaneously, a detector probe with a 5’ horse-radish peroxidase (HRP) label is added to 
detect the same rRNA target (Mozola et al., 2007). Unhybrized probes are washed away, and 
after addition of a HRP substrate, the hybridization is detected by chemiluminescence. DNA 
hybridization can also be done using a dot blot format whereby a labeled probe is 
immobilized on a membrane (Iida et al., 1993). 

Genetic technologies such as whole genome sequencing, microarrays, and SNP analysis 
are useful for identifying and typing Salmonella. However, these methods are not yet 
widely used for routine screening of food samples because they typically require more 
detailed workflows. 

5. Analysis of real-time PCR data 
In TaqMan® real-time PCR assay, the fluorescence released by the reporter dye during each 
cycle increases exponentially until the reaction reaches saturation. The cycle number at 
which the fluorescent signal first crosses the threshold value is the cycle threshold (CT). It is 
dependent on the baseline which is established in the early cycles of the PCR. The threshold 
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value, referred to as delta Rn (normalized reporter signal), can be adjusted by the user. The 
threshold value should be set above baseline noise in the early cycles of PCR and within the 
exponential amplification phase for positive samples (Figure 5). Using PCR replicates of 
positive samples is a useful way to decide upon the appropriate threshold to use for data 
analysis. The appropriate delta Rn value will be dependent upon the assay and application 
and, once set, should be used for all samples for consistent analysis. Low CT values indicate 
high copy number of the target sequence, while high CT values indicate low copy number. 
The typical limit of detection is 10 to 100 copies of purified genomic DNA and 103 to 104 
CFU/mL before sample preparation. Most assays for Salmonella detection are typically 
qualitative, producing data that can be categorized as positive or negative. However, assay 
runs can be designed to be quantitative. Quantitative real-time assays should be validated 
and shown to amplify with high efficiency. The linear range for quantitation should be 
based on the exponential phase of amplification. Unknown samples to be quantitated 
should be run alongside DNA standards during real-time PCR. 

 
Fig. 5. Demonstration of a TaqMan® amplification curve and parameters. Amplification 
results in increased fluorescence (Rn). The Ct value reflects the beginning of amplification.  

In PCR using SYBR® Green dye, a real-time amplification plot is generated that is similar 
to a TaqMan® PCR assay. Melt curve analysis (also known as a dissociation curve 
analysis) is typically added to the end of a SYBR® Green PCR. During the dissociation 
stage, the instrument increases in temperature over several minutes. For positive samples, 
SYBR® Green is initially bound to the amplicons. As the double-stranded amplicon 
dissociates, there is a drop in SYBR® Green fluorescence. The change in fluorescence is 
plotted against the temperature (Figure 6). Unknown samples should be compared to no-
template reactions. Samples that are positive should have product of the expected Tm 
and, if the assay is well-designed, should not have other products such as primer-dimer 
or mis-primed products. 
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Fig. 5. Demonstration of a TaqMan® amplification curve and parameters. Amplification 
results in increased fluorescence (Rn). The Ct value reflects the beginning of amplification.  

In PCR using SYBR® Green dye, a real-time amplification plot is generated that is similar 
to a TaqMan® PCR assay. Melt curve analysis (also known as a dissociation curve 
analysis) is typically added to the end of a SYBR® Green PCR. During the dissociation 
stage, the instrument increases in temperature over several minutes. For positive samples, 
SYBR® Green is initially bound to the amplicons. As the double-stranded amplicon 
dissociates, there is a drop in SYBR® Green fluorescence. The change in fluorescence is 
plotted against the temperature (Figure 6). Unknown samples should be compared to no-
template reactions. Samples that are positive should have product of the expected Tm 
and, if the assay is well-designed, should not have other products such as primer-dimer 
or mis-primed products. 



 
Salmonella – Distribution, Adaptation, Control Measures and Molecular Technologies 494 

 
Fig. 6. Derivative of a melting curve from a reaction with SYBR® Green dye reaction. The Tm 
is determined by the peak of the derivative. 

6. Software 
Easy-to-use software is an important component of applying genetic methods to detect 
Salmonella. It is crucial to have accurate, reproducible, and unbiased data interpretation. 
Results should be clearly stated in convenient formats to the end user. In RapidFinder 
Express Software (Life Technologies) for food pathogen detection, algorithms were 
developed to interpret real-time PCR data and allow for sensitive detection while avoiding 
false positive results. Results are stated as positive or negative depending on cutoff values. 
In cases in which a positive or negative assessment cannot be made (e.g, the internal positive 
control failed indicating inhibition), a warning assessment is generated along with an 
explanation (Figure 7). 

7. Bioinformatic tools for real-time PCR assays design 
Selecting a good genomic target is critical to designing a real-time PCR assay. Appropriate 
genomic targets have to be sequenced from multiple strains in order to design highly 
specific primers and probes which cover a set of desired target species (inclusion set) and 
exclude from detecting a set of other bacterial genomes (exclusion set). Examples of broadly 
sequenced bacterial DNA targets are the 16S gene, gapA, recA, rpoB, among others. We 
developed and validated a standard bioinformatics assay design tool to generate primer and 
probe combinations for real-time PCR pathogen detection. The first step of the design is 
generation of a target consensus sequence based on multiple sequence alignments of all 
available target sequences using clustalW algorithm (Larkin et al., 2007). Sequences can be 
used from all available public databases. At the second step, a set of well described selection 
criteria (Larkin et al., 2007; Endrizzi et al., 2002; Kramer & Coen, 2000) has to be applied, 
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such as optimal Tm, nucleotide distribution (e.g. avoid high GC content and poly-N 
stretches), absence of cross-hybridization; and amplicon size (optimal size is 60-150 base 
pairs). This set of rules can be applied to select candidate primer and probe sequences that 
target a signature nucleic acid sequence in a microbe of interest. A set of optimal assays has 
to be evaluated, considering criteria of hybridization patterns of the two primers and a 
TaqMan® probe to the intended target sequence (Endrizzi et al., 2002). At the third step, 
those assays with the highest specificity are selected. The specificity is determined based on 
nucleic acid sequence comparisons of the binding sites for the assay primers and probes 
with genomic sequences from other bacterial species (exclusion set), being sure to include 
closely related species in the analysis. These genomic sequences have to be from multiple 
available databases, as well as from additional sequences that can be specifically generated 
for the design of the TaqMan® detection assays. Based on this sequence comparison, specific 
primers and probes can be selected. The best primers contain the highest number of 
mismatches to other non-target bacteria genomes, with mismatches preferentially located at 
the 3’-prime region of the primers. This minimizes the possibility that an assay will be 
selected that generates a false-positive signal (Furtado et al., 2004). 

 
Fig. 7. RapidFinder™ Express Software for food pathogen detection displays positive, 
negative, and warning assessments for real-time PCR. 

Additional DNA targets can be amplified and sequenced. This is often required when 
inclusion/exclusion testing show non-detection of inclusion strains or unwanted detection 
of exclusion strains. This requires the design of sequencing primers upstream and 
downstream of the assay target. It might also be useful to create a specific signature 
sequence database by sequencing additional samples, which can increase the confidence of 
specific assay designs. Sequence files can be analyzed using clustalW multiple sequence 
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such as optimal Tm, nucleotide distribution (e.g. avoid high GC content and poly-N 
stretches), absence of cross-hybridization; and amplicon size (optimal size is 60-150 base 
pairs). This set of rules can be applied to select candidate primer and probe sequences that 
target a signature nucleic acid sequence in a microbe of interest. A set of optimal assays has 
to be evaluated, considering criteria of hybridization patterns of the two primers and a 
TaqMan® probe to the intended target sequence (Endrizzi et al., 2002). At the third step, 
those assays with the highest specificity are selected. The specificity is determined based on 
nucleic acid sequence comparisons of the binding sites for the assay primers and probes 
with genomic sequences from other bacterial species (exclusion set), being sure to include 
closely related species in the analysis. These genomic sequences have to be from multiple 
available databases, as well as from additional sequences that can be specifically generated 
for the design of the TaqMan® detection assays. Based on this sequence comparison, specific 
primers and probes can be selected. The best primers contain the highest number of 
mismatches to other non-target bacteria genomes, with mismatches preferentially located at 
the 3’-prime region of the primers. This minimizes the possibility that an assay will be 
selected that generates a false-positive signal (Furtado et al., 2004). 
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downstream of the assay target. It might also be useful to create a specific signature 
sequence database by sequencing additional samples, which can increase the confidence of 
specific assay designs. Sequence files can be analyzed using clustalW multiple sequence 
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alignment. The Applied Biosystems® MicroSEQ® ID validated method can be used for 
sequencing the 16S fragment. Using the 16S gene as a target for specific pathogen detection 
is challenging because it contains conservative sequences across multiple bacterial species. 
However, when primers and probes have to detect a broad range of species, families, genus 
or higher order, the 16S target is ideal or often is the only choice. 

Experimental validation of the assay specificity is a critical step in the final assay selection. 
To test for assay specificity, a panel containing a diverse group of bacteria isolates (target and 
exclusion strains) has to be established and used for experimental validation. The panel 
must be well characterized by stereotyping or sequence-based bacterial identification 
(Tanner et al., 2006). Preferably, the panel will contain ATCC type-strains. 

8. Salmonella detection background 
More than 2,400 Salmonella serotypes have been reported, all of which are potentially 
pathogenic. The species Salmonella enterica, with its 6 main subspecies is of clinical relevance 
for humans and is the causative agent of food borne illnesses or salmonellosis. However, for 
tracking purposes it is often important to have a very specific serotype assay to measure and 
contain the spread of an outbreak pathogen. Food borne outbreaks due to Salmonella have 
become a major public health problem and can occur either as food poisoning triggered 
epidemics or as isolated cases. Outbreaks have been associated with raw meats and poultry, 
eggs, milk and dairy products, seafood, coconut sauces, salad dressings, cocoa, chocolate, 
and peanuts. The combination of efficient sample preparation protocols and reliable 
detection of Salmonella is a solid path forward for molecular detection methods.  

9. Design options: Single-plex, multiplex, degenerate primers and probes & 
optimization 
The most important advantages of real-time PCR are the ability for quantification of target 
concentration and multiplexing with different dyes per target. Since real-time PCR measures 
target amplification by monitoring the increase in fluorescence generated by probe 
degradation, the only limitation to multiplexing within a single reaction tube is the number 
of fluorophores that can be distinguished by the detection system (i.e. optics and software). 
From the chemistry side, one of the keys to maximizing the number of fluorogenic signals 
measured in a single reaction mix is developing dyes with well-separated and narrow 
emission spectra. Life Technologies identified several dye sets and real-time PCR systems 
that allow for detection of up to five fluorophores in a single reaction mix. It is important to 
note that instruments have different detection ranges for monitoring fluorescent energy. 
Detecting multiple targets can also be achieved through novel engineering designs; an 
example being the 384-well format Custom TaqMan® Array card that can be used in 
combination with the Applied Biosystems 7900HT Fast real-time PCR System (Tebbs et al., 
2010), and the OpenArray® real-time PCR System. These Systems split a common sample 
amongst multiple reaction chambers prior to real-time PCR amplification and detection. 

Since the 7500Fast real-time PCR system capability allows for measuring five fluorophores 
in a single reaction mix, it is possible to create real-time reaction applications capable of 
detecting 5 target organisms in a single tube. However, for high accuracy applications, two 
of the five channels are often used as system controls. We created a number of applications 
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where one channel is assigned to the internal positive control (IPC) to monitor the presence 
of PCR inhibitors, and another channel is used to control for well-to-well variation and 
normalization of fluorescence detection by using a ROX™ dye as a standard dye. Detection 
of IPC is indicative of a successful PCR amplification. Thus, with the inclusion of two 
controls, three targets can be detected in a single reaction tube. Each assay target is 
evaluated independently through the dye assigned to that target. Important considerations 
when designing multiplex real-time PCR assays include: first, development of several 
specific working assays for each target to have a choice in a final configuration. Each assay 
should be tested for quantification efficiency. Second, each assay must be tested against a 
large panel of microorganisms that include both inclusive and exclusive strains to identify 
highly specific assays. It is possible to add additional primers and probes containing variant 
base sequences (degenerate sequences) if some inclusive strains are not detected or weakly 
detected. Third, fluorogenic dye signals should be balanced by adjusting primer/probe 
concentrations: it is essential to perform statistics-based DOE (Design of Experiments) 
studies to optimize primer and probe concentrations for optimal detection of each target 
species. The final multiplex assay can be further optimized by standard PCR optimization 
techniques including adjusting magnesium and enzyme concentration, annealing 
temperature, probe lengths, and instrument settings. 

10. Design and validation of existing real-time PCR Salmonella assays 
Specific assays were designed and tested for detection of (i) Salmonella species in food 
samples, (ii) Salmonella Enteriditis in eggs and environmental samples, and (iii) Salmonella 
Typhimurium (Table 3). The selection of the target genes was based on specific applications: 
whether targeting detection of all Salmonella species in one reaction or targeting a specific 
serotype. Experimental validation is an essential part of molecular assay development. 
Testing and validation of the complete workflow is a critical element in the acceptance of a 
detection assay in food safety testing laboratories. 

Salmonella target organism Gene Target 

Salmonella species hilA gene 

Salmonella Enteriditis Prot6e gene 

Salmonella Typhimurium Target 1/Target 2 

Table 3. Real-time PCR assays for Salmonella. 

Our Salmonella spp. detection assay is a rapid, sensitive real-time PCR test, that, when 
combined with the automated PrepSEQ® Nucleic Acid extraction method or the manual 
PrepSEQ® Rapid Spin extraction method, allows the completion of Salmonella spp. detection 
within 18-19 hours, compared to 3-5 days required by for the traditional culture-based 
methods (Andrews & Hammack, 2011). As described in the previous section, each real-time 
PCR reaction contains an Internal Positive Control (IPC) that monitors for the presence of 
inhibitors for reliable negative results. The assay was designed as a complete reaction mix 
(no target DNA) in a lyophilized format to allow for minimal pipetting steps and addition of 
maximum sample volume. This workflow allows for robust Salmonella detection and creates 
the possibility of testing composite or pooled samples reliably. 
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alignment. The Applied Biosystems® MicroSEQ® ID validated method can be used for 
sequencing the 16S fragment. Using the 16S gene as a target for specific pathogen detection 
is challenging because it contains conservative sequences across multiple bacterial species. 
However, when primers and probes have to detect a broad range of species, families, genus 
or higher order, the 16S target is ideal or often is the only choice. 

Experimental validation of the assay specificity is a critical step in the final assay selection. 
To test for assay specificity, a panel containing a diverse group of bacteria isolates (target and 
exclusion strains) has to be established and used for experimental validation. The panel 
must be well characterized by stereotyping or sequence-based bacterial identification 
(Tanner et al., 2006). Preferably, the panel will contain ATCC type-strains. 

8. Salmonella detection background 
More than 2,400 Salmonella serotypes have been reported, all of which are potentially 
pathogenic. The species Salmonella enterica, with its 6 main subspecies is of clinical relevance 
for humans and is the causative agent of food borne illnesses or salmonellosis. However, for 
tracking purposes it is often important to have a very specific serotype assay to measure and 
contain the spread of an outbreak pathogen. Food borne outbreaks due to Salmonella have 
become a major public health problem and can occur either as food poisoning triggered 
epidemics or as isolated cases. Outbreaks have been associated with raw meats and poultry, 
eggs, milk and dairy products, seafood, coconut sauces, salad dressings, cocoa, chocolate, 
and peanuts. The combination of efficient sample preparation protocols and reliable 
detection of Salmonella is a solid path forward for molecular detection methods.  

9. Design options: Single-plex, multiplex, degenerate primers and probes & 
optimization 
The most important advantages of real-time PCR are the ability for quantification of target 
concentration and multiplexing with different dyes per target. Since real-time PCR measures 
target amplification by monitoring the increase in fluorescence generated by probe 
degradation, the only limitation to multiplexing within a single reaction tube is the number 
of fluorophores that can be distinguished by the detection system (i.e. optics and software). 
From the chemistry side, one of the keys to maximizing the number of fluorogenic signals 
measured in a single reaction mix is developing dyes with well-separated and narrow 
emission spectra. Life Technologies identified several dye sets and real-time PCR systems 
that allow for detection of up to five fluorophores in a single reaction mix. It is important to 
note that instruments have different detection ranges for monitoring fluorescent energy. 
Detecting multiple targets can also be achieved through novel engineering designs; an 
example being the 384-well format Custom TaqMan® Array card that can be used in 
combination with the Applied Biosystems 7900HT Fast real-time PCR System (Tebbs et al., 
2010), and the OpenArray® real-time PCR System. These Systems split a common sample 
amongst multiple reaction chambers prior to real-time PCR amplification and detection. 

Since the 7500Fast real-time PCR system capability allows for measuring five fluorophores 
in a single reaction mix, it is possible to create real-time reaction applications capable of 
detecting 5 target organisms in a single tube. However, for high accuracy applications, two 
of the five channels are often used as system controls. We created a number of applications 
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where one channel is assigned to the internal positive control (IPC) to monitor the presence 
of PCR inhibitors, and another channel is used to control for well-to-well variation and 
normalization of fluorescence detection by using a ROX™ dye as a standard dye. Detection 
of IPC is indicative of a successful PCR amplification. Thus, with the inclusion of two 
controls, three targets can be detected in a single reaction tube. Each assay target is 
evaluated independently through the dye assigned to that target. Important considerations 
when designing multiplex real-time PCR assays include: first, development of several 
specific working assays for each target to have a choice in a final configuration. Each assay 
should be tested for quantification efficiency. Second, each assay must be tested against a 
large panel of microorganisms that include both inclusive and exclusive strains to identify 
highly specific assays. It is possible to add additional primers and probes containing variant 
base sequences (degenerate sequences) if some inclusive strains are not detected or weakly 
detected. Third, fluorogenic dye signals should be balanced by adjusting primer/probe 
concentrations: it is essential to perform statistics-based DOE (Design of Experiments) 
studies to optimize primer and probe concentrations for optimal detection of each target 
species. The final multiplex assay can be further optimized by standard PCR optimization 
techniques including adjusting magnesium and enzyme concentration, annealing 
temperature, probe lengths, and instrument settings. 

10. Design and validation of existing real-time PCR Salmonella assays 
Specific assays were designed and tested for detection of (i) Salmonella species in food 
samples, (ii) Salmonella Enteriditis in eggs and environmental samples, and (iii) Salmonella 
Typhimurium (Table 3). The selection of the target genes was based on specific applications: 
whether targeting detection of all Salmonella species in one reaction or targeting a specific 
serotype. Experimental validation is an essential part of molecular assay development. 
Testing and validation of the complete workflow is a critical element in the acceptance of a 
detection assay in food safety testing laboratories. 

Salmonella target organism Gene Target 

Salmonella species hilA gene 

Salmonella Enteriditis Prot6e gene 

Salmonella Typhimurium Target 1/Target 2 

Table 3. Real-time PCR assays for Salmonella. 

Our Salmonella spp. detection assay is a rapid, sensitive real-time PCR test, that, when 
combined with the automated PrepSEQ® Nucleic Acid extraction method or the manual 
PrepSEQ® Rapid Spin extraction method, allows the completion of Salmonella spp. detection 
within 18-19 hours, compared to 3-5 days required by for the traditional culture-based 
methods (Andrews & Hammack, 2011). As described in the previous section, each real-time 
PCR reaction contains an Internal Positive Control (IPC) that monitors for the presence of 
inhibitors for reliable negative results. The assay was designed as a complete reaction mix 
(no target DNA) in a lyophilized format to allow for minimal pipetting steps and addition of 
maximum sample volume. This workflow allows for robust Salmonella detection and creates 
the possibility of testing composite or pooled samples reliably. 
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The assay was validated for Salmonella detection in different food matrices including a 
variety of food matrices which were previously associated with food recalls or outbreaks 
(Carroll, 2009; Cahill et al., 2008; van Cauteren et al., 2009; Munnoch et al., 2009; Reiter et al., 
2007): raw ground beef, raw chicken wings, chocolate, raw shrimp, Brie cheese, shell eggs, 
cantaloupe, black pepper, dry infant formula, and dry pet food. The detection was 
complemented by two sample preparation protocols for flexible detection work-flow set up: 
manual Rapid Spin column-based method and high-throughput automated method. The 
complete workflow was evaluated against the reference ISO 6579 culture confirmation 
method. Examples for detecting Salmonella in “difficult” matrices chocolate and black 
pepper are shown in Figure 4 (above). The sensitivity and specificity rates for Salmonella spp. 
detection assays were 100%, with no false negative or false positive samples observed with 
both sample preparation methods. Inclusivity panel contained 100 Salmonella strains based 
on variety of serotypes. Exclusivity panel contained 30 different bacterial isolates, including 
genetically close microorganisms as well as bacteria that are common organisms in the 
environment (Balachandran et al., 2011). 

A special study was conducted to demonstrate detection of Salmonella in peanut butter, as a 
part of the Emergency Response Validation program, that followed the peanut butter 
outbreak in the United States in 2009 (Tebbs et al., 2009). The method was evaluated using S. 
enterica ser. Typhimurium ATCC14028 strain and the reference FDA-BAM protocol was 
used as culture confirmation method. There was complete agreement between the 
automated PrepSEQ® NA Extraction method and culture confirmation for uninoculated 
samples (see Table 5 in Tebbs et al., 2009). Also, Chi-square analyses indicated that the 
proportions of positives for the Salmonella spp. detection method and the reference method 
were not statistically different at the 5% level of significance. 

A specific Salmonella Typhimurium assay was designed using duplex assay approach: two 
different assay probes carry different fluorescent dyes. This two-target approach increases 
confidence calling the test positive: both fluorescent signals should be positive (Figure 8). 
An example of positive Salmonella Typhimurium detection using this two-target assay is 
presented in Figure 9. 

 
Fig. 8. Diagram representing a duplex real-time PCR assay for detection of Salmonella 
Typhimurium. Each assay detects S. Typhimurium plus some non-Typhimurium strains. 
Because each assay detects a different set of non-Typhimurium strains, only when both 
assays are positive is the sample positive for S. Typhimurium. The assays are labeled with a 
different fluorophore to be detected independently by real-time PCR.  
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Fig. 9. Example showing positive detection of Salmonella Typhimurium with a two-target 
assay. The assay for target 1 uses FAM™, the assay for target 2 uses VIC®, and the assay for 
IPC uses NED™. The assay was analyzed on the 7500Fast real-time PCR instrument. 

Real-time PCR methods for detecting foodborne pathogens offer the advantages of 
simplicity and quick time to results compared to traditional culture methods. Our assays 
demonstrated high accuracy detection of Salmonella strains in inclusivity panels, and good 
discrimination against detection of exclusivity panels. 

11. Conclusion  
Rapid methods offer great advantages to food producers minimizing risks associated with 
long hold times during pathogen testing. This is clearly illustrated with requirements for 
testing whole shell eggs for Salmonella enterica serovar Enteritidis (SE). In July of 2009 the 
U.S. Food and Drug Administration announced The Federal Egg Safety Program, a new 
regulation that requires routine environmental tests of poultry houses for presence of 
Salmonella Enteritidis (Food and Drug Administration, 2009). If SE is present in the 
environment, there is a requirement to test eggs prior to their distribution for sale. 
According to the regulation, 50 egg pools consisting of 20 eggs per pool must be tested every 
2 weeks for 8 weeks. The traditional method, designed and approved by the FDA, takes up 
to ten days to get results (Andrews & Hammack, 2011). According to the FDA approved 
method, egg pools sit for 4 days at room temperature to allow growth of SE, and then a 25 
gram sample is pre-enriched in modified typtic soy broth with ferrous sulfate. The sample is 
then grown in selective media, then selective agars for presumptive detection, and then 
confirmed by biochemical and serological methods. The procedure is laborious and 
expensive. A recently developed real-time PCR assay allows detection of SE in egg pools in 
less than 27 hours. The TaqMan® Salmonella Enteritidis Detection Kit (Life Technologies) 
enriches egg pool samples for 24 hours, following which the samples are prepped and 
combined with a PCR reaction mix for detection by real-time PCR. Because sample prep is 
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complemented by two sample preparation protocols for flexible detection work-flow set up: 
manual Rapid Spin column-based method and high-throughput automated method. The 
complete workflow was evaluated against the reference ISO 6579 culture confirmation 
method. Examples for detecting Salmonella in “difficult” matrices chocolate and black 
pepper are shown in Figure 4 (above). The sensitivity and specificity rates for Salmonella spp. 
detection assays were 100%, with no false negative or false positive samples observed with 
both sample preparation methods. Inclusivity panel contained 100 Salmonella strains based 
on variety of serotypes. Exclusivity panel contained 30 different bacterial isolates, including 
genetically close microorganisms as well as bacteria that are common organisms in the 
environment (Balachandran et al., 2011). 

A special study was conducted to demonstrate detection of Salmonella in peanut butter, as a 
part of the Emergency Response Validation program, that followed the peanut butter 
outbreak in the United States in 2009 (Tebbs et al., 2009). The method was evaluated using S. 
enterica ser. Typhimurium ATCC14028 strain and the reference FDA-BAM protocol was 
used as culture confirmation method. There was complete agreement between the 
automated PrepSEQ® NA Extraction method and culture confirmation for uninoculated 
samples (see Table 5 in Tebbs et al., 2009). Also, Chi-square analyses indicated that the 
proportions of positives for the Salmonella spp. detection method and the reference method 
were not statistically different at the 5% level of significance. 

A specific Salmonella Typhimurium assay was designed using duplex assay approach: two 
different assay probes carry different fluorescent dyes. This two-target approach increases 
confidence calling the test positive: both fluorescent signals should be positive (Figure 8). 
An example of positive Salmonella Typhimurium detection using this two-target assay is 
presented in Figure 9. 

 
Fig. 8. Diagram representing a duplex real-time PCR assay for detection of Salmonella 
Typhimurium. Each assay detects S. Typhimurium plus some non-Typhimurium strains. 
Because each assay detects a different set of non-Typhimurium strains, only when both 
assays are positive is the sample positive for S. Typhimurium. The assays are labeled with a 
different fluorophore to be detected independently by real-time PCR.  
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Fig. 9. Example showing positive detection of Salmonella Typhimurium with a two-target 
assay. The assay for target 1 uses FAM™, the assay for target 2 uses VIC®, and the assay for 
IPC uses NED™. The assay was analyzed on the 7500Fast real-time PCR instrument. 

Real-time PCR methods for detecting foodborne pathogens offer the advantages of 
simplicity and quick time to results compared to traditional culture methods. Our assays 
demonstrated high accuracy detection of Salmonella strains in inclusivity panels, and good 
discrimination against detection of exclusivity panels. 

11. Conclusion  
Rapid methods offer great advantages to food producers minimizing risks associated with 
long hold times during pathogen testing. This is clearly illustrated with requirements for 
testing whole shell eggs for Salmonella enterica serovar Enteritidis (SE). In July of 2009 the 
U.S. Food and Drug Administration announced The Federal Egg Safety Program, a new 
regulation that requires routine environmental tests of poultry houses for presence of 
Salmonella Enteritidis (Food and Drug Administration, 2009). If SE is present in the 
environment, there is a requirement to test eggs prior to their distribution for sale. 
According to the regulation, 50 egg pools consisting of 20 eggs per pool must be tested every 
2 weeks for 8 weeks. The traditional method, designed and approved by the FDA, takes up 
to ten days to get results (Andrews & Hammack, 2011). According to the FDA approved 
method, egg pools sit for 4 days at room temperature to allow growth of SE, and then a 25 
gram sample is pre-enriched in modified typtic soy broth with ferrous sulfate. The sample is 
then grown in selective media, then selective agars for presumptive detection, and then 
confirmed by biochemical and serological methods. The procedure is laborious and 
expensive. A recently developed real-time PCR assay allows detection of SE in egg pools in 
less than 27 hours. The TaqMan® Salmonella Enteritidis Detection Kit (Life Technologies) 
enriches egg pool samples for 24 hours, following which the samples are prepped and 
combined with a PCR reaction mix for detection by real-time PCR. Because sample prep is 
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fully automated, the total hands on time following enrichment is less than one hour. A 
method comparison study showed that the real-time PCR method was equivalent to the 
FDA reference method (Table 4). The FDA reported that the real-time PCR kit was 
equivalent to the FDA BAM Chapter 5, Salmonella method for detection of Salmonella 
Enteritidis in accuracy, precision, and sensitivity (FDA website). The Pennsylvania Layer 
Industry and Penn Ag approved the use of the real-time PCR method as an option for 
testing of egg and environmental samples without the need for culture confirmation. The 
trend appears to show increased acceptance of real-time PCR and other fast methods as 
alternatives to the more cumbersome culture methods. 

 
Table 4. Methods comparison showed that the TaqMan® Real-time PCR method was 
equivalent to the FDA BAM method for detection of Salmonella Enteritidis in whole shell 
eggs. The results from chi-square analysis on two independent experiments indicated no 
difference between the two methods (χ2 = 0 and 0.41 for Experiment 1 and Experiment 2, 
respectively). No false positive or false negative results were observed. 
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