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Preface 

Antibiotic-resistant bacterial strains remain a major global threat, despite the
prevention, diagnosis and antibiotherapy, which have improved considerably. 

A better understanding of antibiotic resistant genes mechanisms and dissemination 
became an urgent need  for advancing public health and clinical management,
throughout Europe.

In this thematic issue, the scientists present their results of accomplished studies, in 
order to provide an updated overview of  scientific information and also, to exchange 
views on  new strategies for interventions in antibiotic-resistant bacterial strains cases
and  outbreaks. 

As a consequence, the recently developed techniques in this field will contribute to a
considerable progress in medical research.

However, the emergence of severe diseases caused by multi-drug-resistant
microorganisms remains a public health concern, with serious challenges to 
chemotherapy and is open to scientific and clinical debate.

I take this occasion to thank so much, all contributors of this book, who demonstrated 
that  always there is something in you that can rise above and beyond everything you
think possible.

Dr. Marina Pana 
National Contact Point for S.pneumoniae & N.meningitidis for ECDC,

Cantacuzino Institute,
Bucharest, 

Romania 
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Antibiotic Resistance: 
An Emerging Global Headache 

Maimoona Ahmed 
King Abdul Aziz University Hospital, Jeddah,  

Saudi Arabia 

1. Introduction 
The discovery of antibiotics was one of the greatest achievements of the twentieth century. 
The subsequent introduction of sulphonamides, penicillin and streptomycin, broad 
spectrum bacteriostatic antibiotics, bactericidal antibiotics, synthetic chemicals and highly 
specific narrow spectrum antibiotics to clinical medicine transformed the treatment of 
bacterial diseases (Baldry, 1976). However, due to the excessive and inappropriate use of 
antibiotics there has been a gradual emergence of populations of antibiotic –resistant 
bacteria, which pose a global public health problem (Komolafe, 2003).  

According to the WHO, a resistant microbe is one which is not killed by an antimicrobial 
agent after a standard course of treatment (WHO, 1998). Antibiotic resistance is acquired by 
a natural selection process. Antibiotic use to combat infection, forces bacteria to either adapt 
or die irrespective of the dosage or time span. The surviving bacteria carry the drug 
resistance gene, which can then be transferred either within the species/genus or to other 
unrelated species (Wise, 1998). Clinical resistance is a complex phenomenon and its 
manifestation is dependent on the type of bacterium, the site of infection, distribution of 
antibiotic in the body, concentration of the antibiotic at the site of infection and the immune 
status of the patient (Hawkey, 1998). 

Antibiotic resistance is a global problem. While several pathogenic bacteria are resistant to 
first line broad spectrum antibiotics, new resistant strains have resulted from the 
introduction of new drugs (Kunin, 1993, Sack et al, 1997, Rahal et al, 1997, Hoge, 1998).  
Penicillin resistant pneumococci initially isolated in Australia and Papua New Guinea is 
now distributed worldwide (Hansman et al, 1974, Hart and Kariuki, 1998). Similarly, multi-
drug resistant Salmonella typhi was first reported in 1987 and has now been isolated 
throughout the Indian sub-continent, south-east Asia and sub-Saharan Africa. (Mirza et al, 
1996) Komolafe et al (2003) demonstrated a general broad-spectrum resistance to panels of 
antibiotics in 20% of the bacterial isolates of burns patients. Multi –drug resistant 
tuberculosis poses the greatest threat to public health in the new millennium (Kraig, 1998). 

2. Molecular epidemiology of resistance genes 
Antibiotic resistance in bacteria may be intrinsic or acquired. Intrinsic resistance 
mechanisms are naturally occurring traits due to the genetic constitution of the organism. 
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These inherited properties of a particular species are due to lack of either the antimicrobial 
target site or accessibility to the target site (Schwarz et al, 1995). For example, obligate 
anaerobes are resistant to aminoglycosides as they lack the electron transport system 
essential for their uptake (Rasmussen, 1997). Gram –negative organisms are resistant to 
macrolides and certain ß-lactam antibiotics as the drugs are too hydrophobic to traverse the 
outer bacterial membrane (Nikaido, 1989). Acquired resistance is a trait that is observed 
when a bacterium previously sensitive to an antibiotic, displays resistance either by 
mutation or acquisition of DNA or a combination of the two (Tomasz and Munaz, 1995). 
The methods of acquiring antibiotic resistance are as follows: 

 Spontaneous mutations – Spontaneous mutations or growth dependent mutations, that 
occur due to replication errors or incorrect repair of damaged DNA in actively dividing 
cells may be responsible for generating antibiotic resistance (Krasovec and Jerman, 
2003). Point mutations that not only produce antibiotic resistance, but also permit 
growth are attributed to antibiotic resistance (Woodford and Ellington, 2007). For 
example, the quinolone resistance phenotype in Escherichia coli is due to mutations in 
seven positions in the gyrA gene and three positions in the parC gene (Hooper, 1999).  
As a bacterial cell has several targets, access and protection pathways for antibiotics, 
mutations in a variety of genes can result in antibiotic resistance. Studies showed that 
mutations in the genes encoding the targets of rifamicins and fluoroquinolones, i.e. 
RpoB and DNA-topoisomerases respectively, results in resistance to the compounds 
(Martinez and Baquero, 2000; Ruiz, 2003). Adewoye et al (2002) reported that mutation 
in mexR, in P. aeruginosa resulted in upregulation of the mexA-mexB-oprM operon, which 
was associated with resistance to ß-lactams, fluoroquinolones, tetracyclines, 
chloramphenicol and macrolides. Expression of antibiotic uptake and efflux systems 
may be modified by mutations in the regulatory gene sequence or their promoter region 
(Depardieu et al., 2007; Piddock, 2006). Mutations in the E. coli mar gene results in up 
regulation of AcrAB, involved in the efflux of ß-lactams, fluoroquinolones, 
tetracyclines, chloramphenicol from the cell (Barbosa and Levy, 2000). 

 Hypermutation – In the last few years, studies have focussed on the association 
between hypermutation and antibiotic resistance. In the presence of prolonged, non-
lethal antibiotic selective pressure, a small population of bacteria enters a brief state of 
high mutation rate. When a cell in this ‘hyper mutable’ state acquires a mutation that 
relieves the selective pressure, it grows, reproduces and exits the state of high mutation 
rate. While the trigger to enter the hyper mutable state is unclear, it ahs been suggested 
that it is dependent on a special SOS –inducible mutator DNA polymerase (pol) IV 
(Krosovec and Jerman, 2003). Hypermutators have been found in populations of E. coli, 
Salmonella enterica, Neisseria meningitidis, Haemophilus influenzae, Staphylococcus aureus, 
Helicobacter pylori, Streptococcus pneumoniae, P. aeruginosa with frequencies ranging from 
0.1 to above 60% (Denamur et al., 2002; LeClerc et al., 1996). It has been observed that 
the hypermutators isolated from the laboratory as well as from nature have a defective 
mismatch repair system (MMR) due to inactivation of the mutS or mutL genes (Oliver et 
al, 2002). The MMR system eliminates biosynthetic errors in DNA replication, maintains 
structural integrity of the chromosome and prevents recombination between non-
identical DNA sequences (Rayssiguier et al., 1989) Studies have shown that the 
hypermutators play a significant role in the evolution of antibiotic resistance and may 
also be responsible for the multiresistant phenotype (Martinez and Baquero, 2000; 
Giraud et al., 2002; Chopra et al., 2003; Blazquez, 2003, Macia et al., 2005). 
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 Adaptive mutagenesis – Recent studies have demonstrated that in addition to 
spontaneous mutations, mutations occur in non-dividing or slowly dividing cells in the 
presence of non-lethal selective pressure. These mutations, known as adaptive 
mutations, have been associated with the evolution of antibiotic resistant mutants 
under natural conditions (Krasovec and Jerman, 2003; Taddei et al., 1997; Bjedov et al., 
2003). Adaptive mutagenesis is regulated by the stress responsive error prone DNA 
polymerases V (umuCD) and IV (dinB) (Rosche and Foster, 2000; Sutton et al., 2000). 
Piddock and Wise (1997) demonstrated that some antibiotics like quinolones induce a 
SOS mutagenic response and increase the rate of emergence of resistance in E.coli.  

 Horizontal gene transfer – Transfer of genetic material between bacteria, known as 
horizontal gene transfer is responsible fro the spread of antibiotic resistance. Resistance 
genes, consisting of a single or multiple mutations, may be transferred between bacteria 
by conjugation, transformation or transduction, and are incorporated into the recipient 
chromosome by recombination. These genes may also be associated with plasmids 
and/or transposons. Simjee and Gill (1997) demonstrated high level resistance to 
gentamycin and other aminoglycosides (except streptomycin) in enteroccoci. The 
resistance gene was found to be associated with narrow and broad host range plasmids. 
Due to the conjugative nature of the plasmids, spread of the resistance gene to other 
pathogenic bacteria is likely.  

 Horizontal transfer of resistance genes is responsible for the dissemination of multiple 
drug resistance. Gene cassettes are the smallest mobile genetic entities that carry 
distinct resistance determinants for various classes of antibiotics. Integrons are DNA 
elements, located on the bacterial chromosome or on broad host range plasmids, with 
the ability to capture one or more gene cassettes within the same attachment site. 
Movement of the integron facilitates transfer of the cassette-associated resistance genes 
from one DNA replicon to another. When an integron is incorporated into a broad host 
range plasmid, horizontal transfer of the resistance gene may take place. A plasmid 
with a pre-existing resistance gene cassette can acquire additional resistance gene 
cassettes from donor plasmids, thereby resulting in multiresistance integrons (Rowe-
Magnus and Mazel, 1999; Ploy et al., 2000). Over 40 gene cassettes and three distinct 
classes of integrons have been identified (Boucher et al., 2007). Dzidic and Bedekovic 
(2003) investigated the role of horizontal gene transfer in the emergence of multidrug 
resistance in hospital bacteria and demonstrated the transfer of antibiotic resistance 
genes between Gram-positive and Gram negative bacilli from the intestine. The fact that 
bacteria that have been separately evolving for upto 150 million years can exchange 
DNA, has strong implications with regard to the evolution of antibiotic resistance in 
bacterial pathogens (Dzidic et al., 2003; Vulic et al., 1997; Normark and Normark, 2002). 

3. Mechanisms of resistance  
The mechanisms that bacteria exhibit to protect themselves form antibiotic action can be 
classified into the following types. Table 1 gives an overview of representative antibiotics 
and their mechanisms of resistance. 

 Antibiotic inactivation - Inactivation of antibiotic could be a result of either inhibition 
of activation in vivo or due to modification of the parent antibiotic compound, resulting 
in loss of activity. Loss of enzymes involved in drug activation is a relatively new 
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3. Mechanisms of resistance  
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mechanism of drug resistance. Studies have demonstrated that mutations in the nfsA 
and nfsB genes, which encode cellular reductases that reduce members of the nitrofuran 
family (nitrofurantion, nitrofurazone, nitrofurazolidone, etc.), are associated with 
nitrofuran resistance (Kumar and Jayaraman, 1991; Zenno et al., 1996; Whiteway et al., 
1998). 
β-lactamase enzymes cleave the four membered β-lactam ring of antibiotic like 
penicillin and cephalosporin, thereby rendering the antibiotic inactive. The large 
number of β-lactamases identified have been classified based on their structure and 
function. (Bush et al., 1995). The enzymes discovered early (the TEM-1, TEM-2 and 
SHV-1 β-lactamases) were capable of inactivating penicillin but not cephalosporin. 
However, subsequent variants with a variety of amino acid substitutions in and around 
their active sites were identified in many resistant organisms. These have been 
collectively called ‘extended spectrum β-lactamases (ESBLs)’ and act on later generation 
β-lactam antibiotics (Bradford, 2001). 
While most of the ESBLs are derivatives of the early enzymes, newer families of ESBLs, 
like cefotaximases (CTM-X enzymes) and carbapenemases have been discovered 
recently (Bonnet, 2004; Walther-Ramussen, 2004; Canton and Coque, 2006, Livermore 
and Woodford, 2000; Nordman and Poirel, 2002; Queenan and Bush, 2007). The CTM-X 
genes are believed to have descended from progenitor genes present in Klyuvera spp. 
(Decousser et al., 2001; Poirel et al., 2002; Humeniuk et al., 2002). These ESBLs pose a 
significant threat as they provide resistance against a broad antibacterial spectrum 
(Bradford, 2001). 
Enzymatic acetylation of chloramphenicol is the most common mechanism by which 
pathogens acquire resistance to the antibiotic (Schwarz et al., 2004). Mosher et al. (1995) 
established that O-phosphorylation of chloramphenicol affords resistance in 
Streptomyces venezuelae ISP 5230.  
While the resistance to aminoglycosides due to inhibition of drug uptake in Gram 
negative organisms is well documented, aminoglycoside inactivating enzymes have 
been detected in many bacteria and plasmids. The presence of multiple NH2 and OH 
groups enables inactivation of aminglycosides. Inactivation occurs through acylation of 
NH2 groups and either phosphorylation or adenylation of the OH groups. (Azucena 
and Mobashery, 2001) Doi and Arakawa (2007) reported a plasmid-mediated 
mechanism of aminoglycoside resistance involving methylation of 16S ribosomal RNA.  
Fluroquinolones (ciprofloxacin, norfloxacin, ofloxacin) inhibit DNA replication by 
targeting the enzymes, DNA gyrase and topoisomerase IV. Fluoroquinolone resistance 
occurs either through mutations in the genes coding for the subunits of DNA gyrase 
(gyrA and gyrB) and topoisomeraseIV (parC and parE), drug efflux, or a combination of 
both mechanisms. (Levy, 1992; Nikaido, 1996; Li and Nikaido, 2004; Ruiz, 2003; 
Oyamada et al., 2006). However, Robiscek et al (2006) and Park et al (2006) demonstrated 
that a gene encoding an aminoglycoside-specific acetylase could mutate further to give 
an enzyme which could inactivate fluoroquinolones. This is an example to show that 
genes encoding minor and perhaps unrecognized activities, besides the major activity, 
could mutate further to gain extended activity and could be selected by appropriate 
selection pressures. 
Type A and type B streptogramins bind to the 50S ribosomal subunit and inhibit 
translation (Wright, 2007). Resistance to type A streptogramin has been found to be 
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mediated by an enzyme called VatD (virginiamycin acetyl transferase) acetylates the 
antibiotic (Seoane and Garcia-Lobo, 2000; Suganito and Roderick, 2002). Resistance to 
type B streptogramin is brought about by the product of the vgb gene, a C–O lyase 
(Mukhtar et al., 2001). Homologues and orthologues of the genes encoding both the 
enzymes have been detected in a variety of nonpathogenic bacteria, environmental 
bacteria and plasmids (Wright, 2007).  

 Exclusion from the internal environment - Alterations in permeability of the outer 
membrane of bacteria confers antibiotic resistance. This is commonly observed in 
Gram negative bacteria, such as Pseudomonas aeruginosa and Bacteroides fragilis. 
Reports have suggested that the loss or modification of, which are non-specific 
protein channels spanning the outer membrane, have resulted in antibiotic resistance. 
(Nikaido, 1989) 
Activation of efflux pump, which pump out the antibiotics that enter the cells thereby 
preventing intracellular accumulation, is also responsible for antibiotic resistance. 
(Nikaido, 1996; Li and Nikaido, 2004). The AcrAB/TolC system in E. coli is the best 
studied efflux system. The inner membrane protein, Acr B, and outer membrane 
protein, Tol C are linked by the periplasmic protein, Acr A. When activated, the linker 
protein is folds upon itself thereby, bringing the Acr B and Tol C proteins in close 
contact. This results in a channel from inside to the outside of the cell, through which 
antibiotics are pumped out. In antibiotic-sensitive cells, by the product of acrR gene, 
represses the AcrAB/TolC system. A mutation in acrR, causing an arg45cys change, 
activates expression of the system and consequent drug efflux. (Webber et al, 2005). 
Figure 1 shows the AcrAB/TolC efflux system in E.coli.  

 
Fig. 1. Efflux system in E. coli (AcrAB/TolC) system (Pos, 2009) 
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Nine proton-dependent efflux pumps have been identified in E. coli so far. These 
cause the efflux of multiple antibiotics leading to multidrug resistance (Viveiros et al., 
2007). Ruiz (2003) demonstrated that although fluoroquinolone resistance occurred 
commonly due to target mutations, efflux mechanisms were also responsible for the 
phenomenon. 

 Target alteration – Structural changes in the target site of the antibiotic prevent 
interaction of the antibiotic and its target, thus inhibiting the biological activity of the 
antibiotic. This is exemplified by penicillin resistance due to penicillin binding proteins 
(PBPs). PBPs are trans-peptidases which catalyse the crosslinking reaction between two 
peptides each linked to N-acetyl-muramic acid residues of the peptidoglycan backbone 
of the cell wall. Penicillin and other antibiotics which are structurally similar to the 
cross-linked dipeptide forma stable covalent complex with PBPs, inhibit the 
crosslinking reaction, resulting in weakening and lysis of the cell. Mutational changes in 
PBPs, which result in reduction in the affinity of PBPs to penicillin, over expression of 
endogenous, low-affinity PBPs encoding genes result in penicillin resistance (Zapun et 
al., 2008). 
Vancomycin binds non-covalently to the cell-wall precursors of Gram-positive bacteria. 
The binding, which occurs through a set of five hydrogen bonds between the antibiotic 
and the N-acyl-D-ala–D-ala dipeptide portion of the stem pentapeptides linked to the 
N-acetyl muramic acid backbone, blocks the crosslinking transpeptidase reaction 
catalysed by the PBPs. As a result the cell walls are less rigid and more susceptible to 
lysis. In vancomycin-resistant organisms, the stem peptides terminate in D-lactate as 
against D-alanine in the sensitive strains. This eliminates the formation of the crucial 
hydrogen bond and results in a 1000-fold decrease in the affinity for vancomycin and 
consequent resistance to the same. This process is regulated by a two-component 
regulatory system involving a set of five genes (vanR, vanS, vanH, vanA and vanX). 
Enterococci as well as Staphylococcus aureus have been shown to acquire resistance to 
vancomycin by this mechanism, known as vancomycin evasion. (Walsh et al., 1996; 
Arthur et al., 1996; Courvalin, 2006) 
Ruiz (2003) reported that the eight amino acid substitutions in gyrA , which have been 
attributed to fluroquinolone resistance, are predominantly located in the quinolone 
resistance determining region (QRDR). Rifampicin resistance due to mutation in rpoB, 
the gene encoding the ( R )-subunit of RNA polymerase has been observed in rifampicin 
resistant strains of Mycobacterium tuberculosis, laboratory strains of E. coli, other 
pathogens and non pathogens (Jin and Gross, 1988; Anbry-Damon et al., 1998; 
Padayachee and Klugman, 1999; Somoskovi et al., 2001).  

 Production of alternative target – Bacteria may protect themselves from antibiotics, by 
production of an alternative target resistant to inhibition along with the original 
sensitive target. The alternative target circumvents the effect of the antibiotic and 
enables survival of the bacteria. In methicillin resistant Staphylococcus aureus (MRSA) 
alternative penicillin binding protein (PBP2a) is produced in addition to penicillin 
binding protein (PBP). As PBP2a is not inhibited by antibiotics the cell continues to 
synthesise peptidoglycan and has a structurally sound cell wall. It has been suggested 
that the evolution of vancomycin resistant enterococci may lead to transfer of genes to 
S. aureus resulting in vancomycin resistant MRSA (Michel and Gutmann, 1997). 

 
Antibiotic Resistance: An Emerging Global Headache 

 

9 

Antibiotic Category Examples Mode of action  Major mechanisms of 
resistance 

ß-lactams Penicillin, 
Cephalosporin, 
Cetoximes, 
Carbapenems 

Inhibition of cell 
wall synthesis 

Cleavage by ß-
lactamases, ESBLs, 
CTX-mases, 
Carbapenemases, 
altered PBPs 

Aminoglycosides Streptomycin, 
Gentamycin, 
Tobramycin, 
Amikacin 

Inhibition of protein 
synthesis 

Enzymatic 
modification, efflux, 
ribosomal mutations, 
16S rRNA 
methylation 

Quinolones Ciprofloxacin, 
Ofloxacin, 
Norfloxacin 

Inhibition of DNA Efflux, modification, 
target mutations 

Glycopeptides Vancomycin Inhibition of cell 
wall synthesis 

Altered cell walls, 
efflux 

Tetracyclines Tetracycline Inhibition of 
translation 

Efflux 

Rifamycins Rifampicin Inhibition of 
transcription 

Altered ß-subunit of 
RNA polymerase 

Streptogramins Virginamycins, 
Quinupristin, 
Dalfoprisitin 

Inhibition of cell 
wall synthesis 

Enzymatic cleavage, 
modification, efflux 

Oxazolidinones Linezolid Inhibition of 
formation of 70S 
ribosomal complex 

Mutations in 23 S 
rRNA genes follwed 
by gene conversion. 

Table 1. Representative antibiotics and their mechanisms of resistance. Adapted from 
Jayaraman, 2009 

4. Conclusion 
Emergence of antibiotic resistance is driven by repeated exposure of bacteria to antibiotics 
and access of bacteria to a large antimicrobial resistance pool. Pathogenic and non-
pathogenic bacteria are becoming increasingly resistant to conventional antibiotics. While 
initial studies on antibiotic resistance investigated methicillin resistant Staphylococcus aureus 
and vancomycin resistant Enterococcus spp., the focus has now shifted to multi drug resistant 
Gram –negative bacteria. The emergence of Gram negative Enterobacteriaceae resistant to 
carbapenem due to New Delhi metallo – ß –lactamase 1 (NDM-1) has been identified as a 
major global health problem. (Kumarasamy et al, 2010). However, it must be noted that 
resistance selected in non pathogenic or commensal bacteria could act as a reservoir of 
resistance genes, resulting in emergence of resistance in pathogens. There is a need to 
review the use and check the misuse of antibiotics and to adopt good infection control 
practices in order to control antibacterial resistance, since increasing antibiotic resistance has 
the potential to transport clinical medicine to the pre-antibiotic era. 
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1. Introduction 
Until early 20th century, infectious diseases were primarily responsible for mortality in the 
United States; the average life expectancy were 47 years (US Department of Health and 
Human Services [DHHS], 1985).  

The advent of antiseptic techniques, vaccinations, antibiotics and other public health 
measures, raised life expectancy. In the early 21st century life expectancy has risen to 76 to 80 
years in most developed nations (Center for Diseases Control and Prevention, 2003). 
Therefore, it is estimated that, by the year 2030, in the United States, 70 million persons will 
be over 65 years old. (National Nursing Home Week, 2005) 

This epidemiologic transition has shifted the burden of morbidity from infections and acute 
illness to chronic diseases and degenerative illness. (Centers for Diseases Control and 
Prevention, 2003)  

Therefore, with multiple comorbid diseases, many older persons develop functional decline 
and dependency requiring institutionalization in nursing homes (Juthani-Mehta & 
Quagliariello, 2010). Nowadays there are over 16000 nursing homes in United States and 
approximately 1.5 million Americans reside in nursing homes. By 2050 the number of 
Americans requiring long-term care is expected to double, and this trend is expected in all 
developed nations (Jones AL & Al, 2009).  

The patient population and environment of the nursing home, provide a milieu that permits 
the development of infections and promote transmission of infectious agents (Nicolle LE & 
Al, 2001; Juthani-Mehta M & Quagliariello VJ, 2010). This is because nursing home residents 
have a number of risk factors, including age-associated immunological changes (High K, 
2007; van Duin D 2007a, 2007b), organ systems changes, multiple comorbid diseases (e.g 
dementias, diabetes mellitus, cardio-vascular diseases, chronic obstructive pulmonary 
disease, impaired dentition) (Bettelli G, 2011), and degenerative disease requiring the 
insertion of prosthetic devices (e.g. joint prostheses, implantable cardiac devices) that lead to 
frailty and disability with a high impact on development of infections (Jackson ML & Al, 
2004; Curns AT & Al, 2005; Fry AM & Al, 2005). 
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1.1 Immunosenescence 

A functional immune system is considered vital for the host’s continued survival against 
onslaught of pathogens. In humans, as well as in many other species, it is becoming 
recognized that the immune system declines with age (immunosenescence), which leads to a 
higher incidence of infections, cancers and autoimmune diseases (Pawelec G, 1999). 
Immunosenescence involves both the host’s capacity to respond to infections and the 
development of long-term immune memory, especially by vaccination (Muszkat M & Al, 
2003; Aspinall R & Al, 2007; Jackson MI & Al, 2008; Boog CJP, 2009), therefore it is 
considered a major contributory factor to the increased frequency of morbidity and 
mortality among the elderly (Ginaldi, L & Al, 2001) 

Immunosenescence is a multifactorial condition leading to many pathologically significant 
health problems in the aged population. Some of the age-dependent biological changes that 
contribute to the onset of immunosenescence are listed in Table 1. 
 

Cells Biological Changes References 
Hematopoietic stem cells ↓ Self-renewal capacity Ito K & Al, 2004

Phagocytes ↓ Total number, ↓ Bactericidal
activity

Lord JM & Al, 2001; 
Strout, R.D & Suttles J, 2005 

Natural Killer (NK) ↓ Cytotoxicity 
Bruunsgaard H & Al, 2001; 
Mocchegiani E & Malavolta 
M, 2004

Dendritic Cells ↓ Antigen-Presenting function Uyemura K, 2002 

B- lymphocytes ↓ Antibodies production
 AutoAntibodies Han S & Al, 2003  

Naïve lymphocytes ↓ Production Hakim FT & Gress RE, 2007 
Memory cells ↓ Functional competence Ginaldi L & Al, 2001 
Macrophages Disregulation Cambier J, 2005

Thymus ↓ Epithelial volume Aspinall R & Andrew D, 
2000 

Thymocytes (i.e. 
premature T-cells) 

Reduction/Exhausion on the 
number  Min H & Al, 2004 

Lymphokines ↓ Production (e.g. IL-2) 
Murciano C & Al, 2006; 
Voehringer D & Al, 2002; 
Ouyang Q & Al, 2003 

T-cell receptor (TcR) Shrinkage of antigen-
recognition repertoire diversity

Naylor K & Al, 2005;  
Weng NP, 2006

Response to Antigenic 
stimulation  

Impaired proliferation of T-
cells 

Murciano C & Al, 2006; 
Naylor K & Al, 2005;  
Weng NP, 2006;  
Voehringer DM & Al, 2006 

Memory & Effector T-cells Accumulation and Clonal 
expansion 

Franceschi C & Al, 1999; 
Voehringer DM & Al, 2006 

Changes in cytokine
profile 

e.g.  Pro-inflammatory 
cytokines milieu

Suderkotter C & Kalden H, 
1997

Table 1. Age-dependent biological changes of immunosenescence 
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At a glance, Hematopoietic stem cells (HSC), which provide the regulated lifelong supply of 
leukocyte progenitors that are in turn able to differentiate into a diversity of specialized 
immune cells (including lymphocytes, antigen-presenting dendritic cells and phagocytes) 
diminish in their self-renewal capacity. This is due to the accumulation of oxidative damage 
to DNA by aging and cellular metabolic activity and the shortening of telomeric terminals of 
chromosomes ( Ito K & Al, 2004). There is a decline in the total number of phagocytes in 
aged hosts, coupled with an intrinsic reduction of their bactericidal activity (Lord JM & Al, 
2001; Strout, R.D & Suttles J, 2005). 

 The cytotoxicity of Natural Killer (NK) cells and the antigen-presenting function of 
dendritic cells is known to diminish with old age (Bruunsgaard H & Al, 2001; Mocchegiani E 
& Malavolta M, 2004); the age-associated impairment of dendritic Antigen Presenting Cells 
(APCs) has profound implications as this translates into a deficiency in cell-mediated 
immunity and thus, the inability for effector T-lymphocytes to modulate an adaptive 
immune response (Uyemura K, 2002). There is a decline in humoral immunity caused by a 
reduction in the population of antibody producing B-cells along with a smaller 
immunoglobulin diversity and affinity (Han S & Al, 2003) 

As age advances, there is a decline in both the production of new naive lymphocytes 
(Hakim FT & Gress RE, 2007), and the functional competence of memory cell populations, 
with increased frequency and severity of diseases such as cancer, chronic inflammatory 
disorders and autoimmunity (Ginaldi L & Al, 2001) . 

A problem of infections in the elderly is that they frequently present with non-specific signs 
and symptoms, and clues of focal infection are often absent or obscured by underlying 
chronic conditions (Ginaldi L & Al, 2001). Ultimately, this provides problems in diagnosis 
and subsequently, treatment. In addition to changes in immune responses, the beneficial 
effects of inflammation devoted to the neutralisation of dangerous and harmful agents, early 
in life and in adulthood, become detrimental late in life in a period largely not foreseen by 
evolution, according to the antagonistic pleiotropy theory of aging (Franceschi C & Al, 
2000a). It should be further noted that changes in the lymphoid compartment is not solely 
responsible for the malfunctioning of the immune system in the elderly. Although myeloid 
cell production does not seem to decline with age, macrophages become dysregulated as a 
consequence of environmental changes (Cambier J, 2005). The functional capacity of T-cells 
is most influenced by the effects of aging: the age-related alterations are evident in all stages 
of T-cell development, making them a significant factor in the development of 
immunosenescence (Linton P & Al, 2006). After birth, the decline of T-cell function begins 
with the progressive involution of the thymus, which is the organ essential for T-cell 
maturation following the migration of precursor cells from the bone marrow. This age-
associated decrease of thymic epithelial volume results in a reduction/exhausion on the 
number of thymocytes (i.e. pre-mature T-cells), thus reducing output of peripheral naïve T-
cells (Aspinall R & Andrew D, 2000; Min H & Al, 2004). 

Once matured and circulating throughout the peripheral system, T-cells still undergo 
deleterious age-dependent changes. Together with the age-related thymic involution and 
the consequent age-related decrease of thymic output of new T cells, this situation leaves the 
body practically devoid of virgin T cells, which makes the body more prone to a variety of 
infectious and non-infectious diseases. (Franceschi C & Al 2000b)   

T-cell components associated with immunosenescence include: deregulation of intracellular 
signal transduction capabilities (Fulop T & Al, 1999), diminished capacity to produce 
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effector lymphokines (Murciano C & Al, 2006; Voehringer D & Al, 2002; Ouyang Q & Al, 
2003), shrinkage of antigen-recognition repertoire of T-cell receptor (TcR) diversity (Naylor 
K & Al, 2005; Weng NP, 2006), cytotoxic activity of Natural Killer T-cells (NKTs) decreases 
(Mocchegiani E & Malavolta M, 2004), impaired proliferation in response to antigenic 
stimulation (Murciano C & Al, 2006; Naylor K & Al, 2005; Weng NP, 2006; Voehringer DM 
& Al, 2006), the accumulation and the clonal expansion of memory and effector T-cells 
(Franceschi C & Al, 1999; Voehringer DM & Al, 2006), hampered immune defenses against 
viral pathogens, especially by cytotoxic CD8+ T cells (Ouyang, Q & Al, 2003) and changes in 
cytokine profile e.g. increased pro-inflammatory cytokines milieu present in the elderly 
(Suderkotter C & Kalden H, 1997). 

1.2 Organ system and aging  

Alterations in organ systems occur with normal aging, and many of these physiologic 
alterations contribute to the development of infections (Vergese A & Berk S, 1990; Smith PW, 
1994) (Table 2) 
 

System Aging changes

Skin Epidermal thinning (Ghadially R & Al, 1995), ↓ elasticity, ↓ subcutaneous tissue, ↓ 
vascularity  (Norman RA, 2003; Gilchrest BA, 1999)

Respiratory ↓ cough reflex, ↓ mucociliary transport, ↓ elastic tissue (Mittman C & Al, 1965),  
IgA/IgM in bronchoalveolar lavage and  CD4+/CD8* lymphocytes (Meyer KC & 
Al, 1996) , ↓ antioxidant levels in epithelial lining fluid (Kelly FJ & Al, 2003) 

Gastrointestinal ↓ motility, ↓ gastric acidity (Hall KE & Wiley JW, 1998)
Urinary ↓ urine osmolarity,  perineal-vaginal colonization (women) (Farage MA & 

Maibach HI, 2011)  prostate size and ↓ prostate secretion (men) (Nickel JC, 2003)  

Table 2. Physiologic organ systems changes in the elderly 

Although generally efficient defenses against infections are associated with the immune 
systems, many other elements have an important role. 

Epithelia from skin, bladder, the bronchial and the digestive system, for a physical barrier 
and thereby play a key part in preventing bacteria from invading the human body (Ben-
Yehuda A & Weksler ME, 1992). In particular, the skin changes, associated with aging lead 
to delayed wound healing (Ghadially R & Al, 1995). 

Changes in respiratory tract function increase the likehood of aspiration and pneumonia. 
Apart for a decrease in immune function, various mechanisms are likely to contribute to the 
pneumonia risk of the elderly: blunting of protective reflexes in the airway, seen after stroke 
but also a part of normal ageing (Yamaya M & Al, 1991), decreased in mucociliary clearance 
(Incalzi RA & Al, 1989), loss of local immunity (decreased T-cell subsets and 
immunoglobulin in respiratory secretions) (Meyer KC, 2001).  

Alterations in gastrointestinal tract physiology (e.g. decreased mobility and gastric acidity, 
decreased intestinal mobility, modifications of resident intestinal flora and intestinal mucus) 
increase the likelihood of infection after ingestion of a potential pathogen (Ben-Yehuda A & 
Weksler ME, 1992; Klontz KC & Al, 1997) 

Moreover, the urinary tract is more vulnerable to infections in both elderly men and women 
even in absence of other diseases. Factors contributing to this vulnerability include 
mechanical changes (reduction in bladder capacity, uninhibited contractions, decreased 
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urinary flow rate and post-void residual urine), urothelial change (enhanced bacterial 
adherence), prostatic hypertrophy in men (Ben-Yehuda A & Weksler ME, 1992) and hormonal 
changes (lack of estrogen in post menopausal women) (Yoshikawa TT & Al, 1996) 

1.3 Chronic diseases and comorbility 

The nursing home population has a high frequency if chronic diseases, many of which 
increase the likelihood of infections. These chronic diseases are often the major factor 
necessitating institutional care (Ouslander J, 1989; Hing F & Bloom B, 1990; Van Rensbergen 
G & Nawrot T, 2010). The most frequent diagnosed underlying chronic diseases include 

dementia and neurologic diseases (Banaszak-Koll & Al, 2004; Bowman C & Al, 2004; Van 
Rensbergen G & Nawrot T, 2010), peripheral diseases (Chong WF & Al, 2011), 
cerebrovascular diseases (Bowman C & Al, 2004; Van Rensbergen G & Nawrot T, 2010; 
Chong WF & Al, 2011), chronic pulmonary conditions (Mc Nabney MK & Al, 2007; Van 
Rensbergen G & Nawrot T, 2010), hearth diseases (Chan KM & Al, 1998; Van Rensbergen G 
& Nawrot T, 2010; Chong WF & Al, 2011). The prevalence of diabetes mellitus varies from 
10 to 30 per cent in the nursing home population (Garibaldi RA & Al, 1981; Nicolle LE & Al, 
1984; Ahmed A & Al, 2003; Valiyeva E & Al, 2006; Mc Nabney MK & Al, 2007; IKED Report, 
2007; Van Rensbergen G & Nawrot T, 2010). 

Comorbidities contribute to the high frequency of infections in nursing homes because the 
high risk profile of nursing homes residents (Jette AM & Al, 1992): demented residents often 
have neurogenic bladder and inability to empty the bladder that results in an increased 
frequency of urinary tract infections (Nicolle LE, 2000; 2002). Patients with peripheral 
vascular disease have an high risk for skin and soft tissue infections because the impaired 
vascular supply to extremities and peripheral edema (Sieggreen MY & Kline RA, 2004; Ely 
JW & Al; 2006). Patients with chronic obstructive pulmonary disease are likely to have 
bacterial colonization of tracheobronchial tree and recurrent bronchopulmonary infections 
(Marin A & Al, 2010). Moreover, patients with diabetes mellitus, have increased prevalence 
of infections (Shah BR & Hux JE, 2003; Bertoni AG & Al, 2001): pneumonia (Valdez R & Al, 
1999; Tan JS, 2000), lower urinary tract infections and pyelonephritis (Zhanel GG & Al, 1995; 
Stamm WE & Hooton TM, 1993), soft tissue infections, including the "diabetic foot", 
necrotizing fasciitis and mucocutaneous Candida infections (Votey SR & Peters Al, 2005; 
Fridkin SK & Al, 2005; Miller LG & Al, 2005). Others infections such as invasive (malignant) 
otitis externa, rhinocerebral mucormycosis (Durand M & Joseph M, 2005; Earhart KC, Baugh 
WP, 2005) and emphysematous infections (cholecystitis and pyelonephritis) (Votey SR & Al, 
2005) occur almost exclusively in diabetics. The optimal management of infections in 
nursing homes residents includes ensuring optimal therapy of these associated diseases. 

1.4 Functional impairment 

Disability, functional dependence and deteriorating cognitive performance are strong 
predictors of nursing home admission among older adults (Jette AM & Al, 1992; Pourat N, 
1995; Krauss NA & Altmann, 2004; Miller SC & Al, 1998; Gaugler JE & Al, 2007). On the 
other hand the chronic diseases affecting the elderly nursing home residents, lead to 
functional impairment and dependency in activity of daily living (Bajekal M , 2002; Flacker 
JM & Kiely DK, 2003; Sutcliffe C & Al, 2007; Andresen M & Puggaard L, 2009; Jones AL & 
Al, 2009).  
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urinary flow rate and post-void residual urine), urothelial change (enhanced bacterial 
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1995; Krauss NA & Altmann, 2004; Miller SC & Al, 1998; Gaugler JE & Al, 2007). On the 
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Poor functional status in nursing home residents has been reported to be associated with 
increased occurrence of infections and high mortality rate (Curns AT & Al 2005; Jackson ML 
& Al, 2008; Juthani-Mehta M & Quagliariello VJ, 2010). Chair and bed-bound residents are at 
risk of pressure ulcers (Galvin J, 2002; Henoch I & Gustaffson M, 2003; Pressure Ulcer 
Advisory Panel/European Pressure Ulcer Advisory Panel Pressure Ulcer Prevention and 
Treatment Clinical Practice Guideline, 2009; Jankowski IM; 2010). Urinary incontinence is 
common, affecting as many as 50% of  residents in nursing home and approaches to the 
management of incontinence (including indwelling bladder catheters and external collecting 
devices for elderly men), increase the incidence of urinary infections (Gammack JK, 2003; 
Richards CL. 2004; Eriksen HM & Al, 2007; Ricci G & Al, 2010). Fecal incontinence is also 
associated with an higher risk of urinary infection (Topinkovà E & Al, 1997; ) and both 
urinary and fecal incontinence may contribute to extensive environmental contamination 
with pathogens and antimicrobial agent-resistant bacteria (Schnelle JF & Al, 1997; Leung FW 
& Schnelle JF, 2008; Pagliari P & Al, 2011). 

1.5 Nutrition and malnutrition 

There are a number of studies that document that 10 to 50% of nursing home residents are 
malnourished (Donini LM & Al, 2000; Saletti A & Al, 2000; Omran ML & Morley JE, 2000; 
Nakamura H & Al, 2006; Pauly L & Al, 2007). Over 50% of nursing home residents have 
reported to suffer from protein caloric malnutrition (Nakamura H & Al, 2006; Ordòňez J & 
Al, 2010). Vitamin, zinc and micronutrients deficiencies are also reported (Mandal SK & Ray 
AK, 1987; Girodon F & Al, 1997; Bates CJ & Al, 1999a; 1999b; Gosney MA & Al, 2008). The 
reasons for this high frequency of malnutrition might be comorbidities (Bostrőm AM & Al, 
2011; Shahin ES & Al, 2010), feeding difficulties (Hildebrandt GH & Al, 1997; Lamy M & Al, 
1999; Lelovics Z, 2009; Chang CC & Roberts BL, 2011), impaired cognition (Blandford G & 
Al, 1998; Magri et Al, 2003; Bartholomeyczik S & Al, 2010; Bostrőm AM & Al, 2011), bacterial 
overgrowth of the small bowel (e.g. Escherichia coli or anaerobic organisms) leading to 
malabsorption (Mc Evoy AJ & Al, 1983; Elphick HL & Al, 2006; Ziegler TR & Cole R, 2011) 
and poorer clinical outcomes (Kaganski N & Al, 2005; Stratton RJ & Al, 2006) .  

1.6 Invasive devices 

Because of multiple comorbidities and disabilities, nursing home residents are more likely to 
require invasive medical devices (e.g. indwelling urinary catheter, percutaneous and naso-
gastric feeding tube, tracheostomy, intravenous catheter and cardiac device). Feeding tubes 
are present from 7 to 41% of cognitive impaired nursing homes residents and urinary 
catheterization rate range from 11 to 12%. (Warren JI & Al, 1989; Juthani-Mehta M & 
Quagliariello VJ, 2010) 

Moreover the use of some devices, including tracheostomies and intravenous catheters, is 
increasing in the nursing homes, reflecting the increasing level of impairment among elderly 
patients admitted to these facilities. 

Device use has been associated with both colonization and infection with antibiotic resistant 
organisms in nursing home residents (Mody L & Al, 2007; 2008; Rogers MA & Al, 2008; L, & 
Al, 2008; 2010): from 5 to 10% of nursing home residents have long-term indwelling urinary 
catheters with associated persistent polymicrobial bacteriuria, urinary tract infections 
(Warren JW & Al, 1982; Beck-Sague C & Al, 1993; Garibaldi RA, 1999; Ha US & Cho YH, 
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2006; Regal RE & Al, 2006; ) and their complications (Ouslander J & Al, 1987; Warren JW & 
Al 1987; 1988), while enteral feeding solution given to patients with nasogastric and 
percutaneous feeding tubes, may be contaminated with bacteria of the family of 
Enterobacteriaceae, including Serratia spp and Enterobacter spp. (Freedland CP & Al, 1989; 
Greenow JE & Al, 1989).  Moreover, nasogastric tubes have been reported to be associated 
with a greater occurrence of aspiration pneumonia (Fay DE & Al, 1991) which is one of 
factor promoting the use of percutaneous gastric or jejunal feeding tubes with subsequent 
complication of stomal site infections, peritonitis (Luman W & Al, 2001) and risk of 
developing Clostridium difficile antibiotic-associated diarrhea (AAD) (Asha NJ & Al, 2006).  

Finally, intravenous peripheral line, peripherally inserted central catheter, tracheostomy and 
suprapubic urinary catheter are other commonly used devices in nursing home with an 
increasingly risk of developing sepsis, pneumonia, skin infections, soft tissue infections 
(Tsan L & Al, 2008). Device use has therefore associated with repeated courses of 
antimicrobial therapy foster the emergence of resistant pathogens. (Rogers MA & Al, 2008) 

1.7 Drugs use in elderly nursing homes residents 

Residents in nursing homes often have a complex and complicated illness profile ranging 
from simultaneous occurrence of several chronic diseases, depression, pain, sleep problems 
and dementia with the psychiatric and behavioral symptoms (Selbaek G & Al, 2007; Ricci G 
& Al, 2009) . Thus “polypharmacy” is the norm in nursing home population. The average 
nursing home resident receives from 5 to 10 different medications at any time (Beers MH & 
Al, 1992; Furniss L & Al, 1998; Doshi JA & Al, 2005; Kersten H & Al, 2009). Some of these 
medications may increase the likelihood of infections: atypical antipsychotics may impair 
consciousness and increase the frequency of aspiration (Knol W & Al, 2008; Gau JT & Al, 
2010); H2 blockers and protonic pump inhibitors (PPI) lead to decreased gastric acidity and 
may contribute to increased gastrointestinal infections (Laheij RI & Al; 2004; Gulmez SE & 
Al, 2007;Eom CS & Al 2011; Laria A & Al, 2011). Oral and inhaled glucocorticoid therapy are 
associated with an increased dose-dependent risk of infections (Ernst P & Al, 2007; 
Calverley PM & Al, 2007; Kardos P & Al, 2007; Drummond MB & Al, 2008; Singh S & Al, 
2009; Smitten AL, & Al 2008; Dixon WG & Al, 2011).  

2. Management of infections in nursing homes 
Clinical criteria used in the diagnosis and surveillance for infections in nursing homes, have 
generally been developed from observations in younger population with limited 
comorbidities. It was not until 2000 that the multifaceted nature of the evaluation of patients 
in long-term care facilities has led the Society for Healthcare Epidemiology of America and 
the American Geriatric Society to participation, review and support the Guidelines 
concerning the multidimensional assessment as part of the infectious disease evaluation in 
an older adult. (Bentley DW & Al, 2000; Kinsella K & Velkoff, VA , 2001; High KP & Al, 
2005; Centre for Diseases Control and Prevention, 2003)  

These guidelines are specifically intended to apply to older adult nursing home residents of 
the potential heterogeneity of conditions present in these facilities residents, suggests that 
the recommendations are intended to assist with the management of the majority of 
residents: older adults with multiple comorbidities and functional disabilities. 
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(Tsan L & Al, 2008). Device use has therefore associated with repeated courses of 
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2.1 Clinical presentation of infections 

Presentation of infections in nursing home residents are sometimes atypical (McGeer A & Al, 
1991; Norman D & Toledo S, 1992; High K & Al, 2009). Several factors contribute to the 
difficulty of establishing a clinical diagnosis in these patients. Hearing and cognition are often 
impaired in nursing home patients: symptoms may not be expressed or correctly interpreted 
by caregivers. Chronic clinical conditions may obscure the sign of infection leading to 
misinterpretation or overlooking symptoms. For instance, urinary incontinence may mask 
symptoms of urinary infection, or congestive heart failure may mask symptoms of pulmonary 
infection. The presence of coexisting diseases such as chronic bronchitis, which may mask acute 
pneumonia, or rheumatoid arthritis, which can confound the presence of septic arthritis, may 
compound difficulties in making the diagnosis of infection. (Cantrell M & Norman DC, 2010) 

Altered physiologic responses to infection, or for the manner to any acute illness, are due to 
man factors including the decremental biologic changes of normal aging, which may be 
exacerbated by lifestyle. For example, age-related changes in chest wall expansion and lung 
tissue elasticity, which may be made worse by smoking, contribute to a diminished cough 
reflex. A weakened cough has the double negative effect of contributing to a decline in 
pulmonary host defenses and making the diagnosis of respiratory infection more difficult. 

Another example of an altered physiologic response to infection in older persons that deserves 
special mention is the often-observed blunted fever response (Harper C & Newton P, 1989; 
Wasserman M & Al, 1989; Norman D & Toledo S, 1992; Norman D & Yoshikawa TT, 1996) and 
increased frequency of afebrile infection (Gleckman B & Hibert D, 1982; Meyers B & Al, 1989) 

Although fever is the cardinal sign of infection, the traditional definition of fever (oral 
temperature of 38° to 38.3°C) may not be sensitive enough to diagnose infection in elderly 
patients. Castle SC & Al (1991) found that, in a nursing home population, baseline body 
temperatures are approximately 0.5°C below those of a normal young person and that with 
infection, despite a rise in temperature comparable to that seen in the young, the maximum 
temperature may be below the traditional definition of fever. However, a temperature of 
37.8°C coupled with a decline in functional status is highly indicative of infection in this 
population. (Castle SC & Al, 1991) 

The presence or absence of fever—aside from facilitating or inhibiting the diagnosis of 
infection—has other implications. The presence of fever (as defined by an oral temperature 
of 38.3°C) is highly specific for the presence of a serious, usually bacterial, infection (Keating 
MJ III, & Al, 1984; Wasserman M & Al, 1989). Moreover, when the syndrome of fever of 
unknown origin (FUO) occurs in elderly persons, it typically signifies a treatable condition 
such as intra-abdominal infection, infective endocarditis, temporal arteritis, or other 
rheumatologic condition. (Knockaert DC & Al, 1993; Berland B & Gleckman RA, 1992).  

A blunted fever response to infection frequently portends a poor prognosis (Weinstein MP 
& Al, 1983). 

This may be relevant to the mounting evidence that fever may play an important role in host 
defenses (Kluger MJ & Al, 1996; Norman D & Yoshikawa TT, 1996). The peripheral 
leukocyte count in bacterial infection is not as high as that observed for younger population 
and leukocytosis is often absent. (Werner H & Kuntsche J, 2000). So, the elevation of acute 
phase protein may be a more reliable marker of infection than elevation of erythrocyte 
sedimentation rate. 
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In summary, an acute infection in the elderly may present with either typical clinical 
manifestations or subtle findings.  

Signs and symptoms pointing to a specific organ system infection may be lacking. Thus, an 
infection should be sought in any elderly person with an unexplained acute to subacute 
(days to weeks) decline in functional status, falls, delirium, anorexia, weakness, 
disorientation (Gavazzi G, Krause KH, 2002) 

2.2 Antimicrobial agent use in nursing homes 

Antimicrobials agents are among the most frequently prescribed pharmaceutical agents in 
nursing homes; the account for approximately 40% of all systemic drugs used (Crossley K & 
Al, 1987; Wayne SJ & Al, 1992). It is estimated that two to four million courses of antibiotics 
are prescribed for residents of US nursing homes annually (Strausbaugh LJ & Joseph CL, 
2000) . As a result, from 50 to 70% of residents receive at least one systemic antimicrobial 
agent during 1 year (Montgomery P & Al, 1995) and the prevalence of systemic antibiotic 
use is reported to be 8% (Crossley K & Al, 1987; Jacobson C & Strausbaugh LJ, 1990; Warren 
JW & Al, 1991; Montgomery P & Al, 1995; Lee YL & Al, 1996; Mylotte JM, 1996; Loeb M & 
Al, 2001a). In a 9-month surveillance study in a nursing home care unit (Jacobson C & 
Strausbaugh LJ, 1990), 51% of the 321 study patients received antimicrobial agents at some 
time during their stay. More than one agent was prescribed for 30% of these patients. In 
addition as many as 30% of nursing home residents receive at least one prescription for a 
topical antimicrobial agent each year (Yakabowich MR & Al, 1994; Montgomery P & Al, 
1995). 

A substantial proportion of antimicrobial treatment in nursing homes is considered 
inappropriate: from 30 to 75% of systemic antimicrobial agents (Zimmer JG & Al, 1986; 
Crossley K & Al 1987; Jones SR & Al, 1987; Katz PR & Al, 1990; Warren JW & Al, 1991; 
Yakabowich MR & Al, 1994; Pickering TD & Al, 1994; Montgomery P & Al, 1995) and up to 
60% of topical antimicrobial agents (Montgomery P & Al, 1995) are inappropriately used.  

The inappropriate use of antibiotics, especially in frail elderly nursing home residents, can 
be burdensome and harmful (Morrison RR & Al, 1998). From a broader public health 
perspective, antimicrobial use is the primary factor leading to the emergence of 
antimicrobial-resistant bacteria. Antibiotic resistance among bacteria implicated in the most 
common infections is rising exponentially throughout the word (D’Agata E & Mitchell SL, 
2008). Infections caused by antimicrobial-resistant bacteria are associated with up to 5 times 
higher mortality rates and lead to more frequent and prolonged hospitalization compared 
with infections caused by antimicrobial-susceptible bacteria (Carmeli Y & Al, 2002; 
Cosgrove SE & Al, 2002; 2005). These issues are relevant for older patients who arbor 
relatively high of antimicrobial-resistant bacteria, and in nursing homes, where 
antimicrobials are the most frequently prescribed pharmaceutical agents (Crossley K & Al 
1987; Warren JW & Al, 1991; Flamm RK & Al, 2004) 

3. Infections in nursing homes 
Infections are a frequent occurrence in nursing homes. The most important aspects are 
represented by endemic infections, epidemics and infections with resistant organisms 
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use is reported to be 8% (Crossley K & Al, 1987; Jacobson C & Strausbaugh LJ, 1990; Warren 
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Strausbaugh LJ, 1990), 51% of the 321 study patients received antimicrobial agents at some 
time during their stay. More than one agent was prescribed for 30% of these patients. In 
addition as many as 30% of nursing home residents receive at least one prescription for a 
topical antimicrobial agent each year (Yakabowich MR & Al, 1994; Montgomery P & Al, 
1995). 

A substantial proportion of antimicrobial treatment in nursing homes is considered 
inappropriate: from 30 to 75% of systemic antimicrobial agents (Zimmer JG & Al, 1986; 
Crossley K & Al 1987; Jones SR & Al, 1987; Katz PR & Al, 1990; Warren JW & Al, 1991; 
Yakabowich MR & Al, 1994; Pickering TD & Al, 1994; Montgomery P & Al, 1995) and up to 
60% of topical antimicrobial agents (Montgomery P & Al, 1995) are inappropriately used.  

The inappropriate use of antibiotics, especially in frail elderly nursing home residents, can 
be burdensome and harmful (Morrison RR & Al, 1998). From a broader public health 
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antimicrobials are the most frequently prescribed pharmaceutical agents (Crossley K & Al 
1987; Warren JW & Al, 1991; Flamm RK & Al, 2004) 

3. Infections in nursing homes 
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3.1 Endemic infections 

The most frequent endemic infections are respiratory tract, urinary tract, skin and soft 
tissue, and gastrointestinal infections (primarily manifesting as diarrhea) (Strausbaugh LJ & 
Joseph CJ, 1999).  

3.1.1 Occurrence of endemic infections 

In United States nursing homes, 1.6 to 3,8 million infections occur (Strausbaugh LJ & Al, 
2000). These infections are largely endemic and have an overall infection rate that ranges 
from 1,8 to 13,5 infections per 1000 resident care days (Strausbaugh LJ & Al, 2000). The 
variability of prevalence (Cohen E & Al, 1979; Garibaldi R & Al, 1981; Standfast SJ & Al, 
1984; Setia U & Al, 1985; Scheckler W & Peterson P, 1986; Alvarez S & Al, 1988; Magaziner J 
& Al, 1991; Steinmiller A & Al, 1991; Eikelenboom-Boskamp A & Al, 2011) and incidence 
(Magnussen M & Robb S, 1980; Farber BF & Al, 1984; Nicolle LE & Al, 1984; Franson T & Al, 
1986; Scheckler W & Peterson P, 1986; Viahov D & Al, 1987; Alvarez S & Al, 1988; Schicker 
JM & Al, 1988; Hoffman N & Al, 1990; Jacobson C & Strausbaugh LJ, 1990; Darnowsky S & 
Al, 1991; Jackson M & Al, 1992) rate of infections, reflects differences in patients populations 
in different study institutions, as well as differing surveillance definitions and methods for 
case ascertainment .  

Many of these reports are from Veteran Administration facilities, where over 90% of the 
population are male and, thus, non representative of the general nursing home population, 
in which only 20 to 30% are male. The most frequent infections identified are usually 
respiratory tract infections, varying in rate from 0.46 to 4.4 per 1000 resident days. In most 
reports, this includes both upper and lower respiratory infections, because the difficulties in 
distinguishing the two diagnoses on the basis of clinical criteria alone (Cohen E & Al, 1979; 
Garibaldi R & Al, 1981; Standfast SJ & Al, 1984; Scheckler W & Peterson P, 1986; Magaziner J 
& Al, 1991). (Table 3) 

The reported incidence of symptomatic urinary infections varies from 0,1 to 2,4 per 1000 
resident days. (Nicolle LE, 2000) 

The influence of different surveillance definition is notable in reports of incidence of febrile 
urinary infections. Symptomatic urinary infection may be defined permissively as a positive 
urine culture in a patient with fever and no other apparent source or, restrictively as a 
positive urine culture in a patient with fever and acute symptoms referable to the urinary 
tract (Schaeffer AJ & Schaeffer EM, 2007; High K & Al, 2009). Report using the permissive 
definition overestimate the occurrence of febrile urinary infection, while those using the 
restrictive definition certainly underestimate the incidence. 

The clinical and economic impact of endemic infections in the nursing home residents is 
difficult to define, because these patients are highly chronic impaired, and additional 
morbidity from intercurrent infection is difficult to measure. Moreover, in case of fully 
dependent, non communicative, demented resident, mortality may not be considered an 
undesiderable outcome. Similarly, the prolongation of institutionalization may also not be 
meaningful as a measure of morbidity or cost in these permanently institutionalized elderly 
residents.  
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Reference 
Incidence per 1000 resident days 

All 
infections Respiratory Urinary Skin & 

soft tissue
Gastrointest

inal tract 
Magnussen M & Robb S, 
1980 

3.4 0.46 2.4 0.3 0 

Alvarez S & Al, 1988 2.7 0.7 1.2 0.5 Not stated 
Nicolle LE & Al, 1984 4.1 1.8 0.1 1.0 0.9 
Farber BF & Al, 1984 6.7 3.2 1.8 0.1 0 
Franson T & Al, 1986 4.6 1.0 2.3 1.0 Not stated 
Scheckler W & Peterson P, 
1986 

3.6 1.3 1.6 0.5 0.04 

Vlahov D & Al, 1987 3.6 1.1 1.2 0.2 0.7 
Schicker JM & Al, 1988 5.4 2.0 1.9 0.7 0.24 
Jacobson C & Strausbaugh 
L, 1990  

2.6 0.9 1.0 0.45 0.15 

Hoffman N & Al, 1990 4.6 1.0 1.9 0.09 0 
Darnowski S & Al, 1991  9.5 4.4 1.5 2.1 Not stated 
Jackson M & Al, 1992 7.1 3.3 1.3 1.8 0.09 
Brusaferro S & Moro ML, 
2005 

4.8 1.8 1.5 0.7 Not stated 

Table 3. Incidence of infections in nursing homes (described in published studies) 

Indices that may be used as measures of the impact of endemic infections include the 
volume of antimicrobial agent use (Warren JW & Al, 1982; Crossley K & Al, 1987; 
Montgomery P & Al, 1995), frequency of transfer to acute-care facilities for management of 
infection and infection-related mortality. Reports summarizing antimicrobial agent use 
consistently identify urinary infection as the most frequent diagnosis for which treatment is 
prescribed, with respiratory infections second in frequency (Zimmer JG & Al, 1986; Crossley 
K & Al, 1987; Warren JW & Al, 1991; Waine SJ & Al, 1992; Montgomery P & Al, 1995; 
Bentley DW & Al, 2000). 

From 7 to 30% of elderly residents transferred from nursing homes to acute-care 
institutions, are transferred for management of infections (Irvine P & Al, 1984; Gordon 
WZ & Al, 1985; Jacobson C & Strausbaugh LJ, 1990; Kerr H & Byrd J, 1991); respiratory 
and urinary infections are the diagnoses that most commonly require transfer (Irvine P & 
Al, 1984; Gordon WZ & Al, 1985). One prospective study reported that 6,3% of all 
infectious episodes in nursing homes were associated with death, or 10,3 deaths per 100 
residents per year (Nicolle LE & Al, 1984). However, overall mortality is reported to be 
similar in residents with and without infection (Jacobson C & Strausbaugh LJ, 1990). The 
only common infection with a high case/fatality ratio is pneumonia (Ahlbrecht H & Al, 
1999). Autopsy series of elderly nursing home residents consistently fail to identify an 
infection other than pneumonia as an immediate cause of death (Nicolle LE & Al, 1987a; 
Gross JS & Al, 1988) 
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3.1.2 Respiratory tract infections 

3.1.2.1 Upper respiratory tract infections  

Upper respiratory infections in nursing home patients include sinusitis, otitis media, otitis 
externa and pharyngitis. Generally, the incidence of upper respiratory tract infections is 
reported to be less than that of lower respiratory tract infections: Scheckler and Peterson 
(1986) reported 1,1 upper respiratory tract infections per 100 resident months, compared 
with 1,9 pneumonia and bronchitis. The different clinical syndromes included as upper 
respiratory tract infections are usually reported as a single group, and the incidence of 
infection at each side is not known for nursing home residents. Group A streptococcus may 
cause pharyngitis, but most reports of streptococcal pharyngitis describe relatively 
uncommon episodes of epidemic infections (Schwartz B & Ussery X, 1992). Overall, these 
infections seem to have limited impact in the nursing home population. 

3.1.2.2 Lower respiratory tract infections  

Lower respiratory tract infections, including both pneumonia and bronchitis, are the most 
important infections occurring in nursing homes in both frequency and clinical 
consequences (Jackson M & Al, 1992; Beck-Sague C & Al, 1994). Increased aspiration of 
oropharyngeal contents and impairment pulmonary clearance mechanism resulting from 
physiologic aging changes, as well chronic pulmonary, cardiovascular and neurologic 
disease, contribute to the high incidence of pneumonia.  

Pneumonia is the only infection that is an important contributor to mortality, in this 
population, with a reported case/fatality rate of 6 to 23% (Nicolle LE & Al, 1984; Scheckler 
W & Peterson P, 1986; Jackson M & Al, 1992; Jacobson C & Strausbaugh LJ, 1990). 

Studies of the etiologies of nursing home-acquired pneumonia are generally flawed because 
they rely on expectorated sputum specimens to define bacteriology, and sputum specimens 
cannot differentiate oropharyngeal colonization from pulmonary infection.  

Invasive methods to estabilish an etiologic cause (transtracheal or transthoracic aspiration, 
bronchoscopy) are infrequently performed in nursing home population. Bacteriemia occurs 
in less than 25% of cases, even if it would allow the identification of the causative agent. 

With this limitations, streptococcus pneumoniae, remains the most important pathogen 
(Phair J & Al, 1978; Bentley DW, 1984; Farber BF & Al, 1984; Marrie TJ & Al, 1986; Peterson 
PK & Al, 1988).  (Table 4) 

Patients with chronic obstructive pulmonary disease have an increased frequency of 
bronchopneumonia, associated with Haemophilus influenzae and Moraxella catarrhalis. 
There is an increased occurrence of Gram-negative organism such Klebsiella pneumonia in 
the nursing home relative to other populations. 

In at least one study in which specimen for culture were obtained through transtracheal 
aspiration, 37% of episodes were reported to have mixed respiratory flora (Bentley DW, 
1984). Atypical pathogens such as Chlamydia pneumonia, Mycoplasma pneumonia and 
Legionella pneumophila may cause pneumonia in nursing home residents, but appear to be 
relatively infrequent. 
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Streptococcus 
pneumoniae 19 17 30 32 34 55 0.04 25 27.8 43.3 13.5 

Klebsiella 
pneumoniae 30 25 7.5 - 2.2 - 0.04 - - - 7.1 

Hemophilus 
influentiae 4.3 - 23 5.2 23 - - - 11.9 3.4 - 

Enterobacter spp 11 8.3 - - 1.1 - 24 28 - - - 
Escherichia coli 6.4 17 13 - 6.5 - - - 2.4 - 3.5 
Serratia marcescens 4.3 - - - - - - - - - - 
Pseudomonas 
aeruginosa 4.3 - 2.5 - 6.5 - 14 - 1.6 - 5.7 

Citrobacter spp 2.1 - 2.5 - 2.2 - - - - - - 
Proteus spp - - 2.5 - 2.2 - - - - - 2.8 
Branhamella 
catarrhalis - - 13 - 4.3 - - - - - - 

Other Gram- - - - 17 6.5 22 - - 6.4 7.1 2.8 
Staphylococcus 
aureus 19 8.3 7.5 1.7 12 - 33 31 2.4 2.2 9.9 

Mixed - 25 - 43 - - 38 5 - 20.9 20.3 

Table 4. Bacteria reported in published studies as a etiologic agents in subjects with nursing 
home-acquired pneumonia  

3.1.2.3 Tuberculosis 

The occurrence of Mycobacterium tuberculosis is variable among different institutions, 
although it is an important cause of infection in some nursing homes (Stead W, 1981; Stead 
W & Al, 1985; Brennen C & Al, 1988; Bentley DW, 1990a).  

The prevalence of positive tuberculin skin test in nursing home residents has been reported 
to vary from 21 to 35% (Stead W & Al, 1985; Welty C & Al, 1985; Perez-Stable EJ & Al, 1988).  

While active tuberculosis in nursing home residents is usually due to reactivation of latent 
infection, primary infection or reinfection may occur following exposure to an infectious 
case (Bentley DW, 1990a). Stead W (1985) reported that residents with negative skin test on 
admission to nursing homes, had a 5% year conversion rate in a home with a known 
infectious case, while the rate was 3,5% year in a home without a known case.  

About 10% of skin test convertors who did not receive prophylactic isoniazid therapy 
developed active infection.  
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When an infectious case occurs, delay in diagnosis due to preexisting chronic pulmonary 
symptoms, or delay in obtaining a chest radiography, may lead to prolonged, extensive 
exposure of other residents and staff. 

3.1.3 Urinary tract infections 

3.1.3.1 Symptomatic urinary infections 

In most survey the leading infection in nursing homes and in long-term care facilities is 
urinary tract infection (Bentley DW & Al, 2000; Philip W & Al, 2008) although with 
restrictive clinical definitions, symptomatic urinary infection is less frequent than 
respiratory infection (Stevenson KB & Al, 2005). Bacteriuria is very common in nursing 
home residents but, by itself, is not associated with adverse outcomes and does not affect 
survival (Eberle CM & Al 1993; Smith PW, 1985; Nicolle LE & Al, 2005a), therefore 
practitioners must distinguish symptomatic UTI from asymptomatic bacteriuria in making 
therapeutic decisions.  

Diagnosing urinary tract infection in nursing home residents is problematic. Given the high 
incidence of asymptomatic bacteriuria and pyuria, a positive urine culture and pyuria on 
urinalysis are non-diagnostic (Nicolle LE, 2000). Practitioners utilize clinical criteria to 
differentiate symptomatic urinary tract infection from asymptomatic bacteriuria, but 
existing clinical criteria were developed by expert consensus (McGeer A & Al, 1991; Philip 
W & Al, 2008) . The McGeer consensus criteria for urinary tract infection are widely 
accepted as surveillance and treatment standards (Centers for Medicare and Medicaid 
(CMS) Manual System, 2005). 

For residents without an indwelling catheter, three of the following criteria must be met to 
identify urinary tract infection : (1) fever ≥38°C; (2) new or increased burning on urination, 
frequency, or urgency; (3) new flank or suprapubic pain or tenderness; (4) change in 
character of urine; (5) worsening of mental or functional status (McGeer A & Al, 1991) The 
Loeb consensus criteria for urinary tract infection are minimum criteria necessary for 
empiric antibiotic therapy. For residents without an indwelling catheter, criteria include 
acute dysuria alone or fever (>37.9° or 1.5°C increase above baseline temperature) plus at 
least one of the following: new or worsening urgency, frequency, supra-pubic pain, gross 
hematuria, costovertebral angle tenderness, or urinary incontinence. (Loeb M & Al, 2001) 
The reliability, specifically inter-observer variability, for elements of these consensus criteria 
has not been determined. 

If the typical symptoms of urinary tract infection are dysuria and frequency (cystitis) or 
fever and flank pain (pyelonephritis), the elderly may present with atypical or non-
localizing symptoms. Chronic genitourinary symptoms are also common but are not 
attributable to bacteriuria (Nicolle LE & Al, 2005a; Ouslander JG & Schnelle JF, 2005). 
Because the prevalence of bacteriuria is high, a positive urine culture, with or without 
pyuria, is not sufficient to diagnose urinary infection (Nicolle LE & Al, 2005a). Clinical 
findings for diagnosis of urinary tract infection in non-catheterized residents must include 
some localization to the genitourinary tract (Mc Geer & Al, 1991). The diagnosis also 
requires a positive quantitative urine culture obtained by the clean-catch voided technique, 
by in and out catheterization, or by aspiration through a catheter system sampling port. A 
negative test for pyuria or a negative urine culture obtained prior to initiation of 
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antimicrobial therapy, excludes urinary infection, while a positive urine culture is not 
helpful in defining a urinary source for symptoms. Given these provisos, rates of 
symptomatic urinary infection of 0,11 to 0,15 per bacteriuric year have been reported in 
studies with restrictive clinical definition, that require the presence of localizing 
genitourinary symptoms or signs (Nicolle LE, 1983; 1987). Moreover, symptomatic urinary 
infection is reported as the diagnosis necessitating transfer from a nursing home to an acute-
care facility in 1 to 8% of such transfers (Irvine P, 1984; Gordon WZ, & Al, 1985). The urinary 
tract is the most common source of bacteriemia in the institutionalized elderly, contributing 
to over 50% of episodes (Setia U & Al, 1984; Rudman D & Al, 1988; Muder RR & Al, 1992; 
Nicolle LE & Al, 1994a) with a case/fatality ratio of 16 to 23% (Setia U & Al, 1985; Muder RR 
& Al, 1992; Nicolle LE & Al, 1994a).  The prevalence of indwelling urethral catheters in the 
nursing homes is 7 to 10% (Ribeiro BJ & Smith SR, 1985; Warren JW & Al, 1989; Kunin CM & 
Al, 1992). Catheterization predisposes to clinical urinary tract infection and the catheterized 
urinary tract is the most common source of bacteriemia in nursing homes (Smith PW, 1985; 
Nicolle LE & Al, 1996). Bacteriemia occurs significantly more frequently in subjects with 
indwelling urinary catheters (Rudman D & Al, 1988; Muder RR & Al, 1992). Residents with 
long-time catheters often present with fever alone. 

Nursing home residents with indwelling urinary catheters, are uniformly colonized with 
bacteria, largely attributable to biofilm on the catheter (Warren JW & Al, 1982). These 
organisms are often more resistant to oral antibiotics than bacteria isolated from elderly 
persons in the community (Gambert SR & Al, 1982; Daly PB & Al, 1991). Specimen collected 
through the catheter present for more than few days, reflect biofilm microbiology. For 
residents with chronic indwelling catheters and symptomatic infections, changing the 
catheter immediately prior to instituting antimicrobial therapy, allows collection of a 
bladder specimen, which is a more accurate reflection of infecting organisms (Raz R & Al, 
2000). Catheter replacement immediately prior therapy is also associated with more rapid 
defervescence and lower risk of early symptomatic relapse post-therapy (Raz R & Al, 2000). 

Guidelines for prevention of catheter-associated urinary tract infections in hospitalized 
patients (Wong ES & Hooden TM, 1981), are generally applicable to catheterized nursing 
home residents (Philip W & Al, 2008). Recommended measures include limiting use of 
catheters, insertion of catheters aseptically by trained personnel, use of as small diameter a 
catheter as possible, handwashing before and after catheter manipulation, maintenance of a 
closed catheter system, avoiding irrigation unless the catheter is obstructed, keeping the 
collecting bag below the bladder and maintaining good hydration in residents.  Urinary 
catheters coated with antimicrobial materials have the potential to decrease urinary tract 
infections, but have not been studied in the nursing home setting (Ha US & Cho YH, 2006; 
Schumm K & Lam TB, 2008). For some residents with impaired voiding, intermittent 
catheterization is an option, and clean technique is as safe as sterile technique (Duffy LM & 
Al, 1995). External catheter are also a risk factor for urinary tract infections in male residents 
(Smith PW & Al, 1991), but are significantly more comfortable and associated with fewer 
adverse effects, including symptomatic urinary infection, than indwelling catheter (Saint S & 
Al, 2006). Local external care is required.  

The reported microbiology of symptomatic urinary tract infections in nursing homes shows 
that E. coli in women, and Proteus Mirabilis in men are the most frequently isolated 
infecting organisms (Nicolle LE & Al, 1987; 1996; Ricci G & Al, 2010). Gram-negative 
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When an infectious case occurs, delay in diagnosis due to preexisting chronic pulmonary 
symptoms, or delay in obtaining a chest radiography, may lead to prolonged, extensive 
exposure of other residents and staff. 

3.1.3 Urinary tract infections 

3.1.3.1 Symptomatic urinary infections 

In most survey the leading infection in nursing homes and in long-term care facilities is 
urinary tract infection (Bentley DW & Al, 2000; Philip W & Al, 2008) although with 
restrictive clinical definitions, symptomatic urinary infection is less frequent than 
respiratory infection (Stevenson KB & Al, 2005). Bacteriuria is very common in nursing 
home residents but, by itself, is not associated with adverse outcomes and does not affect 
survival (Eberle CM & Al 1993; Smith PW, 1985; Nicolle LE & Al, 2005a), therefore 
practitioners must distinguish symptomatic UTI from asymptomatic bacteriuria in making 
therapeutic decisions.  

Diagnosing urinary tract infection in nursing home residents is problematic. Given the high 
incidence of asymptomatic bacteriuria and pyuria, a positive urine culture and pyuria on 
urinalysis are non-diagnostic (Nicolle LE, 2000). Practitioners utilize clinical criteria to 
differentiate symptomatic urinary tract infection from asymptomatic bacteriuria, but 
existing clinical criteria were developed by expert consensus (McGeer A & Al, 1991; Philip 
W & Al, 2008) . The McGeer consensus criteria for urinary tract infection are widely 
accepted as surveillance and treatment standards (Centers for Medicare and Medicaid 
(CMS) Manual System, 2005). 

For residents without an indwelling catheter, three of the following criteria must be met to 
identify urinary tract infection : (1) fever ≥38°C; (2) new or increased burning on urination, 
frequency, or urgency; (3) new flank or suprapubic pain or tenderness; (4) change in 
character of urine; (5) worsening of mental or functional status (McGeer A & Al, 1991) The 
Loeb consensus criteria for urinary tract infection are minimum criteria necessary for 
empiric antibiotic therapy. For residents without an indwelling catheter, criteria include 
acute dysuria alone or fever (>37.9° or 1.5°C increase above baseline temperature) plus at 
least one of the following: new or worsening urgency, frequency, supra-pubic pain, gross 
hematuria, costovertebral angle tenderness, or urinary incontinence. (Loeb M & Al, 2001) 
The reliability, specifically inter-observer variability, for elements of these consensus criteria 
has not been determined. 

If the typical symptoms of urinary tract infection are dysuria and frequency (cystitis) or 
fever and flank pain (pyelonephritis), the elderly may present with atypical or non-
localizing symptoms. Chronic genitourinary symptoms are also common but are not 
attributable to bacteriuria (Nicolle LE & Al, 2005a; Ouslander JG & Schnelle JF, 2005). 
Because the prevalence of bacteriuria is high, a positive urine culture, with or without 
pyuria, is not sufficient to diagnose urinary infection (Nicolle LE & Al, 2005a). Clinical 
findings for diagnosis of urinary tract infection in non-catheterized residents must include 
some localization to the genitourinary tract (Mc Geer & Al, 1991). The diagnosis also 
requires a positive quantitative urine culture obtained by the clean-catch voided technique, 
by in and out catheterization, or by aspiration through a catheter system sampling port. A 
negative test for pyuria or a negative urine culture obtained prior to initiation of 
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antimicrobial therapy, excludes urinary infection, while a positive urine culture is not 
helpful in defining a urinary source for symptoms. Given these provisos, rates of 
symptomatic urinary infection of 0,11 to 0,15 per bacteriuric year have been reported in 
studies with restrictive clinical definition, that require the presence of localizing 
genitourinary symptoms or signs (Nicolle LE, 1983; 1987). Moreover, symptomatic urinary 
infection is reported as the diagnosis necessitating transfer from a nursing home to an acute-
care facility in 1 to 8% of such transfers (Irvine P, 1984; Gordon WZ, & Al, 1985). The urinary 
tract is the most common source of bacteriemia in the institutionalized elderly, contributing 
to over 50% of episodes (Setia U & Al, 1984; Rudman D & Al, 1988; Muder RR & Al, 1992; 
Nicolle LE & Al, 1994a) with a case/fatality ratio of 16 to 23% (Setia U & Al, 1985; Muder RR 
& Al, 1992; Nicolle LE & Al, 1994a).  The prevalence of indwelling urethral catheters in the 
nursing homes is 7 to 10% (Ribeiro BJ & Smith SR, 1985; Warren JW & Al, 1989; Kunin CM & 
Al, 1992). Catheterization predisposes to clinical urinary tract infection and the catheterized 
urinary tract is the most common source of bacteriemia in nursing homes (Smith PW, 1985; 
Nicolle LE & Al, 1996). Bacteriemia occurs significantly more frequently in subjects with 
indwelling urinary catheters (Rudman D & Al, 1988; Muder RR & Al, 1992). Residents with 
long-time catheters often present with fever alone. 

Nursing home residents with indwelling urinary catheters, are uniformly colonized with 
bacteria, largely attributable to biofilm on the catheter (Warren JW & Al, 1982). These 
organisms are often more resistant to oral antibiotics than bacteria isolated from elderly 
persons in the community (Gambert SR & Al, 1982; Daly PB & Al, 1991). Specimen collected 
through the catheter present for more than few days, reflect biofilm microbiology. For 
residents with chronic indwelling catheters and symptomatic infections, changing the 
catheter immediately prior to instituting antimicrobial therapy, allows collection of a 
bladder specimen, which is a more accurate reflection of infecting organisms (Raz R & Al, 
2000). Catheter replacement immediately prior therapy is also associated with more rapid 
defervescence and lower risk of early symptomatic relapse post-therapy (Raz R & Al, 2000). 

Guidelines for prevention of catheter-associated urinary tract infections in hospitalized 
patients (Wong ES & Hooden TM, 1981), are generally applicable to catheterized nursing 
home residents (Philip W & Al, 2008). Recommended measures include limiting use of 
catheters, insertion of catheters aseptically by trained personnel, use of as small diameter a 
catheter as possible, handwashing before and after catheter manipulation, maintenance of a 
closed catheter system, avoiding irrigation unless the catheter is obstructed, keeping the 
collecting bag below the bladder and maintaining good hydration in residents.  Urinary 
catheters coated with antimicrobial materials have the potential to decrease urinary tract 
infections, but have not been studied in the nursing home setting (Ha US & Cho YH, 2006; 
Schumm K & Lam TB, 2008). For some residents with impaired voiding, intermittent 
catheterization is an option, and clean technique is as safe as sterile technique (Duffy LM & 
Al, 1995). External catheter are also a risk factor for urinary tract infections in male residents 
(Smith PW & Al, 1991), but are significantly more comfortable and associated with fewer 
adverse effects, including symptomatic urinary infection, than indwelling catheter (Saint S & 
Al, 2006). Local external care is required.  

The reported microbiology of symptomatic urinary tract infections in nursing homes shows 
that E. coli in women, and Proteus Mirabilis in men are the most frequently isolated 
infecting organisms (Nicolle LE & Al, 1987; 1996; Ricci G & Al, 2010). Gram-negative 
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organisms of increased antimicrobial resistance, including Klebsiella pneumoniae, 
Providencia spp, Morganella morganii, Enterobacter spp, Citrobacter spp and Pseudomonas 
aeruginosa are frequently isolated (Nicolle LE & Al, 1987; 1996; Ricci G & Al, 2010). Gram-
positive organisms, including Enterococcus spp, coagulase-negative Staphylococci, and less 
frequently, Staphylococcus aureus, are also identified (Ricci G & Al, 2010). (Table 5) 
 

Bacteria 
(percentage of total isolates)

Grude N 
& Al, 2001

Mathai D 
& Al, 2001

Nicolle 
LE, 2005 

Das & Al, 
2009 

Ricci & Al, 
2010 

Escherichia coli 56.7% 46.9% 15% 53.6% 55,5% 
Proteus Mirabilis 72% 5.0% 42% 14.6% 12.4% 
Klebsiella pneumoniae - 11% 8.2% 13.9% 11.8% 
Providencia spp - - 22% 3.7% 0.26% 
Morganella Morganii - - - 1.5% 0.52% 
Enterobacter cloacae 0.9% - 7.1% - 3.52% 
Citrobacter spp 0.2% - - - 0.26% 
Pseudomonas aeruginosa 1.3% 7.5% 27% 2.6% 7.64% 
Enterococcus faecalis 7.9% 12.8% - 4.5% 2.35% 
Coagulase-negative 
Staphylococci 

12.5% 3.4% 2.4% - - 

Staphylococcus aureus 2.2% - - 4.1% - 

Table 5. Bacteria reported in published studies as etiologic agents in urinary tract infections 

Providentia stuartii, is an organism with a unique proclivity for causing infections in 
nursing homes (Flerer J & Ekstrom M, 1981; Muder RR & Al, 1992). The major site of 
isolation of the organism is the urinary tract of patients with long-term indwelling urinary 
catheters or external urine-collecting devices (Flerer J & Ekstrom M, 1981; Warren JW & Al, 
1982). The occurrence of Providencia stuartii is highly variable among different facilities. 
When present, it is often identified in urine cultures from virtually all patients with long-
term indwelling urinary catheters: this observation suggest that cross-infection either 
through the environment or on the hands of staff members is the major determinant of 
Providencia stuartii urinary infections in the nursing home setting (Nicolle LE & Al, 1983) 

3.1.3.2 Asymptomatic bacteriuria 

If the prevalence and the incidence of symptomatic urinary infection is high, the prevalence 
and the incidence of asymptomatic bacteriuria are also high (Table 6). In a male population 
from whom monthly urine cultures were obtained, the incidence of new episodes of 
bacteriuria was 45 per 100 patients/years (Nicolle LE & Al, 1983). In a female population, 1,2 
infections per resident/year were identified (Nicolle LE & Al, 1987) and in a 58 month 
follow up of an Italian nursing home population, the rate of positive urine samples in 
asymptomatic subjects was higher than 45% (Ricci G & Al, 2010). 

Early recurrence of bacteriuria following treatment is the norm, with as many as 50% of men 
or women experiencing recurrence within 6 weeks of therapy (Nicolle LE & Al, 1983; 1988). 
The 5 to 10% of nursing home residents managed with long-term indwelling catheters, have 
a 100% prevalence of asymptomatic bacteriuria, usually with three to five organism isolated 
at any time (Warren JW & Al, 1982). The reported microbiology of asymptomatic infections 
is summarized in Table 7 and is similar to that of symptomatic infections.  
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References Prevalence (%)  
Hedin K & Al, 2002 23 
Hassanzadeh P & Motamedifar M, 2007 53 
Lin YT & Al, 2007 57.8 
Aguirre-Avalos G & Al 1999 24.7 
Ouslander JG & Al, 1996 43 
del Río G & Al, 1992 38.5 
Kaye D & Al, 1989 23.5 
Boscia JA, 1986 23.5 
Rodhe N & Al 2006 14.8 
Ricci G & Al, 2010 46,05 

Table 6. The prevalence of asymptomatic bacteriuria (reported in published studies) 

 

Bacteria 
(percentage of total 
isolates) 

Hedding K 
& Al, 2002 

Rahav G & 
Al, 2003 

Lin YT & 
Al, 2006 

Hassanzadeh P 
& Motamedifar 

M 2007 

Ricci & 
Al, 2010 

Escherichia coli 67.27  49.0  29.7  45.3  59.2  
Proteus Mirabilis 9.09  2.0  - 13.2  14.11  
Klebsiella pneumoniae 10.90  2.0  21.6  13.2  7.06  
Providencia spp - - 16.2  - - 
Morganella Morganii - - - - 0.61 
Enterobacter cloacae 1.81  2.0  - 3.8  0.31  
Citrobacter spp - 1.8  -  0.92  
Pseudomonas 
aeruginosa 

- 9.0  13.5  5.7 2.15  

Enterococcus faecalis 7.27  8.0  - - 2.15  
Coagulase-neg 
Staphylococci 

- 4.0  - - - 

Staphylococcus aureus - 6.0  - 5.7  - 

Table 7. Bacteria reported in published studies as etiologic agents in asymptomatic 
bacteriuria 

3.1.4 Skin and soft tissue infections in nursing homes 

3.1.4.1 Pressure ulcers 

The frequency of pressure ulcers (also termed “decubitus ulcers”) in nursing homes patients 
reflects the quality of nursing home care (Shepard M & Al, 1987; Allman R, 1988). The 
reported prevalence of pressure ulcers, has varied from 1,6 to up of 20% in different 
institutions (Michocki RJ & Lamy PP, 1976; Spector WD & Al, 1988; Branders GH & Al, 1990; 
Young JB & Dobrzanski S, 1992; Nicolle LE & Al, 1994a; Berlowitz DR & Al, 1996; Coleman 
EA & Al, 2002; Zulkowski K & Al, 2005), with an incidence as high as 10 to 30% patient per 
year (Berlowitz DR & Wilking SVB, 1989; Branders GH & Al, 1990), and as low as 3,4 to 4,8 
episodes per 100000 resident days (Nicolle LE & Al, 1994b). Pressure ulcers are associated 
with increased mortality (Branders GH & Al, 1990; Livesley NJ & Chow A, 2002; Garcia AD 
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organisms of increased antimicrobial resistance, including Klebsiella pneumoniae, 
Providencia spp, Morganella morganii, Enterobacter spp, Citrobacter spp and Pseudomonas 
aeruginosa are frequently isolated (Nicolle LE & Al, 1987; 1996; Ricci G & Al, 2010). Gram-
positive organisms, including Enterococcus spp, coagulase-negative Staphylococci, and less 
frequently, Staphylococcus aureus, are also identified (Ricci G & Al, 2010). (Table 5) 
 

Bacteria 
(percentage of total isolates)

Grude N 
& Al, 2001

Mathai D 
& Al, 2001

Nicolle 
LE, 2005 

Das & Al, 
2009 

Ricci & Al, 
2010 

Escherichia coli 56.7% 46.9% 15% 53.6% 55,5% 
Proteus Mirabilis 72% 5.0% 42% 14.6% 12.4% 
Klebsiella pneumoniae - 11% 8.2% 13.9% 11.8% 
Providencia spp - - 22% 3.7% 0.26% 
Morganella Morganii - - - 1.5% 0.52% 
Enterobacter cloacae 0.9% - 7.1% - 3.52% 
Citrobacter spp 0.2% - - - 0.26% 
Pseudomonas aeruginosa 1.3% 7.5% 27% 2.6% 7.64% 
Enterococcus faecalis 7.9% 12.8% - 4.5% 2.35% 
Coagulase-negative 
Staphylococci 

12.5% 3.4% 2.4% - - 

Staphylococcus aureus 2.2% - - 4.1% - 

Table 5. Bacteria reported in published studies as etiologic agents in urinary tract infections 

Providentia stuartii, is an organism with a unique proclivity for causing infections in 
nursing homes (Flerer J & Ekstrom M, 1981; Muder RR & Al, 1992). The major site of 
isolation of the organism is the urinary tract of patients with long-term indwelling urinary 
catheters or external urine-collecting devices (Flerer J & Ekstrom M, 1981; Warren JW & Al, 
1982). The occurrence of Providencia stuartii is highly variable among different facilities. 
When present, it is often identified in urine cultures from virtually all patients with long-
term indwelling urinary catheters: this observation suggest that cross-infection either 
through the environment or on the hands of staff members is the major determinant of 
Providencia stuartii urinary infections in the nursing home setting (Nicolle LE & Al, 1983) 

3.1.3.2 Asymptomatic bacteriuria 

If the prevalence and the incidence of symptomatic urinary infection is high, the prevalence 
and the incidence of asymptomatic bacteriuria are also high (Table 6). In a male population 
from whom monthly urine cultures were obtained, the incidence of new episodes of 
bacteriuria was 45 per 100 patients/years (Nicolle LE & Al, 1983). In a female population, 1,2 
infections per resident/year were identified (Nicolle LE & Al, 1987) and in a 58 month 
follow up of an Italian nursing home population, the rate of positive urine samples in 
asymptomatic subjects was higher than 45% (Ricci G & Al, 2010). 

Early recurrence of bacteriuria following treatment is the norm, with as many as 50% of men 
or women experiencing recurrence within 6 weeks of therapy (Nicolle LE & Al, 1983; 1988). 
The 5 to 10% of nursing home residents managed with long-term indwelling catheters, have 
a 100% prevalence of asymptomatic bacteriuria, usually with three to five organism isolated 
at any time (Warren JW & Al, 1982). The reported microbiology of asymptomatic infections 
is summarized in Table 7 and is similar to that of symptomatic infections.  
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References Prevalence (%)  
Hedin K & Al, 2002 23 
Hassanzadeh P & Motamedifar M, 2007 53 
Lin YT & Al, 2007 57.8 
Aguirre-Avalos G & Al 1999 24.7 
Ouslander JG & Al, 1996 43 
del Río G & Al, 1992 38.5 
Kaye D & Al, 1989 23.5 
Boscia JA, 1986 23.5 
Rodhe N & Al 2006 14.8 
Ricci G & Al, 2010 46,05 

Table 6. The prevalence of asymptomatic bacteriuria (reported in published studies) 

 

Bacteria 
(percentage of total 
isolates) 

Hedding K 
& Al, 2002 

Rahav G & 
Al, 2003 

Lin YT & 
Al, 2006 

Hassanzadeh P 
& Motamedifar 

M 2007 

Ricci & 
Al, 2010 

Escherichia coli 67.27  49.0  29.7  45.3  59.2  
Proteus Mirabilis 9.09  2.0  - 13.2  14.11  
Klebsiella pneumoniae 10.90  2.0  21.6  13.2  7.06  
Providencia spp - - 16.2  - - 
Morganella Morganii - - - - 0.61 
Enterobacter cloacae 1.81  2.0  - 3.8  0.31  
Citrobacter spp - 1.8  -  0.92  
Pseudomonas 
aeruginosa 

- 9.0  13.5  5.7 2.15  

Enterococcus faecalis 7.27  8.0  - - 2.15  
Coagulase-neg 
Staphylococci 

- 4.0  - - - 

Staphylococcus aureus - 6.0  - 5.7  - 

Table 7. Bacteria reported in published studies as etiologic agents in asymptomatic 
bacteriuria 

3.1.4 Skin and soft tissue infections in nursing homes 

3.1.4.1 Pressure ulcers 

The frequency of pressure ulcers (also termed “decubitus ulcers”) in nursing homes patients 
reflects the quality of nursing home care (Shepard M & Al, 1987; Allman R, 1988). The 
reported prevalence of pressure ulcers, has varied from 1,6 to up of 20% in different 
institutions (Michocki RJ & Lamy PP, 1976; Spector WD & Al, 1988; Branders GH & Al, 1990; 
Young JB & Dobrzanski S, 1992; Nicolle LE & Al, 1994a; Berlowitz DR & Al, 1996; Coleman 
EA & Al, 2002; Zulkowski K & Al, 2005), with an incidence as high as 10 to 30% patient per 
year (Berlowitz DR & Wilking SVB, 1989; Branders GH & Al, 1990), and as low as 3,4 to 4,8 
episodes per 100000 resident days (Nicolle LE & Al, 1994b). Pressure ulcers are associated 
with increased mortality (Branders GH & Al, 1990; Livesley NJ & Chow A, 2002; Garcia AD 
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& Thomas DR, 2006). Infected ulcers are reported to occur from 0,1 to 0,3 episodes per 1000 
resident days (Farber BF & Al, 1984; Scheckler W & Peterson P, 1986) or 1,4 per 1000 ulcer 
days (Nicolle LE & Al, 1994b). Infected pressure ulcers often are deep soft tissue and may 
have underlying osteomyelitis, cellulitis and bacteremia. Muder RR & Al (1992) reported 
that 36% of bacteremic skin and soft tissue infections was due to infected decubiti with a 
case/fatality ratio of 14% for all skin infections, and Livesley NJ & Chow AW (2002) 
reported that secondary bacteremic infections have a 50% mortality. 

Medical factors predisposing to pressure ulcers have been delineated (Berlowitz DR & 
Wilking SVB, 1989; Garcia AD & Thomas DR, 2006) and include immobility, pressure, 
friction, shear, moisture, steroids, incontinence, sensory impairment, malnutrition and 
infections; reduced nursing time can also increase the risk of developing pressure ulcers. 
Several of these factors may be partially preventable (i.e. malnutrition and fecal 
incontinence). Prevention of pressure ulcers involves developing a plan for turning, 
positioning, eliminating focal pressure, reducing shearing forces and keeping skin dry. 
Attention to nutrition, using disposable briefs and identifying residents at a high risk using 
prediction tools, can also prevent new pressure ulcers (Smith PW & Al, 2008). The goals are 
to treat infection, promote wound healing and prevent future ulcers. Many physical and 
chemical products are now available for the purpose of skin protection, debridement and 
packing, although controlled study are lacking in the area of pressure ulcer prevention and 
healing (Lyder CH, 2003) and a variety of products may be also used to relieve or distribute 
pressure, or to protect the skin (Smith PW & Al, 2008).  

Because pressure ulcers, like the skin, are frequently colonized with several different 
bacteria, antibiotic therapy is not appropriate for a surface swab culture without sign and 
symptoms of infection (Smith PW & Al, 2008). Surface cultures yield a polymicrobial flora of 
gram positive and gram negative, aerobic and anaerobic species (Allman R, 1988; Nicolle LE 
& Al, 1994b). Therefore, surface cultures are not considered reliable to identify infection or, 
when infection is clinically present, in identify infecting organisms. Non intact skin is more 
likely to be colonized with pathogens; so some authors obtained positive results for 97% of 
cultures of superficial swab specimens (Rudelsky B & Al, 1992) even if there were a poor 
concordance between the different bacterial species identified by biopsy and those identified 
by aspiration (43% of positive specimens) and swab culture (63% of positive specimens). 
Another study compared deep-tissue biopsy with aspiration of draining pressure ulcers 
(Ehrenkranz NJ & Al, 1990). Compared with deep-tissue biopsy, this technique had a 
sensivity of 93% and a specificity of 99% Ehrenkranz NJ & Al, 1990). Similar species were 
identified by irrigation-aspiration and deep tissue biopsy. However, aspirates samples of 
clinically non infected ulcers have also been shown to contain bacteria in 30% of cases 
(Nicolle LE & Al, 1994b). Culture results must be interpreted with caution, because should 
not be used as the sole criterion for infections, without clinical or histopathological evidence 
of infection (Hirshberg J & Al, 2000). Despite the aforementioned information, there is 
agreement on the most frequently isolated bacteria, including Staphylococcus aureus, beta-
Hemolytic Streptococci, Gram negative organisms (including Enterobacteriaceae and 
Pseudomonas spp, and other Gram positive organisms such Enterococcus spp) and 
Anaerobic organisms (Chow AW & Al, 1977; Sapico FI & Al, 1986; Muder RR & Al, 1992; 
Nicolle LE & Al, 1994b; Smith DM & Al, 2010; Lund-Nielsen B & Al, 2011). Colonization 
with Methicillin-Resistant Staphylococcus Aureus occurs frequently in institutions with 
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Endemic Methicillin-Resistant Staphylococcus Aureus (Bradley SF & Al, 1991; Strausbaugh 
LJ & Al, 1991) 

3.1.4.2 Cellulitis 

Cellulitis (infection of the skin and soft tissue) can occur either at the site of a previous skin 
break (pressure ulcer) or spontaneously. Skin infections generally are caused by group A 
Streptococci or Staphylococcus Aureus. However, in cases in which cellulitis is a 
complication of pressure ulcers or chronic foot ulcers in patients with diabetes or peripheral 
vascular impairment, infections with other agents, including members of the 
Enterobacteriaceae, anaerobes or polymicrobial flora are common. Outbreaks of group A 
streptococcal infections have been described, presenting as cellulitis, pharyngitis, 
pneumonia or septicemia (Auerbach SB & Al, 1992; Schwartz B & Ussery XT, 1992; Green 
CM & Al, 2005) 

3.1.4.3 Conjunctivitis 

Conjunctivitis in the adult presents as ocular pain, redness and discharge. Conjunctivitis has 
been reported frequently as a common infection in nursing home, but the frequency is 
variable in different institutions. A prevalence of 0.3 to 3.4% has been reported in different 
surveys (Garibaldi RA & Al, 1981; Schleckler W & Peterson P, 1986 ; Magaziner J & Al, 1991) 
while, the incidence of conjunctivitis on different units varied from 0.6 to 3.5 per 1,000 
patient-days (Boustcha E & Nicolle LE, 1995). Conjunctivitis occurs more frequently in 
elderly residents with greater functional impairment (Garibaldi RA & Al, 1981; Boustcha E 
& Nicolle LE, 1995). It is likely that a high proportion of conjunctivitis cases are 
noninfectious but are due to irritative, viruses or other factors (Boustcha E & Nicolle LE, 
1995). In the nursing homes cases may be sporadic or outbreak-associated (Garibaldi RA & 
Al, 1981). The batteriology of endemic conjunctivitis is not well studied, but Staphylococcus 
aureus appears to be the most frequent organism isolated (Boustcha E & Nicolle LE, 1995); 
infections with upper respiratory flora such as Moraxella catharralis and Haemophilus spp 
are also reported (Boustcha E & Nicolle LE, 1995). These organisms may be isolated, 
however, from the conjunctivae of patients without clinical conjunctivitis in the nursing 
home (Boustcha E & Nicolle LE, 1995). Conjunctivitis has been reported as a clinical 
presentation for some patients in outbreaks caused by group-A beta-Hemolytic 
Streptococcus and Methicillin-Resistant Staphylococcus aureus (Center for Disease Control, 
1990a; Brennen C & Muder R, 1990). Epidemic conjunctivitis may spread rapidly through 
the nursing home. Transmission may occur by contaminated eye drops or hand cross 
contamination. Gloves should be worn for contact with eyes or ocular secretions, with hand 
hygiene performed immediately after removing gloves (Smith PW & Al, 2008) 

3.1.5 Gastrointestinal infections 

No surveys have identified either the incidence or the prevalence of infectious diarrhea in 
non epidemic setting. Most episodes of diarrhea in the nursing home patient are probably 
noninfectious in origin and are related to the patient’s underlying disease, medications 
(including antibiotics) or diet, especially high protein supplements. Toxigenic Clostridium 
difficile has been reported to be endemic in some nursing homes (Bentley DW, 1990b; 
Thomas DB & Al, 1990): the prevalence of Clostridium difficile stool carriage has been 
reported to be 9 to 26%, with higher rates identified after antibiotic therapy. It is uncertain 
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& Thomas DR, 2006). Infected ulcers are reported to occur from 0,1 to 0,3 episodes per 1000 
resident days (Farber BF & Al, 1984; Scheckler W & Peterson P, 1986) or 1,4 per 1000 ulcer 
days (Nicolle LE & Al, 1994b). Infected pressure ulcers often are deep soft tissue and may 
have underlying osteomyelitis, cellulitis and bacteremia. Muder RR & Al (1992) reported 
that 36% of bacteremic skin and soft tissue infections was due to infected decubiti with a 
case/fatality ratio of 14% for all skin infections, and Livesley NJ & Chow AW (2002) 
reported that secondary bacteremic infections have a 50% mortality. 

Medical factors predisposing to pressure ulcers have been delineated (Berlowitz DR & 
Wilking SVB, 1989; Garcia AD & Thomas DR, 2006) and include immobility, pressure, 
friction, shear, moisture, steroids, incontinence, sensory impairment, malnutrition and 
infections; reduced nursing time can also increase the risk of developing pressure ulcers. 
Several of these factors may be partially preventable (i.e. malnutrition and fecal 
incontinence). Prevention of pressure ulcers involves developing a plan for turning, 
positioning, eliminating focal pressure, reducing shearing forces and keeping skin dry. 
Attention to nutrition, using disposable briefs and identifying residents at a high risk using 
prediction tools, can also prevent new pressure ulcers (Smith PW & Al, 2008). The goals are 
to treat infection, promote wound healing and prevent future ulcers. Many physical and 
chemical products are now available for the purpose of skin protection, debridement and 
packing, although controlled study are lacking in the area of pressure ulcer prevention and 
healing (Lyder CH, 2003) and a variety of products may be also used to relieve or distribute 
pressure, or to protect the skin (Smith PW & Al, 2008).  

Because pressure ulcers, like the skin, are frequently colonized with several different 
bacteria, antibiotic therapy is not appropriate for a surface swab culture without sign and 
symptoms of infection (Smith PW & Al, 2008). Surface cultures yield a polymicrobial flora of 
gram positive and gram negative, aerobic and anaerobic species (Allman R, 1988; Nicolle LE 
& Al, 1994b). Therefore, surface cultures are not considered reliable to identify infection or, 
when infection is clinically present, in identify infecting organisms. Non intact skin is more 
likely to be colonized with pathogens; so some authors obtained positive results for 97% of 
cultures of superficial swab specimens (Rudelsky B & Al, 1992) even if there were a poor 
concordance between the different bacterial species identified by biopsy and those identified 
by aspiration (43% of positive specimens) and swab culture (63% of positive specimens). 
Another study compared deep-tissue biopsy with aspiration of draining pressure ulcers 
(Ehrenkranz NJ & Al, 1990). Compared with deep-tissue biopsy, this technique had a 
sensivity of 93% and a specificity of 99% Ehrenkranz NJ & Al, 1990). Similar species were 
identified by irrigation-aspiration and deep tissue biopsy. However, aspirates samples of 
clinically non infected ulcers have also been shown to contain bacteria in 30% of cases 
(Nicolle LE & Al, 1994b). Culture results must be interpreted with caution, because should 
not be used as the sole criterion for infections, without clinical or histopathological evidence 
of infection (Hirshberg J & Al, 2000). Despite the aforementioned information, there is 
agreement on the most frequently isolated bacteria, including Staphylococcus aureus, beta-
Hemolytic Streptococci, Gram negative organisms (including Enterobacteriaceae and 
Pseudomonas spp, and other Gram positive organisms such Enterococcus spp) and 
Anaerobic organisms (Chow AW & Al, 1977; Sapico FI & Al, 1986; Muder RR & Al, 1992; 
Nicolle LE & Al, 1994b; Smith DM & Al, 2010; Lund-Nielsen B & Al, 2011). Colonization 
with Methicillin-Resistant Staphylococcus Aureus occurs frequently in institutions with 
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Endemic Methicillin-Resistant Staphylococcus Aureus (Bradley SF & Al, 1991; Strausbaugh 
LJ & Al, 1991) 

3.1.4.2 Cellulitis 

Cellulitis (infection of the skin and soft tissue) can occur either at the site of a previous skin 
break (pressure ulcer) or spontaneously. Skin infections generally are caused by group A 
Streptococci or Staphylococcus Aureus. However, in cases in which cellulitis is a 
complication of pressure ulcers or chronic foot ulcers in patients with diabetes or peripheral 
vascular impairment, infections with other agents, including members of the 
Enterobacteriaceae, anaerobes or polymicrobial flora are common. Outbreaks of group A 
streptococcal infections have been described, presenting as cellulitis, pharyngitis, 
pneumonia or septicemia (Auerbach SB & Al, 1992; Schwartz B & Ussery XT, 1992; Green 
CM & Al, 2005) 

3.1.4.3 Conjunctivitis 

Conjunctivitis in the adult presents as ocular pain, redness and discharge. Conjunctivitis has 
been reported frequently as a common infection in nursing home, but the frequency is 
variable in different institutions. A prevalence of 0.3 to 3.4% has been reported in different 
surveys (Garibaldi RA & Al, 1981; Schleckler W & Peterson P, 1986 ; Magaziner J & Al, 1991) 
while, the incidence of conjunctivitis on different units varied from 0.6 to 3.5 per 1,000 
patient-days (Boustcha E & Nicolle LE, 1995). Conjunctivitis occurs more frequently in 
elderly residents with greater functional impairment (Garibaldi RA & Al, 1981; Boustcha E 
& Nicolle LE, 1995). It is likely that a high proportion of conjunctivitis cases are 
noninfectious but are due to irritative, viruses or other factors (Boustcha E & Nicolle LE, 
1995). In the nursing homes cases may be sporadic or outbreak-associated (Garibaldi RA & 
Al, 1981). The batteriology of endemic conjunctivitis is not well studied, but Staphylococcus 
aureus appears to be the most frequent organism isolated (Boustcha E & Nicolle LE, 1995); 
infections with upper respiratory flora such as Moraxella catharralis and Haemophilus spp 
are also reported (Boustcha E & Nicolle LE, 1995). These organisms may be isolated, 
however, from the conjunctivae of patients without clinical conjunctivitis in the nursing 
home (Boustcha E & Nicolle LE, 1995). Conjunctivitis has been reported as a clinical 
presentation for some patients in outbreaks caused by group-A beta-Hemolytic 
Streptococcus and Methicillin-Resistant Staphylococcus aureus (Center for Disease Control, 
1990a; Brennen C & Muder R, 1990). Epidemic conjunctivitis may spread rapidly through 
the nursing home. Transmission may occur by contaminated eye drops or hand cross 
contamination. Gloves should be worn for contact with eyes or ocular secretions, with hand 
hygiene performed immediately after removing gloves (Smith PW & Al, 2008) 

3.1.5 Gastrointestinal infections 

No surveys have identified either the incidence or the prevalence of infectious diarrhea in 
non epidemic setting. Most episodes of diarrhea in the nursing home patient are probably 
noninfectious in origin and are related to the patient’s underlying disease, medications 
(including antibiotics) or diet, especially high protein supplements. Toxigenic Clostridium 
difficile has been reported to be endemic in some nursing homes (Bentley DW, 1990b; 
Thomas DB & Al, 1990): the prevalence of Clostridium difficile stool carriage has been 
reported to be 9 to 26%, with higher rates identified after antibiotic therapy. It is uncertain 
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whether this phenomenon is limited to selected nursing homes or is generalizable. In those 
nursing homes with a high rates of colonization with endemic Clostridium difficile, most 
patients are asymptomatic, but carriage may persist for an extended time (Bentley DW, 
1990b). 

3.1.6 Bacteremia 

Bacteremia in the nursing homes, although rarely detected, may be primary or secondary to 
an infection at another site: the most common source is urinary tract, with Escherichia coli 
being the culprit in over 50% of cases (Setia U & Al, 1984; Mylotte JM & Al, 2002). The 
majority of non urinary cases are secondary to skin or soft tissue infections or pneumonia. 
The incidence of bacteremia is reported to vary widely, from 4 to 39 episodes per 100000 
resident days. The reported variation likely reflects differences in patient populations and 
interventions in different institutions. The case/fatality ratio for bacteremic patients is 21 to 
35% (Setia U & Al, 1984; Rudman D & Al, 1988; Muder RR & Al, 1992; Nicolle LE & Al, 
1994a) and is consistent with reports of mortality rates in other populations in which similar 
organisms have been isolated. (Table 8) From 9 to 22% of episodes are polymicrobial, with a 
soft tissue source most frequently associated with polymicrobial bacteremia.  
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Staphylococcus aureus 13 9.1 15 10 5 13 
Methicillin-resistant S. aureus - 7 5 - 9 5 
Enterococcus spp  3.7 9.1 7.9 3.3 9 9 
Coagulase-neg staphylococcus 0.9 - 3.9 - - - 
ß-hemolitic streptococcus 3.7 - 4.4 6.7 - - 
Streptococcus pneumoniae 0.9 9.1 3.9 13 7 6 
Other Gram-positive bacteria 2.8 - 0.5 - - - 
Escherichia coli 32 15 13 37 24 27 
Providencia stuartii 5.6 24 13 - - 1 
Proteus spp 14 18 8.9 10 21 13 
Klebsiella pneumoniae 10 - 5.4 6.7 12 3 
Pseudomonas aeruginosa 7.4 6.1 3 - - 3 
Morganella morganii - - 3.9 - - - 
Other gram-negative bacteria 1.9 9.1 4.4 3.3 - - 
Anaerobes  3.7 - - 10 - - 

Mortality (% subjects) 35 21 21 24 35 18 

Table 8. Bacteria reported in published studies as etiologic agents in bloodstream infections 
and mortality rate 

In recent years, the acuity of illness in nursing home residents has risen with a most frequent 
use of central/peripheral venous catheters and an increased of related bacteremic 
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complications. The CDC Guidelines for prevention of intravascular catheter-related 
infections is a useful resource and generally applicable to nursing homes (O’Grady NO & 
Al, 2002). Relevant points include aseptic insertion of the intravascular cannula, daily 
inspection of the intravascular catheter for complications such as phlebitis, and quality 
control of intravascular fluids and administration sets. 

3.2 Outbreaks of bacterial infections in nursing homes 

Most of nursing homes infections are sporadic; many are caused by colonizing organism 
with relatively low virulence. However the nursing home, provides a milieu that is 
conductive in outbreaks of infectious diseases due to close proximity of susceptible patients 
in the institutional setting and subsequent cross-transmission of organisms among patients 
through contact with staff members or environmental contamination. An outbreak or 
transmission within facility may occur explosively, with many clinical cases appearing 
within a few days, or may, for example, involve an unusual clustering of Methicillin-
Resistant Staphylococcus Aureus clinical isolates on a single nursing unit over several 
months. On the other hand, a case of Methicillin-Resistant Staphylococcus Aureus infection 
may follow a prolonged period of asymptomatic colonization after an aspiration event or 
development of a necrotic wound (Drinka PJ & Al, 2005). Tissue invasion may also be 
facilitated by the presence of a urinary catheter or chronic wounds. Outbreaks in nursing 
homes, accounted for a substantial proportion (15%) of reported epidemics (Centers for 
Disease Control and Prevention, 1989a). Clustering of urinary tracts infections, diarrhea, 
skin and soft tissue infection, conjunctivitis, and antibiotic resistant bacteriuria have been 
noted (Strausbaugh, L.J., & Al, 2003). Major outbreak of bacterial infection have also been 
ascribed to Clostridium difficile (Bentley DW, 1990b; Simor AE & Al, 2002; ), Salmonella 
spp. (Standaert SM & Al, 1994), Escherichia coli (Ryan CA & Al, 1986; Carter AO & Al, 
1987), group A Streptococcus (Center for Disease Control, 1990a; Auerbach SB & Al, 1992; 
Harkness GA & Al, 1992; Schwartz B & Ussery XT, 1992; Arnold KE & Al, 2006), Chlamydia 
pneumoniae (Troy CJ & Al, 1997; Nakashima K & Al, 2006), Staphylococcus aureus (Bradley 
SF & Al, 1991; Hsu CCS, 1991) and other pathogens (Table 9). 

Nursing homes accounted for 2% of all foodborne disease outbreaks reported to the Centers 
for Disease Control (1975-1987) and 19% of outbreak associated death (Levine WJ & Al, 
1991). Transmissible gastrointestinal pathogens may be introduced to the facility by 
contaminated food or water or infected individuals. High rate of fecal incontinence, as well 
as gastric hypochlorhydria, make the nursing home ideal for secondary fecal-oral 
transmission, underscoring the vulnerability of elderly to infections, as well as the role of 
cross infection in residents with devices, open wounds or incontinence. In addition, mobile 
residents with poor hygiene, may interact directly facilitating the spread of infections 
(Standaert SM & Al, 1994; Musher DM & Al, 2004) 

3.2.1 Gastrointestinal infections 

Bacterial gastroenteritis (caused by Clostridium difficile, Bacillus cereus, Escherichia coli, 
Campylobacter spp, Clostridium perfrigens or Salmonella spp) as well as viral and parasitic 
gastroenteritis are well-known causes of diarrhea outbreaks in nursing homes (Carter OA & 
Al, 1987; White KE & Al, 1989; Slotwiner-Nie PK & Brandt LI, 2001; Olsen SJ & Al, 2001; 
Winquist AG & Al, 2001; Simor AF & Al, 2002). 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

34

whether this phenomenon is limited to selected nursing homes or is generalizable. In those 
nursing homes with a high rates of colonization with endemic Clostridium difficile, most 
patients are asymptomatic, but carriage may persist for an extended time (Bentley DW, 
1990b). 

3.1.6 Bacteremia 

Bacteremia in the nursing homes, although rarely detected, may be primary or secondary to 
an infection at another site: the most common source is urinary tract, with Escherichia coli 
being the culprit in over 50% of cases (Setia U & Al, 1984; Mylotte JM & Al, 2002). The 
majority of non urinary cases are secondary to skin or soft tissue infections or pneumonia. 
The incidence of bacteremia is reported to vary widely, from 4 to 39 episodes per 100000 
resident days. The reported variation likely reflects differences in patient populations and 
interventions in different institutions. The case/fatality ratio for bacteremic patients is 21 to 
35% (Setia U & Al, 1984; Rudman D & Al, 1988; Muder RR & Al, 1992; Nicolle LE & Al, 
1994a) and is consistent with reports of mortality rates in other populations in which similar 
organisms have been isolated. (Table 8) From 9 to 22% of episodes are polymicrobial, with a 
soft tissue source most frequently associated with polymicrobial bacteremia.  
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Staphylococcus aureus 13 9.1 15 10 5 13 
Methicillin-resistant S. aureus - 7 5 - 9 5 
Enterococcus spp  3.7 9.1 7.9 3.3 9 9 
Coagulase-neg staphylococcus 0.9 - 3.9 - - - 
ß-hemolitic streptococcus 3.7 - 4.4 6.7 - - 
Streptococcus pneumoniae 0.9 9.1 3.9 13 7 6 
Other Gram-positive bacteria 2.8 - 0.5 - - - 
Escherichia coli 32 15 13 37 24 27 
Providencia stuartii 5.6 24 13 - - 1 
Proteus spp 14 18 8.9 10 21 13 
Klebsiella pneumoniae 10 - 5.4 6.7 12 3 
Pseudomonas aeruginosa 7.4 6.1 3 - - 3 
Morganella morganii - - 3.9 - - - 
Other gram-negative bacteria 1.9 9.1 4.4 3.3 - - 
Anaerobes  3.7 - - 10 - - 

Mortality (% subjects) 35 21 21 24 35 18 

Table 8. Bacteria reported in published studies as etiologic agents in bloodstream infections 
and mortality rate 

In recent years, the acuity of illness in nursing home residents has risen with a most frequent 
use of central/peripheral venous catheters and an increased of related bacteremic 
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complications. The CDC Guidelines for prevention of intravascular catheter-related 
infections is a useful resource and generally applicable to nursing homes (O’Grady NO & 
Al, 2002). Relevant points include aseptic insertion of the intravascular cannula, daily 
inspection of the intravascular catheter for complications such as phlebitis, and quality 
control of intravascular fluids and administration sets. 

3.2 Outbreaks of bacterial infections in nursing homes 

Most of nursing homes infections are sporadic; many are caused by colonizing organism 
with relatively low virulence. However the nursing home, provides a milieu that is 
conductive in outbreaks of infectious diseases due to close proximity of susceptible patients 
in the institutional setting and subsequent cross-transmission of organisms among patients 
through contact with staff members or environmental contamination. An outbreak or 
transmission within facility may occur explosively, with many clinical cases appearing 
within a few days, or may, for example, involve an unusual clustering of Methicillin-
Resistant Staphylococcus Aureus clinical isolates on a single nursing unit over several 
months. On the other hand, a case of Methicillin-Resistant Staphylococcus Aureus infection 
may follow a prolonged period of asymptomatic colonization after an aspiration event or 
development of a necrotic wound (Drinka PJ & Al, 2005). Tissue invasion may also be 
facilitated by the presence of a urinary catheter or chronic wounds. Outbreaks in nursing 
homes, accounted for a substantial proportion (15%) of reported epidemics (Centers for 
Disease Control and Prevention, 1989a). Clustering of urinary tracts infections, diarrhea, 
skin and soft tissue infection, conjunctivitis, and antibiotic resistant bacteriuria have been 
noted (Strausbaugh, L.J., & Al, 2003). Major outbreak of bacterial infection have also been 
ascribed to Clostridium difficile (Bentley DW, 1990b; Simor AE & Al, 2002; ), Salmonella 
spp. (Standaert SM & Al, 1994), Escherichia coli (Ryan CA & Al, 1986; Carter AO & Al, 
1987), group A Streptococcus (Center for Disease Control, 1990a; Auerbach SB & Al, 1992; 
Harkness GA & Al, 1992; Schwartz B & Ussery XT, 1992; Arnold KE & Al, 2006), Chlamydia 
pneumoniae (Troy CJ & Al, 1997; Nakashima K & Al, 2006), Staphylococcus aureus (Bradley 
SF & Al, 1991; Hsu CCS, 1991) and other pathogens (Table 9). 

Nursing homes accounted for 2% of all foodborne disease outbreaks reported to the Centers 
for Disease Control (1975-1987) and 19% of outbreak associated death (Levine WJ & Al, 
1991). Transmissible gastrointestinal pathogens may be introduced to the facility by 
contaminated food or water or infected individuals. High rate of fecal incontinence, as well 
as gastric hypochlorhydria, make the nursing home ideal for secondary fecal-oral 
transmission, underscoring the vulnerability of elderly to infections, as well as the role of 
cross infection in residents with devices, open wounds or incontinence. In addition, mobile 
residents with poor hygiene, may interact directly facilitating the spread of infections 
(Standaert SM & Al, 1994; Musher DM & Al, 2004) 

3.2.1 Gastrointestinal infections 

Bacterial gastroenteritis (caused by Clostridium difficile, Bacillus cereus, Escherichia coli, 
Campylobacter spp, Clostridium perfrigens or Salmonella spp) as well as viral and parasitic 
gastroenteritis are well-known causes of diarrhea outbreaks in nursing homes (Carter OA & 
Al, 1987; White KE & Al, 1989; Slotwiner-Nie PK & Brandt LI, 2001; Olsen SJ & Al, 2001; 
Winquist AG & Al, 2001; Simor AF & Al, 2002). 
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Bacteria Reference(s) 

Staphylococcus aureus 
Johnson ET, 1983; Storch GA & Al, 1987; Thomas JC & Al, 1989; 
Bradley SF & Al, 1991; Hsu CCS, 1991; Levine WJ & Al, 1991; 
Muder RR, 1991; Strausbaugh LJ & Al, 1991 

Group A Streptococcus
Reid RT & Al, 1983; Ruben FC & Al, 1984; Center for Disease 
Control, 1990a; Auerbach SB & Al, 1992; Harkness GA & Al, 1992; 
Schwartz B & Ussery XT, 1992; Arnold KE & Al, 2006 

Escherichia coli 
O157:H7 

Ryan CA & Al, 1986; Carter AO & Al, 1987 

Salmonella spp. Baine WE & Al, 1973; Levine WJ & Al, 1991; Jackson M, 1992; 
Standaert SM & Al, 1994 

Shigella spp. Levine WJ & Al, 1991 
Bordetella pertussis Addis DG & Al, 1991 
Haemophilus 
influenzae 

Smith PF & Al, 1988 

Campylobacter jejuni Levine WJ & Al, 1991 
Aeromonas hydrophila Bloom H & Bottone E, 1990 
Antimicrobial agent-
resistant gram-negative 
bacilli 

Shlaes DM & Al, 1986; Rice LB, 1990; John JE & Ribner B 1991; 
Wingard F & Al, 1993 

Clostridium perfrigens Levine WJ & Al, 1991 
Clostridium difficile Bentley DW, 1984; 1990b; Simor AE & Al, 2002 
Bacillus cereus Levine WJ & Al, 1991 
Mycobacterium 
tuberculosis 

Stead W, 1981; Narain JJ & Al, 1985; Bentley D, 1990a; Stead W & 
Al, 1985 

Chlamydia 
pneumoniae 

Troy CJ & Al, 1997; Nakashima K & Al, 2006 

Legionella spp Seenivasan MH & Al, 2005 

Table 9. Bacteria reported to have caused outbreaks in nursing homes (published studies) 

The elderly are at increased risk of infectious gastroenteritis due to age-related decrease in 
gastric acid. In fact, while food products are usually the vehicle for introduction of the 
organism, subsequent person to person spread often occurs, prolonging the duration of the 
outbreak.  

In a population with high prevalence of incontinence, the risk of cross infections is 
substantial, particularly due to shared bathroom, dining and rehabilitation facilities (Bennet 
RG, 1993). Foodborne disease outbreaks are very common in this setting, most often caused 
by Salmonella spp or Staphylococcus aureus (Levine W & Al, 1991; Centre for Diseases 
Control and Prevention, 2004).  

E coli 0157:H7 and Giardia also may cause foodborne outbreaks, underscoring the 
importance of proper food preparation and storage. Some gastroenteritis outbreaks due to 
Salmonella spp and enterohemorragic E coli, have had a reported case/fatality ratios up to 
12% (Levine W & Al, 1991); by contrast, the case/fatality ratio for most other pathogens is 
low. 
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3.2.2 Group-A Streptococcus 

Outbreak of Group-A Streptococcal infection (Streptococcus pyogenes) have been frequently 
reported in nursing homes (Center for Disease Control, 1990a; Reid RT & Al, 1983; Ruben 
FC & Al, 1984; Auerbach SB & Al, 1992; Schwartz B & Ussery XT, 1992). Infected patients 
may present with bacteremia, pneumonia, cellulitis, wound infection, pharyngitis or 
conjunctivitis (Schwartz B & Ussery XT, 1992). Rarely, a toxic shock-like syndrome occurs.  

Residents with skin ulcers and wounds are at greater risk of invasive infection. In most 
outbreaks, geographic localization to a floor or wing of the nursing home occurs (Schwartz 
B & Ussery XT, 1992). 

3.2.3 Others outbreaks 

A recent paper by Utsumi and co-workers (2010) identified between 1966 and 2008, six 
hundred and one articles or reports in English, dealing with outbreaks in nursing homes.  

Thirty-seven pathogens (21 types of bacteria) were associated with 206 outbreaks. In 
addition to the above mentioned bacteria, were involved Chlamydia Pneumoniae , 
Haemophilus Influentiae, Bordetella Pertussis, Neisseria Meningitidis, Aeromonas 
Hydrophila, and Bacillus Cereus.  

The reported median attack rate (proportion of persons who developed infection among 
those exposed) and their reference lists were reported in Table 10.  
 

Bacteria Attack rate References 
Chlamydia 
Pneumoniae 

46% Rice LB & Al, 1990; Miyashita N & Al, 2005; Nakashima 
K & Al, 2006 

Haemophilus 
Influentiae 

11% Smith PF & Al, 1988 

Bordetella 
Pertussis 

36% Addis DG & Al, (1991) 

Neisseria 
Meningitidis 

3% Anonymus, 1998 

Aeromonas 
Hydrophila 

17% McAnulty JM & Al, 2000 

Bacillus 
Cereus 

24% Halvorsrud J & Orstavik I , 1980 

Table 10. Attack rate of outbreaks as reported in published studies  

Mycobacterium tuberculosis is responsible for outbreaks spreading from one facility to 
another (Ijaz, K & Al, 2002). The high frequency of prior infection with Mycobacterium 
tuberculosis in the elderly population, coupled with the immunological decline, 
characteristic of elderly persons, foments higher rates of tuberculosis in the nursing home 
setting. A survey of 15379 reported cases in 29 state indicated that the incidence of 
tuberculosis among nursing home residents was 39,2 cases per 100000 population, 
compared with 21,5 cases per 100000 population among elderly persons living in 
community (Center for Disease Control, 1990b). Residents who develop reactivated disease 
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Bacteria Reference(s) 

Staphylococcus aureus 
Johnson ET, 1983; Storch GA & Al, 1987; Thomas JC & Al, 1989; 
Bradley SF & Al, 1991; Hsu CCS, 1991; Levine WJ & Al, 1991; 
Muder RR, 1991; Strausbaugh LJ & Al, 1991 

Group A Streptococcus
Reid RT & Al, 1983; Ruben FC & Al, 1984; Center for Disease 
Control, 1990a; Auerbach SB & Al, 1992; Harkness GA & Al, 1992; 
Schwartz B & Ussery XT, 1992; Arnold KE & Al, 2006 

Escherichia coli 
O157:H7 

Ryan CA & Al, 1986; Carter AO & Al, 1987 

Salmonella spp. Baine WE & Al, 1973; Levine WJ & Al, 1991; Jackson M, 1992; 
Standaert SM & Al, 1994 

Shigella spp. Levine WJ & Al, 1991 
Bordetella pertussis Addis DG & Al, 1991 
Haemophilus 
influenzae 

Smith PF & Al, 1988 

Campylobacter jejuni Levine WJ & Al, 1991 
Aeromonas hydrophila Bloom H & Bottone E, 1990 
Antimicrobial agent-
resistant gram-negative 
bacilli 

Shlaes DM & Al, 1986; Rice LB, 1990; John JE & Ribner B 1991; 
Wingard F & Al, 1993 

Clostridium perfrigens Levine WJ & Al, 1991 
Clostridium difficile Bentley DW, 1984; 1990b; Simor AE & Al, 2002 
Bacillus cereus Levine WJ & Al, 1991 
Mycobacterium 
tuberculosis 

Stead W, 1981; Narain JJ & Al, 1985; Bentley D, 1990a; Stead W & 
Al, 1985 

Chlamydia 
pneumoniae 

Troy CJ & Al, 1997; Nakashima K & Al, 2006 

Legionella spp Seenivasan MH & Al, 2005 

Table 9. Bacteria reported to have caused outbreaks in nursing homes (published studies) 

The elderly are at increased risk of infectious gastroenteritis due to age-related decrease in 
gastric acid. In fact, while food products are usually the vehicle for introduction of the 
organism, subsequent person to person spread often occurs, prolonging the duration of the 
outbreak.  

In a population with high prevalence of incontinence, the risk of cross infections is 
substantial, particularly due to shared bathroom, dining and rehabilitation facilities (Bennet 
RG, 1993). Foodborne disease outbreaks are very common in this setting, most often caused 
by Salmonella spp or Staphylococcus aureus (Levine W & Al, 1991; Centre for Diseases 
Control and Prevention, 2004).  

E coli 0157:H7 and Giardia also may cause foodborne outbreaks, underscoring the 
importance of proper food preparation and storage. Some gastroenteritis outbreaks due to 
Salmonella spp and enterohemorragic E coli, have had a reported case/fatality ratios up to 
12% (Levine W & Al, 1991); by contrast, the case/fatality ratio for most other pathogens is 
low. 

 
Antibiotic Resistance in Nursing Homes 

 

37 

3.2.2 Group-A Streptococcus 

Outbreak of Group-A Streptococcal infection (Streptococcus pyogenes) have been frequently 
reported in nursing homes (Center for Disease Control, 1990a; Reid RT & Al, 1983; Ruben 
FC & Al, 1984; Auerbach SB & Al, 1992; Schwartz B & Ussery XT, 1992). Infected patients 
may present with bacteremia, pneumonia, cellulitis, wound infection, pharyngitis or 
conjunctivitis (Schwartz B & Ussery XT, 1992). Rarely, a toxic shock-like syndrome occurs.  

Residents with skin ulcers and wounds are at greater risk of invasive infection. In most 
outbreaks, geographic localization to a floor or wing of the nursing home occurs (Schwartz 
B & Ussery XT, 1992). 

3.2.3 Others outbreaks 

A recent paper by Utsumi and co-workers (2010) identified between 1966 and 2008, six 
hundred and one articles or reports in English, dealing with outbreaks in nursing homes.  

Thirty-seven pathogens (21 types of bacteria) were associated with 206 outbreaks. In 
addition to the above mentioned bacteria, were involved Chlamydia Pneumoniae , 
Haemophilus Influentiae, Bordetella Pertussis, Neisseria Meningitidis, Aeromonas 
Hydrophila, and Bacillus Cereus.  

The reported median attack rate (proportion of persons who developed infection among 
those exposed) and their reference lists were reported in Table 10.  
 

Bacteria Attack rate References 
Chlamydia 
Pneumoniae 

46% Rice LB & Al, 1990; Miyashita N & Al, 2005; Nakashima 
K & Al, 2006 

Haemophilus 
Influentiae 

11% Smith PF & Al, 1988 

Bordetella 
Pertussis 

36% Addis DG & Al, (1991) 

Neisseria 
Meningitidis 

3% Anonymus, 1998 

Aeromonas 
Hydrophila 

17% McAnulty JM & Al, 2000 

Bacillus 
Cereus 

24% Halvorsrud J & Orstavik I , 1980 

Table 10. Attack rate of outbreaks as reported in published studies  

Mycobacterium tuberculosis is responsible for outbreaks spreading from one facility to 
another (Ijaz, K & Al, 2002). The high frequency of prior infection with Mycobacterium 
tuberculosis in the elderly population, coupled with the immunological decline, 
characteristic of elderly persons, foments higher rates of tuberculosis in the nursing home 
setting. A survey of 15379 reported cases in 29 state indicated that the incidence of 
tuberculosis among nursing home residents was 39,2 cases per 100000 population, 
compared with 21,5 cases per 100000 population among elderly persons living in 
community (Center for Disease Control, 1990b). Residents who develop reactivated disease 
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and residents who develop active tuberculosis after exposure to those with reactivated 
disease, constitute the source for facility-wide outbreaks. Because many infected older 
residents do not present with the classic features of tuberculosis (Rajagopalan S & 
Yoshikawa TT, 2000), infection in residents may remain unrecognized for prolonged period 
of time, which sustains transmission. Accordingly, a number of tuberculosis outbreaks 
involving both residents and staff have been reported (Centers for Disease Control, 1990b; 
Rajagopalan S & Yoshikawa TT, 2000; Kashef I & Al, 2002). The Centers for Disease Control 
(1990b) has published specific guidelines for the prevention of tuberculosis in nursing 
homes. 

Since 1990, ten reports have described outbreaks of Streptococcus pneumoniae in nursing 
homes (Gleinch S & Al, 2000). These have frequently occurred in facilities with low 
pneumococcal vaccination rates. Multidrug-resistant strains of Streptococcus pneumonia 
accounted for 4 of these outbreaks. The largest, involved a 100-bed nursing home in 
Oklahoma (Nuorti JP, 1998). Eleven of 84 residents (13%) developed pneumonia, and 3 
residents died. The outbreak strain, serotype “23F”, exhibited resistance to penicillin, other 
ß-lactam antibiotics, trimethoprim-sulfamethoxazole, erythromycin, clindamycin and 
tetracycline. 

Additional reports besides that of Loeb and colleagues (2000) document the occurrence of 
outbreaks caused by Chlamydia pneumoniae. The attack rate for 3 outbreaks caused by 
Chlamydia pneumoniae in Ontario nursing homes ranged from 44% to 68% among 
residents and it was 34% among the staff of one nursing home (Troy CJ & Al, 1997). Of the 
302 residents affected, 16 developed pneumonia and 6 died. 

Single report identify 5 other respiratory tract pathogens that have caused outbreak in 
nursing home residents: Chlamydia psittaci (Smith PW, 1994), Legionella pneumophila 
(Stout JE & Al, 2000), Haemophilus influenza type B (Smith PF, 1988) and Bordetella 
pertussis (Addis DG & Al, 1991). 

4. Antibiotic resistance 
Because infections occur frequently in nursing homes, residents are exposed to antimicrobial 
agents (Nicolle LE & Al, 1984, 1996; Finnegan TP & Al, 1985; Magaziner J & Al, 1991; Jackson 
M & Al, 1992). With mostly broad-spectrum antibiotics available and in wide use, resistance 
problems has been repeatedly documented since the early 1970s. 

Indeed, numerous studies based on routine surveillance data, indicate a strong relationship 
between use and resistance (van de Sande-Bruinsma N & Al, 2008) but, nowadays, the 
epidemiology of antimicrobial resistance in nursing homes remains poorly understood 
(Lautenbach E & Al, 2009). 

4.1 Sources of antibiotic resistance  

Antimicrobial agent-resistant bacteria may be introduced into nursing homes by two 
different routes. They may emerge endogenously in patient flora during courses of 
antimicrobial therapy, or they may enter with new residents who are already colonized or 
infected (Bradley SF & Al, 1991; Mulhausen PL & Al, 1996; Muder RR & Al, 1999). 
Emergence may reflect selection of resistant strains or acquisition of genetic determinants 
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that confer resistance by either spontaneous mutation or gene transfer. Spontaneous 
mutations that confer resistance are thought to be rare, but two studies have suggested that 
gene transfer plays a an important role in long-term care facilities. In an outbreak caused by 
ceftazidime-resistant bacteria in a chronic-care facility in Massachusetts, Rice and colleagues 
(1990) reported that the outbreak arose from plasmid transmission among different species 
and genera of Enterobacteriaceae, and not from dissemination of a single resistant isolate. 
The outbreak, which involved 29 patients, was caused by strains of Klebsiella pneumonia, 
Enterobacter cloacae, Escherichia coli, Serratia spp., Enterobacter agglomerans and 
Citrobacter diversus, that produced similar extended-spectrum ß-lactamases whose genes 
were located on closely related plasmids. The outbreaks had followed the introduction of 
ceftazidime into the facility, and its widespread empiric use. Similar observation were 
reported in a study of gentamicin-resistant gram negative bacilli in a Veterans’ 
Administration nursing home care unit (Shlaes DM & Al, 1990). One Escherichia coli 
plasmid, which conferred resistance to ampicillin, carbenicillin, tetracycline and 
sulfonamides, proved identical to plasmids from two Citrobacter freundii strains and a 
Providencia stuartii strain isolated from three different patients. The introduction of 
resistant strain by colonized or infected patients who are admitted from other facilities has 
also been documented: one study reported the entry of an Methicillin-Resistant 
Staphylococcus aureus strain into the nursing home by a patient who was colonized at the 
referring hospital (Strausbaugh LJ & Al, 1991). Another study, revealed that 8 of 10 patients 
admitted to an intermediate-care ward were already colonized with strains of members of 
the Enterobacteriaceae carrying a plasmid encoding a novel ß-lactamase (Shlaes DM & Al, 
1988). Regarding of the route of entry for resistant pathogens into the nursing home, 
antimicrobial use drives selection pressure for new acquisitions. Bjork and colleagues (1984) 
reported that in 10 patients with chronic indwelling urinary catheters residing in a Veterans’ 
Administration nursing home care unit in North Dakota over 30 months, 70% of 63 
antibiotic courses resulted in bacteriuria with organism resistant to the antibiotic that had 
been administred. As 40% of the positive urine cultures were polymicrobial, it is likely that 
antimicrobial therapy merely selected out the more resistant strains. The authors identified 
cross-infection in only one case and a greater percentage of Escherichia coli strains isolated 
from nursing home residents were resistant to ampicillin, tetracycline and trimethoprim-
sulfamethoxazole, than Escherichia coli strains isolated from patients in the adjoining 
hospital. 

4.2 Risk factors for acquisition of antibiotic resistance  

Few studies have examined risk factors for infection with antimicrobial pathogens in 
nursing home patients. Infections with antibiotic resistant bacteria appears to occur most 
often in nursing home patients with antecedent colonization (Bradley SF & Al, 1991; Muder 
RR & Al, 1991; Mulhausen PL & Al, 1996). However, risk factors for colonization and 
infection are not necessarily the same. Overall infection with resistant bacteria was more 
likely to occur in nursing home residents who had been hospitalized recently or who a 
substantial decline in functional status (Terpenning MS & Al, 1994). Muder and colleagues 
(1991) reported risk factors for Methicillin-Resistant Staphylococcus Aureus (MRSA) 
infection in residents of their intermediated-care ward and nursing home care unit. In a 
stepwise logistic regression analysis, both persistent Methicillin-Resistant Staphylococcus 
Aureus colonization and dialysis were independent risk factor for Methicillin-Resistant 
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and residents who develop active tuberculosis after exposure to those with reactivated 
disease, constitute the source for facility-wide outbreaks. Because many infected older 
residents do not present with the classic features of tuberculosis (Rajagopalan S & 
Yoshikawa TT, 2000), infection in residents may remain unrecognized for prolonged period 
of time, which sustains transmission. Accordingly, a number of tuberculosis outbreaks 
involving both residents and staff have been reported (Centers for Disease Control, 1990b; 
Rajagopalan S & Yoshikawa TT, 2000; Kashef I & Al, 2002). The Centers for Disease Control 
(1990b) has published specific guidelines for the prevention of tuberculosis in nursing 
homes. 

Since 1990, ten reports have described outbreaks of Streptococcus pneumoniae in nursing 
homes (Gleinch S & Al, 2000). These have frequently occurred in facilities with low 
pneumococcal vaccination rates. Multidrug-resistant strains of Streptococcus pneumonia 
accounted for 4 of these outbreaks. The largest, involved a 100-bed nursing home in 
Oklahoma (Nuorti JP, 1998). Eleven of 84 residents (13%) developed pneumonia, and 3 
residents died. The outbreak strain, serotype “23F”, exhibited resistance to penicillin, other 
ß-lactam antibiotics, trimethoprim-sulfamethoxazole, erythromycin, clindamycin and 
tetracycline. 

Additional reports besides that of Loeb and colleagues (2000) document the occurrence of 
outbreaks caused by Chlamydia pneumoniae. The attack rate for 3 outbreaks caused by 
Chlamydia pneumoniae in Ontario nursing homes ranged from 44% to 68% among 
residents and it was 34% among the staff of one nursing home (Troy CJ & Al, 1997). Of the 
302 residents affected, 16 developed pneumonia and 6 died. 

Single report identify 5 other respiratory tract pathogens that have caused outbreak in 
nursing home residents: Chlamydia psittaci (Smith PW, 1994), Legionella pneumophila 
(Stout JE & Al, 2000), Haemophilus influenza type B (Smith PF, 1988) and Bordetella 
pertussis (Addis DG & Al, 1991). 

4. Antibiotic resistance 
Because infections occur frequently in nursing homes, residents are exposed to antimicrobial 
agents (Nicolle LE & Al, 1984, 1996; Finnegan TP & Al, 1985; Magaziner J & Al, 1991; Jackson 
M & Al, 1992). With mostly broad-spectrum antibiotics available and in wide use, resistance 
problems has been repeatedly documented since the early 1970s. 

Indeed, numerous studies based on routine surveillance data, indicate a strong relationship 
between use and resistance (van de Sande-Bruinsma N & Al, 2008) but, nowadays, the 
epidemiology of antimicrobial resistance in nursing homes remains poorly understood 
(Lautenbach E & Al, 2009). 

4.1 Sources of antibiotic resistance  

Antimicrobial agent-resistant bacteria may be introduced into nursing homes by two 
different routes. They may emerge endogenously in patient flora during courses of 
antimicrobial therapy, or they may enter with new residents who are already colonized or 
infected (Bradley SF & Al, 1991; Mulhausen PL & Al, 1996; Muder RR & Al, 1999). 
Emergence may reflect selection of resistant strains or acquisition of genetic determinants 

 
Antibiotic Resistance in Nursing Homes 

 

39 

that confer resistance by either spontaneous mutation or gene transfer. Spontaneous 
mutations that confer resistance are thought to be rare, but two studies have suggested that 
gene transfer plays a an important role in long-term care facilities. In an outbreak caused by 
ceftazidime-resistant bacteria in a chronic-care facility in Massachusetts, Rice and colleagues 
(1990) reported that the outbreak arose from plasmid transmission among different species 
and genera of Enterobacteriaceae, and not from dissemination of a single resistant isolate. 
The outbreak, which involved 29 patients, was caused by strains of Klebsiella pneumonia, 
Enterobacter cloacae, Escherichia coli, Serratia spp., Enterobacter agglomerans and 
Citrobacter diversus, that produced similar extended-spectrum ß-lactamases whose genes 
were located on closely related plasmids. The outbreaks had followed the introduction of 
ceftazidime into the facility, and its widespread empiric use. Similar observation were 
reported in a study of gentamicin-resistant gram negative bacilli in a Veterans’ 
Administration nursing home care unit (Shlaes DM & Al, 1990). One Escherichia coli 
plasmid, which conferred resistance to ampicillin, carbenicillin, tetracycline and 
sulfonamides, proved identical to plasmids from two Citrobacter freundii strains and a 
Providencia stuartii strain isolated from three different patients. The introduction of 
resistant strain by colonized or infected patients who are admitted from other facilities has 
also been documented: one study reported the entry of an Methicillin-Resistant 
Staphylococcus aureus strain into the nursing home by a patient who was colonized at the 
referring hospital (Strausbaugh LJ & Al, 1991). Another study, revealed that 8 of 10 patients 
admitted to an intermediate-care ward were already colonized with strains of members of 
the Enterobacteriaceae carrying a plasmid encoding a novel ß-lactamase (Shlaes DM & Al, 
1988). Regarding of the route of entry for resistant pathogens into the nursing home, 
antimicrobial use drives selection pressure for new acquisitions. Bjork and colleagues (1984) 
reported that in 10 patients with chronic indwelling urinary catheters residing in a Veterans’ 
Administration nursing home care unit in North Dakota over 30 months, 70% of 63 
antibiotic courses resulted in bacteriuria with organism resistant to the antibiotic that had 
been administred. As 40% of the positive urine cultures were polymicrobial, it is likely that 
antimicrobial therapy merely selected out the more resistant strains. The authors identified 
cross-infection in only one case and a greater percentage of Escherichia coli strains isolated 
from nursing home residents were resistant to ampicillin, tetracycline and trimethoprim-
sulfamethoxazole, than Escherichia coli strains isolated from patients in the adjoining 
hospital. 

4.2 Risk factors for acquisition of antibiotic resistance  

Few studies have examined risk factors for infection with antimicrobial pathogens in 
nursing home patients. Infections with antibiotic resistant bacteria appears to occur most 
often in nursing home patients with antecedent colonization (Bradley SF & Al, 1991; Muder 
RR & Al, 1991; Mulhausen PL & Al, 1996). However, risk factors for colonization and 
infection are not necessarily the same. Overall infection with resistant bacteria was more 
likely to occur in nursing home residents who had been hospitalized recently or who a 
substantial decline in functional status (Terpenning MS & Al, 1994). Muder and colleagues 
(1991) reported risk factors for Methicillin-Resistant Staphylococcus Aureus (MRSA) 
infection in residents of their intermediated-care ward and nursing home care unit. In a 
stepwise logistic regression analysis, both persistent Methicillin-Resistant Staphylococcus 
Aureus colonization and dialysis were independent risk factor for Methicillin-Resistant 
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Staphylococcus Aureus infection. Terpenning and colleagues (1994) in an Ann Arbor, 
Michigan, identified risk factors for infection caused by both Methicillin-Resistant 
Staphylococcus Aureus and resistant Gram negative bacilli. By stepwise logistic regression 
analysis, diabetes mellitus and peripheral vascular disease were significant independent risk 
factors for Methicillin-Resistant Staphylococcus Aureus infection. Moreover, the presence of 
an indwelling urinary catheter or intermittent urinary catheterization, pressure ulcers and 
prior antibiotic use were significant independent risk factors for infection caused by 
resistant Gram-negative bacilli (Terpenning MS & Al, 1994; Muder & Al, 1997) . In a cross-
sectional survey among 1,215 residents of long-term care facilities in Jerusalem, the 
Vancomycin-Resistant Enterococci (VRE) carriage rate was 9.6%. Previous hospitalization 
and antibiotic treatment were associated with elevated Vancomycin-Resistant Enterococci 
colonization rate. In contrast, moderate and severe levels of dependency and prolonged stay 
in a nursing home were associated with a decrease in the Vancomycin-Resistant Enterococci 
colonization rate. (Benenson S & Al, 2009).  

In a prospective cohort study a total of 3339 patients with invasive pneumococcal infection 
were identified between 1995 and 2002. Multivariate modeling revealed that risk factors for 
infection with penicillin-resistant as opposed to penicillin-susceptible pneumococci were 
year of infection, absence of chronic organ system disease and previous use of penicillin, 
trimethoprim-sulfamethoxazole and azithromycin. Infection with trimethoprim-
sulfamethoxazole-resistant pneumococci was associated with absence of chronic organ 
system disease and with previous use of penicillin, trimethoprim-sulfamethoxazole, and 
azithromycin. Infection with macrolide-resistant isolates was associated with previous use 
of penicillin, trimethoprim-sulfamethoxazole, clarithromycin, and azithromycin. Infection 
with fluoroquinolone-resistant pneumococci was associated with previous use of 
fluoroquinolones, current residence in a nursing home, and nosocomial acquisition of 
pneumococcal infection (Vanderkooi OG, 2005). 

4.3 Risk factors for colonization  

Given the high prevalence of colonization with antibiotic-resistant strains in nursing homes, 
why do some patients never become colonized and others become persistent carriers? When 
colonized nursing home residents have been compared with non carriers, underlying illness, 
presence of intravenous, urinary or enteral feeding devices, antibiotic use, presence of 
wounds, decline in functional status and increased intensity of nursing care have been 
associated to various degrees with High-level Gentamicin-Resistant Enterococci, 
Vancomycin-Resistant Enterococci, Drug-Resistant Streptococcus Pneumoniae and 
Methicillin-Resistant Staphylococcus Aureus (Zervos MJ & Al, 1987; Bradley SF & Al, 1991; 
Chenoweth CE & Al, 1994; Terpenning MS & Al, 1994; Brennen C & Al, 1998). Similar risk 
factors for the carriage of resistant Gram Negative Bacilli have been found. Nursing home 
residents colonized with resistant Gram Negative Bacilli were significantly more likely to 
have lived in a large skilled nursing facility, have had prior antibiotic treatment, or have had 
urinary incontinence or a catheter, than non colonized persons in nursing homes or the 
community (Gaynes RP & Al, 1985). Colonization with Gram Negative Bacilli resistant to 
Gentamicin, trimethoprim or cefriaxone, has been associated to varying degrees with 
increased length of stay, increased debility, need for a urinary device, prior pneumonia, 
presence of wound or chronic disease (Huovinen P, 1984; Shlaes DM, 1986; MacArthur RD 
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& Al, 1988; Bradley SF & Al, 1991; Wingard E & Al, 1993; Terpenning MS & Al, 1994). Given 
the overlap in risk factors, it is not surprising to find that many nursing home residents are 
colonized with more than one antibiotic-resistant pathogen (Chenoweth CE & Al, 1994; 
Terpenning MS & Al, 1994; Brennen C & Al, 1998) 

4.4 Occurrence: organisms and antibiotic resistance 

Even though interest in the epidemiology of antibiotic resistance in healthcare setting 
outside hospital is on the increase, the extend of antibiotic resistance in nursing home is still 
relatively unknown. Most information is derived from surveillance studies of infections in 
nursing home residents or outbreak investigations. No studies have defined the overall 
magnitude of this problem in a systematic manner, but available data suggest that 
antimicrobial agent resistant pathogens are frequently encountered in this setting. In fact 
nursing homes residents have an high frequency of colonization with antimicrobial-resistant 
organisms, including Methicillin-Resistant Staphylococcus Aureus, Vancomycin-Resistant 
Enterococci, Enterococci with high-level Gentamicin-Resistance, Extended-Spectrum ß-
Lactamase-Fluoroquinolone-Resistant Gram-Negative Pathogens, Gram-Negative 
Uropathogens, , Penicillin-Resistant Pneumococci. 

4.4.1 Methicillin-Resistant Staphylococcus Aureus (MRSA) 

Methicillin-Resistant Staphylococcus Aureus was first described in 1961, and since then it 
has become a worldwide problem (Jevons MP, 1961; Tansel & Al, 2003; Diekema DJ & Al, 
2004; Corrente M & Al, 2005). The presence of Methicillin-Resistant Staphylococcus Aureus 
in nursing homes was first reported in 1970 by O’Tool (O’Toole & Al, 1970). Methicillin-
Resistant Staphylococcus Aureus is a frequent colonizer of debilitated patients; on this point, 
Bradley observed that the rate of colonization with Methicillin-Resistant Staphylococcus 
Aureus was <25% (Bradley SF & Al, 1991). The same Author showed that in two of the most 
common sites of colonization, nares and wound, colonization rates range from 8 to 53% and 
from 30 to 82% respectively (Bradley SF, 1999). Lee YL and colleagues (1997) reported a one-
year prospective surveillance study of Staphylococcus Aureus colonization and infection. 
Nasal and stool or rectal screening cultures were done on admission, and all patients 
underwent screening on at least a quarterly basis for one year. Overall, 35% of patients were 
colonized at least once with Staphylococcus Aureus (72% Methicillin-Susceptible; 25% 
Methicillin-Resistant; 3% mixed phenotype). Mendelson evaluated the rate of colonization 
by Staphylococcus Aureus, especially Methicillin-Resistant Staphylococcus Aureus, in 270 
elderly residents of a large long-term care facility. The Authors showed that 23,3% of 
residents were carriers of Staphylococcus Aureus and 27% of those had Methicillin-Resistant 
Staphylococcus Aureus (Mendelson G & Al, 2003). It is estimated that residents of nursing 
homes who are colonized with Methicillin-Resistant Staphylococcus Aureus have a 4 to 6 
fold increase in infection rate. In a study by Muder RR and colleagues (1991), 25% of 
Methicillin-Resistant Staphylococcus Aureus carriers had an episode of staphylococcal 
infection, versus only 4% of Methicillin-Susceptible Staphylococcus Aureus carriers. 

In a retrospective cohort study, Capitano showed that the median infection management 
cost of a Methicillin-Resistant Staphylococcus Aureus infection was six times greater than 
that of a Methicillin-Susceptible Staphylococcus Aureus infection, whereas the median 
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Staphylococcus Aureus infection. Terpenning and colleagues (1994) in an Ann Arbor, 
Michigan, identified risk factors for infection caused by both Methicillin-Resistant 
Staphylococcus Aureus and resistant Gram negative bacilli. By stepwise logistic regression 
analysis, diabetes mellitus and peripheral vascular disease were significant independent risk 
factors for Methicillin-Resistant Staphylococcus Aureus infection. Moreover, the presence of 
an indwelling urinary catheter or intermittent urinary catheterization, pressure ulcers and 
prior antibiotic use were significant independent risk factors for infection caused by 
resistant Gram-negative bacilli (Terpenning MS & Al, 1994; Muder & Al, 1997) . In a cross-
sectional survey among 1,215 residents of long-term care facilities in Jerusalem, the 
Vancomycin-Resistant Enterococci (VRE) carriage rate was 9.6%. Previous hospitalization 
and antibiotic treatment were associated with elevated Vancomycin-Resistant Enterococci 
colonization rate. In contrast, moderate and severe levels of dependency and prolonged stay 
in a nursing home were associated with a decrease in the Vancomycin-Resistant Enterococci 
colonization rate. (Benenson S & Al, 2009).  

In a prospective cohort study a total of 3339 patients with invasive pneumococcal infection 
were identified between 1995 and 2002. Multivariate modeling revealed that risk factors for 
infection with penicillin-resistant as opposed to penicillin-susceptible pneumococci were 
year of infection, absence of chronic organ system disease and previous use of penicillin, 
trimethoprim-sulfamethoxazole and azithromycin. Infection with trimethoprim-
sulfamethoxazole-resistant pneumococci was associated with absence of chronic organ 
system disease and with previous use of penicillin, trimethoprim-sulfamethoxazole, and 
azithromycin. Infection with macrolide-resistant isolates was associated with previous use 
of penicillin, trimethoprim-sulfamethoxazole, clarithromycin, and azithromycin. Infection 
with fluoroquinolone-resistant pneumococci was associated with previous use of 
fluoroquinolones, current residence in a nursing home, and nosocomial acquisition of 
pneumococcal infection (Vanderkooi OG, 2005). 

4.3 Risk factors for colonization  

Given the high prevalence of colonization with antibiotic-resistant strains in nursing homes, 
why do some patients never become colonized and others become persistent carriers? When 
colonized nursing home residents have been compared with non carriers, underlying illness, 
presence of intravenous, urinary or enteral feeding devices, antibiotic use, presence of 
wounds, decline in functional status and increased intensity of nursing care have been 
associated to various degrees with High-level Gentamicin-Resistant Enterococci, 
Vancomycin-Resistant Enterococci, Drug-Resistant Streptococcus Pneumoniae and 
Methicillin-Resistant Staphylococcus Aureus (Zervos MJ & Al, 1987; Bradley SF & Al, 1991; 
Chenoweth CE & Al, 1994; Terpenning MS & Al, 1994; Brennen C & Al, 1998). Similar risk 
factors for the carriage of resistant Gram Negative Bacilli have been found. Nursing home 
residents colonized with resistant Gram Negative Bacilli were significantly more likely to 
have lived in a large skilled nursing facility, have had prior antibiotic treatment, or have had 
urinary incontinence or a catheter, than non colonized persons in nursing homes or the 
community (Gaynes RP & Al, 1985). Colonization with Gram Negative Bacilli resistant to 
Gentamicin, trimethoprim or cefriaxone, has been associated to varying degrees with 
increased length of stay, increased debility, need for a urinary device, prior pneumonia, 
presence of wound or chronic disease (Huovinen P, 1984; Shlaes DM, 1986; MacArthur RD 
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& Al, 1988; Bradley SF & Al, 1991; Wingard E & Al, 1993; Terpenning MS & Al, 1994). Given 
the overlap in risk factors, it is not surprising to find that many nursing home residents are 
colonized with more than one antibiotic-resistant pathogen (Chenoweth CE & Al, 1994; 
Terpenning MS & Al, 1994; Brennen C & Al, 1998) 

4.4 Occurrence: organisms and antibiotic resistance 

Even though interest in the epidemiology of antibiotic resistance in healthcare setting 
outside hospital is on the increase, the extend of antibiotic resistance in nursing home is still 
relatively unknown. Most information is derived from surveillance studies of infections in 
nursing home residents or outbreak investigations. No studies have defined the overall 
magnitude of this problem in a systematic manner, but available data suggest that 
antimicrobial agent resistant pathogens are frequently encountered in this setting. In fact 
nursing homes residents have an high frequency of colonization with antimicrobial-resistant 
organisms, including Methicillin-Resistant Staphylococcus Aureus, Vancomycin-Resistant 
Enterococci, Enterococci with high-level Gentamicin-Resistance, Extended-Spectrum ß-
Lactamase-Fluoroquinolone-Resistant Gram-Negative Pathogens, Gram-Negative 
Uropathogens, , Penicillin-Resistant Pneumococci. 

4.4.1 Methicillin-Resistant Staphylococcus Aureus (MRSA) 

Methicillin-Resistant Staphylococcus Aureus was first described in 1961, and since then it 
has become a worldwide problem (Jevons MP, 1961; Tansel & Al, 2003; Diekema DJ & Al, 
2004; Corrente M & Al, 2005). The presence of Methicillin-Resistant Staphylococcus Aureus 
in nursing homes was first reported in 1970 by O’Tool (O’Toole & Al, 1970). Methicillin-
Resistant Staphylococcus Aureus is a frequent colonizer of debilitated patients; on this point, 
Bradley observed that the rate of colonization with Methicillin-Resistant Staphylococcus 
Aureus was <25% (Bradley SF & Al, 1991). The same Author showed that in two of the most 
common sites of colonization, nares and wound, colonization rates range from 8 to 53% and 
from 30 to 82% respectively (Bradley SF, 1999). Lee YL and colleagues (1997) reported a one-
year prospective surveillance study of Staphylococcus Aureus colonization and infection. 
Nasal and stool or rectal screening cultures were done on admission, and all patients 
underwent screening on at least a quarterly basis for one year. Overall, 35% of patients were 
colonized at least once with Staphylococcus Aureus (72% Methicillin-Susceptible; 25% 
Methicillin-Resistant; 3% mixed phenotype). Mendelson evaluated the rate of colonization 
by Staphylococcus Aureus, especially Methicillin-Resistant Staphylococcus Aureus, in 270 
elderly residents of a large long-term care facility. The Authors showed that 23,3% of 
residents were carriers of Staphylococcus Aureus and 27% of those had Methicillin-Resistant 
Staphylococcus Aureus (Mendelson G & Al, 2003). It is estimated that residents of nursing 
homes who are colonized with Methicillin-Resistant Staphylococcus Aureus have a 4 to 6 
fold increase in infection rate. In a study by Muder RR and colleagues (1991), 25% of 
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infection, versus only 4% of Methicillin-Susceptible Staphylococcus Aureus carriers. 

In a retrospective cohort study, Capitano showed that the median infection management 
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associated nursing care cost was two times greater. The median overall infection cost 
associated with Methicillin-Resistant Staphylococcus Aureus was 1,95 times greater than 
that associated with Methicillin-Susceptible Staphylococcus Aureus. Nursing care cost 
constituted the major portion of the overall infection cost for both groups (Methicillin-
Susceptible Staphylococcus Aureus = 51%; Methicillin-Resistant Staphylococcus Aureus = 
48%) (Capitano B & Al, 2003).  

Risk factors for Methicillin-Resistant Staphylococcus Aureus colonization include: residence 
in a medical ward or medical intensive care unit or prolonged hospitalization (13 weeks), 
advanced age and a history of invasive procedures (Asensio A & Al, 1996). In a study by 
O’Sullivan, the risk factors significantly associated with Methicillin-Resistant 
Staphylococcus Aureus colonization were male sex, age over 80 years, residence in the 
nursing home for more than six months, hospitalization during the previous six months, 
peripheral vascular disease, pressure ulcers, steroid therapy, poor general skin condition, 
antibiotic therapy during the previous three months and a mental test score of less than 14. 
Multivariate analysis identified male sex and pressure ulcers as independent variables 
(O’Sullivan NP & Keane CT, 2000). In a case control study conducted in a community 
nursing home, Thomas reported that nasogastric intubation and antibiotic therapy in the 
previous 6 months were the most important factors associated with Methicillin-Resistant 
Staphylococcus Aureus colonization (Thomas JC & Al, 1989). Other risk factors are 
indwelling urinary catheters and urinary incontinence (Terpenning MS & Al, 1994). 

4.4.2 Vancomycin-Resistant Enterococci (VRE) 

First described in 1987 in Europe Vancomycin Resistant Enterococci have recently emerged 
as important nosomial pathogens and in the last years have become among the most feared 
pathogens in US hospitals. Studies dealing with the emergence of Vancomycin-Resistant 
Enterococci in the United States, revealed that most patients with Vancomycin-Resistant 
Enterococci were in Intensive Care Units (Clark NC & Al, 1993). Colonization with 
Vancomycin-resistant Enterococcus has been reported from community settings in the 
United States, including, to a limited extend, long-term care facilities (Coque TM & Al, 1996; 
Bonten MJ & Al, 1998). Bonilla showed that prevalence of Vancomycin-Resistant 
Enterococcus colonization among patients in the long-term care facilities at the Ann Arbor 
Department of Veterans Affairs Medical Center, exceeded the prevalence in the intensive 
care unit and in the general medical wards (Bonilla HF & Al, 1997). Brennan decribed the 
epidemiology of Vancomycin-Resistant Enterococcus colonization in a 400 bed long-term 
care facility for veterans. The author observed that 24 of 36 patients were colonized with 
Vancomycin-Resistant Enterococcus that persisted for 67 days and were associated with 
antibiotic administration (Brennan C & Al, 1998). In a prospective cohort study, 45% (45 of 
100 patients) were colonized with Vancomycin-Resistant Enterococcus. The risk factors 
identified by univariate analysis were: hospitalization in the prior 60 days, an admission 
diagnosis of infection, inability to ambulate, presence of a feeding tube or urinary catheter 
or decubitus ulcer and documented more probable antibiotic use in the previous 60 days 
(particularly the use of Vancomycin and third generation cephalosporins). Stepwise logistic 
regression analysis identified the presence of decubitus ulcer or hospital admission, and 
documented a probable antibiotic use in the 60 days before admission, as significant risk 
factors for colonization with Vancomycin-Resistant Enterococcus at the time of admission 
(Elizaga ML & Al, 2002). 
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4.4.3 Enterococci with high-level gentamicin resistance 

Two studies, both from the Ann Arbor Veterans Administration nursing home care unit 
have identified risk factors for colonization with Gentamicin-Resistant Strains of 
Enterococci. In the first study a one-day prevalence survey reported by Zervos and 
colleagues, the need for advanced nursing care and antibiotic therapy in the prior 3 months 
were independent risk factors for colonization (Zervos MJ & Al, 1987). In the second study, 
presence of wounds, renal failure, intermittent catheterization, low Katz functional status 
and low serum albumin were independent risk factors for colonization with strains 
possessing high-level resistance to gentamicin (Terpenning MS & Al, 1994). 

4.4.4 Extended-spectrum ß-lactamase gram-negative pathogens (ESBLs) 

The first report of Extended-Spectrum ß-Lactamase Gram-Negative bacilli, came from 
Europe and were quickly followed by reports in the United States. This type of antimicrobial 
resistance is now recognized worldwide. The prevalence of Extended-Spectrum ß-
Lactamase Gram-Negative Pathogens in long-term care facilities is becoming alarming. The 
first reported outbreak of bacteria resistant to ceftazidime in the United States occurred in 
1990 among patients in a chronic care facility in Massachusetts (Rice LB & Al, 1990). In a 
study of ceftazidime-resistant Escherichia coli and Klebsiella pneumonia in Chicago, 31 of 35 
patients from 8 nursing facilities harboured an Extended-Spectrum ß-Lactamase producing 
enteric pathogen. (Weiner J & Al, 1999). Weiner reported that prior exposure to 
ciprofloxacin or trimethoprim-sulfamethoxazole was an independent predictor of 
colonization with Escherichia coli resistant to ceftazidime among nursing home residents. 
Molecular analysis of isolates, showed that a particular resistance-conferring plasmid 
appeared frequently, thus supporting the growing concern that long-term facilities may act 
a reservoir for antimicrobial drug-resistant organisms. Several studies have evaluated the 
risk factors for colonization or infections with Extended-Spectrum ß-Lactamase-producing 
organisms in the hospitalized patients. Reported risk factors include the presence of 
intravascular catheters, emergency intra-abdominal surgery, gastrotomy or jejunostomy 
tube, gastrointestinal colonization, length of hospital or intensive care unit stay, prior 
antibiotics (including third generation cephalosporins), severity of illness, presence of an 
urinary catheter, and ventilator assistance (Schiappa DA & Al, 1996). In a case-control study, 
Sandoval and colleagues (2004) showed that exposure to any cephalosporin and percentage 
of residents using gastrotomy tubes within the nursing home, were associated with having a 
clinical isolate resistant to third-generation cephalosporin (Sandoval C & Al, 2004). Nursing 
home residents would appear to have several additional risk factors for infection with 
Extended-Spectrum ß-Lactamase- Gram-Negative producing organisms. It has been well 
documented that hand-washing rates are low among nursing home personnel (Denman SJ 
& Burton JR, 1992). Urinary catheterization and decubitus ulcers are frequent, and have been 
associated with colonization of non- Extended-Spectrum ß-Lactamase producing, antibiotic-
resistant gram negative bacilli (Muder RR & Al, 1991; SmithPW & Al, 2000). 

4.4.5 Fluoroquinolone-resistant gram-negative pathogens 

Resistance in fluoroquinolones has been increasing over time in long-term care facilities. In a 
correlational longitudinal survey study, Viray showed that Escherichia Coli fluoroquinone-
resistance rates was high but variable, and were generally increasing over time (Viray M & 
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Al, 2005). In a case control study, Cohen showed that Fluoroquinone-Resistant Escherichia 
coli urinary tract infection was more common with prior fluoroquinolone use (Cohen AE & 
Al, 2006). Maslow conducted a cross-sectional study to determine the prevalence of, and risk 
factors for colonization with Fluoroquinone-Resistant Escherichia coli in residents of a long-
term care facility. Fluoroquinone-Resistant Escherichia coli were identified from rectal 
swabs for 25 of 49 (51%) partecipants at study entry. On multivariate analyses, prior 
fluoroquinolone use was the only independent risk factor for Fluoroquinone-Resistant 
Escherichia coli carriage and was consistent for fluoroquinolone exposures in the previous 3, 
6, 9 or 12 months. Pulsed-field gel electrophoresis of Fluoroquinone-Resistant Escherichia 
coli identified clonal spread of one strain among 16 residents (Maslow JN & Al, 2005). 

4.4.6 Gram-negative uropathogens 

Shlaes and colleagues identified risk factors for urinary colonization with Gentamicin-
Resistant Gram-negative Bacilli in patients of a Veteran Administration nursing home care 
unit near Cleveland, Ohio, using stepwise logistic regression (Shlaes DM & Al, 1986). 
Perineal or rectal colonization with Gentamicin-Resistant strains and presence of a urinary 
catheter were significant independent risk factors. Another study at the same institution by 
Wingard and colleagues, examined carriage of Trimethoprim-Resistant Gram-negative 
Bacilli (Wingard E & Al, 1993). Functional status and length of stay were significant 
independent risk factors for colonization: functional status was the most important risk 
factor for acquiring Trimethoprim-Resistant strains by cross-colonization. Gaynes, studying 
colonization with multiply resistant Gram-negative bacilli in patients admitted to the 
hospital from community nursing homes, reported that bladder dysfunction, residence in 
large nursing homes, age and prior antibiotic use were independent risk factors (Gaynes RP 
& Al, 1985). Terpenning identified intermittent catheterization, inflammatory bowel disease, 
chronic renal disease, presence of wounds and prior pneumonia, to be independent risk 
factors for colonization with Gentamicin and/or Ceftriaxone-Resistant Gram-negative 
Bacilli in a stepwise regression analysis (Terpenning MS & Al, 1994). 

4.4.7 Penicillin-Resistant Pneumococci 

Penicillin resistance is common in Streptococcus Pneumoniae and is a problem all over the 
world, both in the community and in hospital setting. In 2002, the European Antimicrobial 
Resistance Surveillance project (http://www.earss.rivm.nl) reported five countries with a 
prevalence of Penicillin-Resistant Pneumococci of greater than or equal to 30%. Overall, in 
2002, the European Antimicrobial Resistance Surveillance Project reported 11% of 
Streptococcus Pneumoniae strains as non susceptible to penicillin and 17% non susceptible to 
erythromycin. Two events have occurred since 2000 that may have reduce the selective 
pressure driving antimicrobial resistance: the more appropriate use of antimicrobial and the 
pneumococcal conjugate vaccine (Klugman KP, 2004).The earlier study reports by Millar and 
Denton were among the first to describe Penicillin-Resistant Pneumococcal infection in elderly 
institutionalized and debilitated patients (Denton M & Al, 1993; Millar MR & Al, 1994). Nuorti 
reported a significant outbreak of Penicillin-Resistant Pneumococci in a long-term care facility 
in rural Oklaoma. The Author observed that 13% of the residents developed pneumonia, and 
that the mortality rate was 23%. Resistant isolates were recovered from 64% of residents with 
pneumonia and from 23% of non infected residents (Nuorti JP & Al, 1998).  
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4.4.8 Others organisms 

In addition to those listed above, there are other kinds of antimicrobial-resistant pathogens. 
Smith and colleagues described an outbreak caused by an Ampicillin-Resistant strain of 
Haemophilus influenzae, involving six patients in a nursing home and adjoining hospital 
during a 1-month period (Smith PF & Al, 1988). Two patients were bacteremic and one died. 
All patients had personal contact with at least one other case patient, suggesting person-to-
person spread. Sturm and colleagues reported a similar outbreak involving 15 subjects in a 
pulmonary rehabilitation centre in the Netherlands (Sturm AW & Al, 1990). The outbreak 
strain of Haemophilus influenza was resistant to amoxicillin, thrimethoprim-
sulfamethoxazole, chloramphenicol and tetracycline. Choi described a nursing home 
outbreak caused by Salmonella Heidelberg serotype, frequently expressing multiple 
resistance (Choi AT & Al, 1990). Forty-four (22%) of the 199 residents were affected. Patients 
treated with antibiotics excreted the outbreak strain for a median duration of 14 weeks, 
prolonging the presence of a potential source for additional cases. 

Although Acinetobacter infections in long-term care facilities and nursing homes are not 
well described, during the last decade, increasingly resistant strains of Acinetobacter, 
necessitating greater use of broad-spectrum antibiotics, such imipenem and ampicillin-
sulbactam (Jain R & Danziger LH, 2004; Bassetti M & Al, 2008).  

Sengstock and colleague in a six-year period reported in an increase of Multi-Drug-Resistant 
Acinetobacter baumannii, a link between increasing antibiotic-resistance, morbidity and 
mortality, and a transfer between hospital and nursing home and viceversa (Sengstock DM 
& Al, 2010). The article demonstrated that Acinetobacter baumannii is widespread including 
hospitals, long-term acute-care and nursing homes, and that the transfer of multidrug-
resistant strains among health care facilities is bidirectional. These data confirm previous 
report (Gould CV & Al, 2006; Saeed S & Al, 2006; Stephens C & Al, 2007; Furuno JP & Al, 
2008) 

5. Conclusions 
In the nursing home setting, antimicrobial use is an important issue, relevant to 
antimicrobial resistance. Previous study have found relatively high rates of antimicrobial 
use and substantial inappropriate use of antimicrobial agents in nursing homes and long-
term care facilities (Zimmer JG & Al, 1986; Crossley K & Al 1987; Jones SR & Al, 1987; Katz 
PR & Al, 1990; Warren JW & Al, 1991; Yakabowich MR & Al, 1994; Pickering TD & Al, 1994; 
Montgomery P & Al, 1995). In addition to increasing the risk of colonization or infection 
with antimicrobial-resistant organisms, inappropriate antimicrobial use adds cost to 
resident care and may place the patient at increased risk for drug adverse reactions (Mylotte 
JM, 1999). Recommendations for improving antimicrobial use have included development 
of a formulary and continuing review of antimicrobial use and prevalence of antimicrobial 
resistance in cultures obtained from patients with suspected infections. In the last decades, 
an increasing number of nursing homes have developed infections control programs with 
surveillance and control activities (Smith PW, 1999). A major contribution to this 
development was the publication of guidelines by the Association for Professional in 
Infection Control and Epidemiology (APIC) – Society for Healthcare Epidemiologists of 
America (SHEA) in 1997 (Smith PW & Rusnak PG, 1997), revisited in 2008 (Smith PW & Al, 
2008). 
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5.1 Prevention and control of infections in nursing homes  

Most nursing homes have infection control programs, even if the components of these 
programs vary among different institutions and countries. (Garibaldi RA & Al, 1981; 
Crossley K & Al, 1985; Kabbuz RF & Tenney JH, 1988; Campbell B, 1991). The overall goal of 
the infection control program is to prevent infections and, when that is not possible, to limit 
interpatient transmission of potential pathogens (Nicolle LE & Garibaldi RA, 1995). 
Surveillance for infections in the nursing home is integral to the program (Smith PW, 1987). 
Valid infection surveillance requires the use of standard definitions, appropriate for the 
nursing home (McGeer AB & Al, 1991), effective case finding measures, systematic analysis 
and reporting of data, and an awareness to identify potential outbreaks as easy as possible. 
The optimal method for surveillance in nursing home is not identified, because it differs 
depending on the characteristics of each nursing home, staffing and patients populations.  

Infection prevention and control is important for continuum of care and their main 
functions are (a) to obtain and manage clinical data, including surveillance information for 
endemic and epidemic infections; (b) to develop and recommend policies and procedures; 
(c) to intervene directly to prevent infections and (d) to educate and train health care 
workers, patients and caregivers. (Table 11) 

An effective infection control program includes a method of surveillance for infections and 
antimicrobial-resistant pathogens, an outbreak control plan for epidemics, isolation and 
standard precautions, hand hygiene, staff education, an employee health program, a 
resident health program, policy formation and periodic review with audits, and a policy to 
communicate reportable diseases to public health authorities. 

Infection surveillance in nursing homes involves collection of data on nursing home-
acquired infections (Do AM & Al, 1999). Surveillance can be limited to a particular objective 
or may be a facility-wide goal. Surveillance often is based on individual patient risk factors, 
focused on a unit or based on a particular pathogen or infection type.  

Surveillance may be either passive or active; in passive surveillance (“routine surveillance”), 
an infection control professional uses data collected for routine patient care. Although less 
costly in term of resources, passive surveillance is inherently biased. It may underestimate the 
magnitude of outcomes measured and delay detection of outbreaks. The feasibility of passive 
surveillance has been demonstrated and has led to continuing education opportunities. 

Active surveillance uses multiple data sources to detect infections and antimicrobial 
resistance early, but data in nursing homes are lacking. Hospital definitions may not be 
applicable in nursing home setting; modified nursing home specific criteria were developed 
by a Canadian Consensus Conference, which took into account the unique limitations of the 
nursing home setting (McGeer A & Al, 1991). These criteria have been used widely but not 
uniformly (Danzig LE & Al, 1995). In addition a facility must have clear goals and aims for 
setting up a surveillance program. These goals, like other elements of an infection control 
program have to be reviewed periodically to reflect changes in the facility’s population, 
pathogens of interest and changing antimicrobial resistance patterns. In addition, plans to 
analyse the data and use them to design and implement proven preventive measures, must 
be made in advance. The analysis and reporting of infection rates in nursing homes must be 
conducted monthly, quarterly and annually to detect trends. Because the length of stay in 
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nursing home is long, and each resident is at risk for a prolonged duration, infection rates 
(infections/1000 resident days) can be calculated by using resident days or average resident 
census for the surveillance period as the denominator. These data can be used to estabilish 
endemic baselines rates and recognize variations from the baseline that could represent an 
outbreak. Feed back to the nursing home staff is critical to the success of the surveillance 
program, and this information should lead to specific infection control initiatives and follow 
up surveillance.  

The Centers for Disease Control and Prevention’s Healthcare Infection Control and Prevention 
Advisory Committee (HICPAC) proposes use of “Standard Precautions” which have been 
designed for the care of all patients in hospitals (Garner JS, 1996). “Standard Precautions” 
apply to blood, all body fluids, secretions and excretions regardless of whether they contain 
visible blood, skin that is not intact, or mucous membrane material. Designed to reduce the 
risk of transmission of pathogens from apparent and ambiguous source of infection, these 
precautions include hand hygiene compliance, glove use, masks, eye protection, gown and 
avoidance of injuries from sharp materials. Transmission-based precautions are intended for 
use with patients who may be infected with highly transmissible or epidemiologically 
significant pathogens. These include airborne precautions, droplet precautions and contact 
precautions. 

Although these guidelines were designed for acute care setting, several of them, especially 
the universal precautions, apply to nursing home setting as well. However, facilities should 
evaluate these guidelines and individualize the plan to obtain cultures based on the 
population they serve.  

Healthcare workers may play an important role in the dissemination of antibiotic-resistant 
bacteria in nursing homes (Thomas JC & Al, 1989): contamination of the hand of healthcare 
workers has been recognized as playing a role in the transmission of pathogenetic bacteria 
to patients since the observations of Holmes, Semmelweis and other, more than 100 years 
ago (Otherson MJ & Otherson HB, 1987). Hand antisepsis remains the most effective and 
last expansive measure to prevent transmission of nosocomial infections. However, 
compliance with hand washing recommendations among healthcare workers averages only 
30-50% and improves only modestly following educational interventions (Mody L & Al, 
2003). Healthcare workers frequently reported poor compliance with hand hygiene 
measures because of skin irritation from frequent washing, too little time because of a heavy 
workload, and simply forgetting. Introduction of alcohol-based hand rubs have been shown 
to enhance compliance with hand hygiene in the nursing home setting, and should be used 
to complement educational initiatives (Mody L & Al, 2003).  

While the cost of introducing alcohol-based hand rubs could be a concern of nursing homes, 
recent data in acute care have shown that the total costs of a hand hygiene promotion 
campaign, including alcohol-based hand rubs, corresponded to less than 1% of costs that 
could be attributed to nosocomial infections (Pittet D & Al, 2004). Introducing the alcohol-
based hand rubs must take into account some problems: alcohol-based hand rubs should 
not be used if hands are visibly soiled, in which case hand hygiene with antimicrobial soup 
and water is recommended. Alcohol-based hand rubs can cause dry skin; however recent 
data on rubs containing emollients have shown to cause less skin irritation and dryness 
(Centers for Disease Control , 2002).  
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5.1 Prevention and control of infections in nursing homes  
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Valid infection surveillance requires the use of standard definitions, appropriate for the 
nursing home (McGeer AB & Al, 1991), effective case finding measures, systematic analysis 
and reporting of data, and an awareness to identify potential outbreaks as easy as possible. 
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program have to be reviewed periodically to reflect changes in the facility’s population, 
pathogens of interest and changing antimicrobial resistance patterns. In addition, plans to 
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nursing home is long, and each resident is at risk for a prolonged duration, infection rates 
(infections/1000 resident days) can be calculated by using resident days or average resident 
census for the surveillance period as the denominator. These data can be used to estabilish 
endemic baselines rates and recognize variations from the baseline that could represent an 
outbreak. Feed back to the nursing home staff is critical to the success of the surveillance 
program, and this information should lead to specific infection control initiatives and follow 
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The Centers for Disease Control and Prevention’s Healthcare Infection Control and Prevention 
Advisory Committee (HICPAC) proposes use of “Standard Precautions” which have been 
designed for the care of all patients in hospitals (Garner JS, 1996). “Standard Precautions” 
apply to blood, all body fluids, secretions and excretions regardless of whether they contain 
visible blood, skin that is not intact, or mucous membrane material. Designed to reduce the 
risk of transmission of pathogens from apparent and ambiguous source of infection, these 
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avoidance of injuries from sharp materials. Transmission-based precautions are intended for 
use with patients who may be infected with highly transmissible or epidemiologically 
significant pathogens. These include airborne precautions, droplet precautions and contact 
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Although these guidelines were designed for acute care setting, several of them, especially 
the universal precautions, apply to nursing home setting as well. However, facilities should 
evaluate these guidelines and individualize the plan to obtain cultures based on the 
population they serve.  

Healthcare workers may play an important role in the dissemination of antibiotic-resistant 
bacteria in nursing homes (Thomas JC & Al, 1989): contamination of the hand of healthcare 
workers has been recognized as playing a role in the transmission of pathogenetic bacteria 
to patients since the observations of Holmes, Semmelweis and other, more than 100 years 
ago (Otherson MJ & Otherson HB, 1987). Hand antisepsis remains the most effective and 
last expansive measure to prevent transmission of nosocomial infections. However, 
compliance with hand washing recommendations among healthcare workers averages only 
30-50% and improves only modestly following educational interventions (Mody L & Al, 
2003). Healthcare workers frequently reported poor compliance with hand hygiene 
measures because of skin irritation from frequent washing, too little time because of a heavy 
workload, and simply forgetting. Introduction of alcohol-based hand rubs have been shown 
to enhance compliance with hand hygiene in the nursing home setting, and should be used 
to complement educational initiatives (Mody L & Al, 2003).  

While the cost of introducing alcohol-based hand rubs could be a concern of nursing homes, 
recent data in acute care have shown that the total costs of a hand hygiene promotion 
campaign, including alcohol-based hand rubs, corresponded to less than 1% of costs that 
could be attributed to nosocomial infections (Pittet D & Al, 2004). Introducing the alcohol-
based hand rubs must take into account some problems: alcohol-based hand rubs should 
not be used if hands are visibly soiled, in which case hand hygiene with antimicrobial soup 
and water is recommended. Alcohol-based hand rubs can cause dry skin; however recent 
data on rubs containing emollients have shown to cause less skin irritation and dryness 
(Centers for Disease Control , 2002).  
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Management strategies  
Infection control program  

Surveillance  Review microbiology data 
 Maintain line listing of cases 
 Prevalence surveys of residents, staff or new 

admissions 
 Identify readmission cases 

Outbreak investigation  
Policies, isolates, environment  
Staff education  

Antimicrobial utilization program  
Employee health program  

Patient care strategies  
Optimal management of 
comorbidities 

 

Optimal nutrition  
Avoidance of invasive devices  
Vaccination   Influenza 

 Pneumococcus 
 Tetanus 

Screening  Hepatitis B and C virus 
 Tuberculosis (selected cases) 

Precautions   Hand-washing, antimicrobial soaps 
 Environment decontamination 
 Private room for colonized/infected residents 
 Barrier precautions for colonized/infected residents 
 Strict isolation for colonized/infected residents 
 Isolation of new admission 
 Special placement colonized/infected residents 
 Cohort colonized/infected residents 
 Cohort colonized personnel 
 Establish isolation ward  

Reduction of reservoir  Exclusion of colonized/infected residents from 
facility 

 Rapid discharge of colonized/infected residents 
 Decolonization therapy of residents, personnel o 

new admissions 
Outbreak management

Mechanism for early identification 
Policies for laboratory utilization 
Case finding and analysis 
Isolation and cohorting 
Specific therapy 

 

Table 11. Recommended approaches to the prevention and minimization of infections and 
outbreaks in nursing home  
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Another key point of the infection control program is staff education. Ongoing staff 
education is critical in health care setting, because of the plethora of literature published 
every year, advancements in technology and regulatory demands. The infection control 
program plays a vital role in educating nursing home personnel on various infection control 
measures, particularly in view of rapid staff turnover. Informal education and quality 
improvement meeting should be complemented with in-service education on various topics, 
including hand hygiene compliance, antimicrobial usage and antimicrobial resistance, 
appropriate and early diagnosis of infections, infection control and prevention measures, 
isolation precautions and policies. 

5.1.2 Patient care practices 

Patient-specific strategies to prevent infection are targeted to increase general and specific 
immunity and, hence, limit susceptibility to infection. These include maintenance of 
adequate nutrition and optimal management of associated chronic diseases. For example, 
nursing care practices should attempt to minimize or prevent the occurrence of aspiration in 
patients with neurologic impairment, avoid trauma to neuropathic feet, and prevent the 
occurrence of pressure ulcers in patients with limited mobility. Ensuring optimal use of 
immunizing agents is important, including pneumococcal vaccination (Center for Disease 
Control, 1989b). Use of invasive devices should be limited to those situations in which they 
are essential for patient care. When tube feeding is necessary to maintain nutritional status, 
percutaneous gastrostomy or jejunostomy feeding tubes may be preferred over nasogastric 
tubes because of a reported decreased occurrence of aspiration pneumonia (Fay DE & Al, 
1991), even if other studies have not supported this observation (Clocon JO & Al, 1988; Peak 
A & Al, 1990). It has been suggested that use of external condom catheters for incontinence 
in men may be associated with a lower incidence of invasive urinary tract infections 
compared with long-term indwelling catheters, but this, too, is controversial, because of 
reported increased incidence of phimosis and skin irritation that predisposes to urinary 
infections (Flerer J & Ekstrom M, 1981). 

5.1.3 Outbreaks management 

Outbreaks of infection should be anticipated in the nursing home setting and policies to 
respond to a suspected or proven outbreak must be developed prior to occurrence. Such 
policies should include general aspects of outbreak management including identification, 
communication and authority, as well as specific issues related to the most frequent 
organisms likely to occur. Adequate management requires ongoing surveillance for 
infection to ensure early identification, specific criteria to identify a potential outbreak, case 
finding strategies and laboratory backup to identify the etiologic agent and plan appropriate 
interventions. Authority within the facility to initiate appropriate measures to control an 
outbreak should be clearly defined. Early notification and ongoing communication within 
the institution and with appropriate public health authorities must be outlined clearly prior 
to the crisis of an epidemic. 

The response to the outbreak must include immediate control measures to identify and 
isolate cases, as appropriate, and limit patient and staff exposure. Control measures will 
include use of patient isolation, limitations in patient movement and interaction with the 
facility and, frequently, specific therapy. Compliance with isolation practices leads to special 
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program plays a vital role in educating nursing home personnel on various infection control 
measures, particularly in view of rapid staff turnover. Informal education and quality 
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appropriate and early diagnosis of infections, infection control and prevention measures, 
isolation precautions and policies. 

5.1.2 Patient care practices 

Patient-specific strategies to prevent infection are targeted to increase general and specific 
immunity and, hence, limit susceptibility to infection. These include maintenance of 
adequate nutrition and optimal management of associated chronic diseases. For example, 
nursing care practices should attempt to minimize or prevent the occurrence of aspiration in 
patients with neurologic impairment, avoid trauma to neuropathic feet, and prevent the 
occurrence of pressure ulcers in patients with limited mobility. Ensuring optimal use of 
immunizing agents is important, including pneumococcal vaccination (Center for Disease 
Control, 1989b). Use of invasive devices should be limited to those situations in which they 
are essential for patient care. When tube feeding is necessary to maintain nutritional status, 
percutaneous gastrostomy or jejunostomy feeding tubes may be preferred over nasogastric 
tubes because of a reported decreased occurrence of aspiration pneumonia (Fay DE & Al, 
1991), even if other studies have not supported this observation (Clocon JO & Al, 1988; Peak 
A & Al, 1990). It has been suggested that use of external condom catheters for incontinence 
in men may be associated with a lower incidence of invasive urinary tract infections 
compared with long-term indwelling catheters, but this, too, is controversial, because of 
reported increased incidence of phimosis and skin irritation that predisposes to urinary 
infections (Flerer J & Ekstrom M, 1981). 

5.1.3 Outbreaks management 

Outbreaks of infection should be anticipated in the nursing home setting and policies to 
respond to a suspected or proven outbreak must be developed prior to occurrence. Such 
policies should include general aspects of outbreak management including identification, 
communication and authority, as well as specific issues related to the most frequent 
organisms likely to occur. Adequate management requires ongoing surveillance for 
infection to ensure early identification, specific criteria to identify a potential outbreak, case 
finding strategies and laboratory backup to identify the etiologic agent and plan appropriate 
interventions. Authority within the facility to initiate appropriate measures to control an 
outbreak should be clearly defined. Early notification and ongoing communication within 
the institution and with appropriate public health authorities must be outlined clearly prior 
to the crisis of an epidemic. 

The response to the outbreak must include immediate control measures to identify and 
isolate cases, as appropriate, and limit patient and staff exposure. Control measures will 
include use of patient isolation, limitations in patient movement and interaction with the 
facility and, frequently, specific therapy. Compliance with isolation practices leads to special 
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problems in nursing homes. As patients’ room are their permanent residence, transfer 
within the institution for isolation purposes is disruptive for patients and family. Cognitive 
impaired residents will not be able to understand the reasons for and practices of isolation 
and it may be difficult to restrict movement for some of these patients. Policies developed, 
should acknowledge these potential problems and identify the methods by which they will 
be addressed. An integral part of outbreak management is a review and analysis of the 
course of the outbreak, impact and potential problem areas that may be changed to improve 
management in the future. 
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1. Introduction  

The antibiotic resistance genes present in clinical isolates are usually acquired and located 
on mobile elements allowing their horizontal transfer to other strains or even across 
bacterial species. Consequently, resistance genes with 100% sequence identity may be found 
in otherwise unrelated genera while the occurrence of such an acquired resistance within a 
certain species is highly variable.  

In contrast, a number of bacteria are naturally resistant against some antibiotics. The 
molecular basis for natural resistance may be a general factor like the lack of the targeted 
pathway, a variant of the targeted molecule that is not inhibited by the antibiotic or a 
membrane limiting entry of the antibiotic into the cell. In addition natural resistance may 
also be mediated by a resistance gene belonging to the cell’s core genes. Such resistance 
genes are vertically inherited, shared by (nearly) all isolates of a species and co-evolve with 
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improved understanding of natural resistance, conditions favouring transfer of resistance 
genes to pathogens and the underlying molecular mechanisms are important areas of 
research.  

Rahnella and Ewingella, two closely related genera of the Enterobacteriaceae, are naturally 
resistant to several β-lactam antibiotics. Rahnella is widespread in nature and routinely 
present in the daily human diet but also Ewingella may be present at high titers in some 
kinds of food. Both microorganisms have been infrequently isolated from clinical specimens. 
Here the biology, natural habitats, clinical significance and antibiotic susceptibility patterns 
of Ewingella and Rahnella will be addressed. Novel results about their resistance genes will 
be presented and the evolution of these genes and the potential for their transfer to other 
bacteria will be discussed.  

2. Biology, clinical significance and antibiotic resistances of Rahnella and 
Ewingella 
In 1976 a new class of Enterobacteriaceae was defined during a numerical taxonomy study 
and provisionally named 'group H2' (Gavini et al., 1976). Based on DNA relatedness studies 
this  group was later proposed as a new species, Rahnella aquatilis (Izard et al., 1979). In the 
following years strains belonging to this novel genus were infrequently isolated from water 
and clinical specimens and Rahnella was thought to be a rare microorganism (Farmer et al., 
1985) until it was found to be frequent in plant and soil specimens. Also Ewingella was 
recognised as a separate group of the Enterobacteriaceae in a phenotypical study, which was 
subsequently confirmed by DNA-DNA hybridisation experiments (Grimont et al., 1983).  
Based on current reports Ewingella is believed to be a rare member of the Enterobacteriaceae 
(Brenner & Farmer 2005) but some studies indicate that it might be common in some 
ecological niches. Investigations of clinical isolates revealed that Rahnella and Ewingella are 
resistant to several antibiotics, mainly β–lactams. The susceptibility patterns suggested the 
presence of an extended spectrum Ambler class A β-lactamase (ESBL) in Rahnella (Stock et 
al., 2000), which could be confirmed by cloning and sequencing of the resistance gene 
(Bellais et al., 2001). The susceptibility pattern and detection of the enzyme by SDS-
PAGE/nitrocefin staining suggested an Ambler class C β-lactamase (AmpC) for Ewingella 
(Stock et al., 2003). Here we report for the first time a DNA sequence-based phylogenetic 
analysis confirming that the Ewingella β-lactamase belongs to the AmpC class.  

2.1 Biology, habitat and possible applications of Rahnella and Ewingella 

The genus Rahnella comprises three genomospecies, Rahnella aquatilis (= genomospecies 1), 
Rahnella genomospecies 2 and Rahnella genomospecies 3 (Brenner et al., 1998), while the 
genus Ewingella consists of only one species: Ewingella americana. Based on phenotypical 
tests two biogroups of Ewingella americana have been defined, which show differences in  
L-rhamnose and D-xylose fermentation (Grimont et al., 1983). Strains belonging to Rahnella 
and Ewingella have no special nutritional requirements and can use a number of carbon 
sources. They are able to grow in the temperature range from close to 0°C to approximately 
40°C, although many strains show a reduced biochemical activity at elevated temperatures 
(Brenner & Farmer 2005; Brenner et al., 1998; Davis & Eyles, 1992; Jensen et al., 2001; McNeil 
et al., 1987). 
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Rahnella is widely distributed and has been isolated from many types of samples. It is 
frequently found in the rhizosphere and tightly associated with roots and tubers of plants 
(Berge et al., 1991; Heulin et al., 1994; Jafra et al., 2009; Rozhon et al., 2010) but is also present 
on other parts of plants including leaves (Hamilton-Miller & Shah, 2001; Hashidoko et al., 
2002), fruits (Lindow et al., 1998) and seeds (Cankar et al., 2005; Iimura & Hosono, 1996). 
Other sources are water (Brenner et al., 1998; Gavini et al., 1976; Niemi et al., 2001), soil 
(Martinez et al., 2007) and the intestine of snails, slugs (Brenner et al., 1998) and even 
American mastodon remains (Rhodes et al., 1998). Recently, Rahnella was also found at a 
high frequency in the gut of ghost moths (Yu et al., 2008) and to be associated with larvae 
and adults of the mountain pine beetle (Winder et al., 2010). Rahnella is frequently present in 
the human diet and has been isolated from different types of food including vegetables 
(Hamilton-Miller & Shah, 2001; Raphael et al., 2011; Rozhon et al., 2010; Ruimy et al., 2010a), 
sprouts (Cobo Molinos et al., 2009), fruits (Rozhon et al., 2006), meat (Brightwell et al., 2007; 
Lindberg et al., 1998) and beverages (Hamze et al., 1991; Jensen et al., 2001). In contrast to its 
wide distribution in nature Rahnella is rarely isolated from clinical specimens. 

Ewingella has also been isolated from vegetables (Hamilton-Miller & Shah, 2001) and 
vacuum-packaged meat (Brightwell et al., 2007), but seems to be significantly less frequent 
than Rahnella in such samples. In contrast, Ewingella is very common on mushrooms 
including  button mushroom, shiitake and oyster mushroom (Reyes et al., 2004). 
Importantly, Ewingella is the causative agent of a browning disorder of button mushroom 
called 'internal stipe necrosis' (Inglis & Peberdy, 1996), which causes significant economic 
loss. In addition, Ewingella has also been isolated from molluscs (Müller et al., 1995). Clinical 
specimens tested positive for Ewingella were mainly blood and swabs from the respiratory 
tract and wounds.  

Rahnella and Ewingella have some interesting properties for agronomic and industrial 
applications. Both seem to promote plant growth and Rahnella may be useful as antagonist 
for controlling plant pathogens including Erwinia amylovora, causing fire blight of pear and 
apple trees (Laux et al., 2002), and Xanthomonas campestris, the causative agent of black rot 
(El-Hendawy et al., 2005). In addition, Rahnella might improve the supply of plants with 
nutrients like phosphate (Kim et al., 1997) and it is able to fix nitrogen (Heulin et al., 1994). 
The polysaccharides levan and lactan produced by different strains of Rahnella have 
interesting properties for industrial processes (Kim et al., 2003; Matsuyama et al., 1999; 
Pintado et al., 1999; Seo et al., 2002). The high uranium(VI) resistance of Rahnella and its 
ability to bind this toxic heavy metal is currently intensively investigated and its potential 
for bioremediation is studied (Beazley et al., 2007; Geissler et al., 2009; Martinez et al., 2007). 
Because of the increasing interest a project for sequencing of the Rahnella genome was 
launched and recently finished. The sequence of environmental strain Rahnella aquatilis 
Y9602 is available from the genbank database (www.ncbi.nlm.nih.gov) under accession 
number NC_015061.  

2.2 Clinical significance 

Rahnella and Ewingella are only occasionally isolated from clinical specimens and the clinical 
significance of both microorganisms is still under debate. Both are believed to be 
opportunistic pathogens. The pathogenic potential of Rahnella seems to be relatively low 
while a few fatal outcomes of infections caused by Ewingella have been reported.  
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2.2.1 Clinical significance of Rahnella 

Several reports describe the isolation of Rahnella in a clinical context (Table 1). However, in 
some cases the clinical significance is difficult to assess particularly because many patients 
had some underlying conditions including haematologic and solid organ malignancy, 
diabetes and AIDS or had undergone surgery. The age of the patients ranged from 11 
months to 78 years and an, although statistically insignificant, male predominance has been 
recognised among them (Gaitán & Bronze, 2010). Typical sites of isolation were blood, 
wounds and urine. Interestingly, a significant number of patients developed symptoms 
during hospitalisation suggesting nosocomial infections. 

The first description of Rahnella in a clinical context dates back to 1985, where it was isolated 
from a burn wound (Farmer et al., 1985). In another case Rahnella was isolated from a 
surgical wound that had persisted for more than eight months and was repeatedly tested 
negative for bacteria before a purulent exudate appeared. At that time pure cultures of 
Rahnella could be isolated from the wound exudate (Maraki et al., 1994). Since Rahnella is 
easy to cultivate and previous efforts to detect bacteria in the wound were negative it seems 
most likely that the wound was infected recently before the exudate appeared, for instance 
during the daily wound cleansing procedure. In a further case Rahnella was isolated from a 
diabetes mellitus associated foot wound. Although the infection reacted well to treatment 
with ampicillin-sublactam the toe and the second digit of the foot had to be amputated 
because of severe necrosis. This course of disease belongs to the most severe described for 
an infection with Rahnella. However, the ulceration of the wound had begun two month 
before any medical treatment was started and a co-infection with Candida sp. was diagnosed. 

While, in a clinical context, Rahnella was first isolated from a wound swab, its most frequent 
site of isolation was blood. Rahnella bacteraemia was associated with fever and in two cases 
with septic shock (Chang et al., 1999; Gaitán & Bronze, 2010). Most patients showed Rahnella 
bacteraemia during hospitalisation (9 of 15 cases) and venous catheters, surgery and drug 
abuse seem to pose risk factors for infection with this bacterium (Funke & Rosner, 1995; 
Gaitán & Bronze, 2010; Hoppe et al., 1993; Oh & Tay, 1995). In two epidemiologically related 
cases a parenteral nutrition fluid was identified as the most probable source of Rahnella 
(Caroff et al., 1998). Both cases appeared in the same hospital within three days and the 
bacterial strains isolated from the blood of both patients showed identical biochemical 
profiles and antibiograms and shared the same macrorestriction and ribotyping profiles. 
Also other patients who had received the same batch of the parenteral nutrition fluid 
experienced episodes of shivers but blood cultures were not taken impeding further analysis 
(Caroff et al., 1998). In one very unusual case a contaminated intravenous infusion fluid that 
a patient had self-administrated could be identified as the source of Rahnella (Chang et al., 
1999). Thus in a number of cases Rahnella cells were directly introduced into the blood 
circulation. Under certain circumstances Rahnella may also be able to spread from the 
urinary tract to the blood system. Blood cultures of a febrile 76-year old man complaining of 
nausea and vomiting grew Rahnella. The patient had a history of a benign prostatic 
hypertrophy and the analysis of his urine revealed “many” bacteria. Because of these results 
and the underlying conditions pyelonephritis was suggested as a possible source of the 
patient’s bacteraemia (Tash, 2005). Since the bacteria isolated from blood and urine of this 
patient were not compared by biochemical and molecular methods a causal link between the 
urinary tract infection and bacteraemia remains speculative. With respect to that it is 
important to note that Rahnella was isolated from urine in some other cases but no signs for 
bacteraemia were reported (Alballaa et al., 1992; Domann et al., 2003; O'Hara et al., 1998). 
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Rahnella was also isolated from the faeces of two children with acute diarrhoea. In both cases 
typical enteropathogenic bacteria, parasites and viruses could not be detected. However, the 
detection of Rahnella in the faeces of patients with diarrhoea is not a sufficient reason for the 
conclusion that this microorganism is the true cause of the infectious process (Reina & 
Lopez, 1996). It seems indeed unlikely that Rahnella is an enteropathogen since this 
organism is frequently present in food, particularly vegetables which are frequently eaten 
raw, while the isolation of Rahnella from faeces from patients suffering acute gastroenteritis 
seems to be a rare exception. 

Infections with Rahnella reacted very well to treatment with antibiotics and most patients 
recovered rapidly, though even many of them were immunocompromised. Some patients 
recovered even without antibiotic treatment (Caroff et al., 1998; Reina & Lopez, 1996). 
Importantly, no deaths were reported as outcome of an infection with Rahnella.  These data 
and the fact that Rahnella is a frequent microorganism routinely present in the human diet 
suggest that it has only a slight pathogenic capacity and its ability to infect humans may be 
highly dependent on their immunological status.    

Currently few data about the pathogenic capacities of the three genomospecies of Rahnella 
are available. The routinely used phenotypic tests allow identification of Rahnella only at the 
genus level. Thus the genomospecies of the isolates of the cases summarised in Table 1 is 
unknown. A study using DNA-DNA hybridisation revealed that three clinical isolates 
belonged to Rahnella aquatilis (= genomospecies 1) and three were identified as Rahnella 
genomospecies 2 (Brenner et al., 1998) indicating that both genomospecies may act as 
opportunistic pathogens. However, a study including more strains is highly demanded to 
assess any potential differences of the pathogenic potential of the Rahnella genomospecies. 

2.2.2 Clinical significance of Ewingella americana 

Ewingella americana has been isolated from a variety of clinical specimens, particularly blood 
and wound swabs and less frequently from sputum (Brenner & Farmer 2005). Typical 
underlying conditions were surgeries, injuries from accidents, drug abuse and renal failure 
(Table 2). Some patients had diabetes, received immunosuppressive therapy, were HIV 
positive or suffered from other chronic infections. However, in contrast to infections with 
Rahnella, a significant number of patients were fully immunocompetent. 

Most patients had undergone surgery prior development of bacteraemia, suggesting 
nosocomial infections. Pien and Bruce (1986) described a nosocomial outbreak of Ewingella 
bacteraemia. Six cases of Ewingella bacteraemia appeared in an intensive care unit of a 
hospital within six weeks. All infected patients had high fever or leukocytosis and had 
undergone either cardiovascular or peripheral vascular surgery. A careful environmental 
culturing study identified a contaminated ice bath used to cool syringes for cardiac output 
determinations as most likely source for the bacteria. Ewingella americana was cultured from 
the bath and its removal from the intensive care unit terminated the outbreak (Pien & Bruce, 
1986). In another hospital Ewingella americana was diagnosed in blood drawn from 20 
patients (Gardner et al., 1985). None of the patients had symptoms typical for Ewingella 
americana sepsis. An environmental investigation revealed that the bacteria were present in a 
citric buffer anticoagulant used to fill coagulation tubes. Review of blood drawing 
procedures showed that the non-sterile coagulation tubes were frequently filled first 
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allowing contamination of the subsequently filled culture tubes (McNeil et al., 1985). At least 
some of the patients received inappropriate, unnecessary antimicrobial therapy, incurring the 
risk of adverse drug reactions and the selection of drug-resistant bacteria (McNeil et al., 1987).  

A fatal case of Waterhouse–Friderichsen syndrome was associated with an Ewingella 
infection of a previously healthy 74-year-old women (Tsokos, 2003). She experienced 
dragging pain in her left leg. Since the physical examination was unremarkable except for 
restricted mobility caused by the painful leg and her temperature was normal, just an 
analgetic was administered and bed rest ordered. On the next morning she was found dead 
in her bed. An autopsy revealed intraparenchymal haemorrhages in both adrenal glands, 
the heart showed granulocytic infiltration, clots were present in the larger arterial vessels 
and her brain and lungs were oedematous. Ewingella americana could be isolated from heart 
and spleen blood obtained during autopsy. In agreement with a suspected sepsis a highly 
increased level of procalcitonin was measured. Death was attributed to acute adrenal 
insufficiency due to Waterhouse–Friderichsen syndrome caused by Ewingella americana 
(Tsokos, 2003). In a second case the death of a 30-year-old man was associated with 
pneumonia caused by Ewingella americana (Bukhari et al., 2008). In this case the patient was 
admitted deeply comatose with multiple severe injuries caused by a road traffic accident to 
hospital. His brain showed oedema, intercerebral haemorrhage in basal ganglia to the right 
thalamus and subarachnoid haemorrhage along with the fracture of the frontal bone. The 
upper part of his right lung showed contusion. Ewingella americana was identified in his 
tracheal aspirate but not from any other sample of the patient. The isolated strain exhibited 
multiple antibiotic resistances but it was not reported whether the patient received any 
antibiotic treatment. On the eighth day of admission he went to a stage of multiple organ 
failure and died. It was hypothesised that the cause of death may be pneumonia associated 
with brain damage (Bukhari et al., 2008). However, because of the underlying conditions it is 
difficult to rate whether the infection with Ewingella was indeed the cause of death. Only two 
other cases of respiratory infection caused by Ewingella have been reported. In both cases the 
patients recovered quickly after treatment with antibiotics. However, it is important to note 
that in one of these cases the isolated strain was multidrug resistant (Pound et al., 2007). 

In two cases Ewingella was associated with eye infection (Da Costa et al., 2000; Heizmann & 
Michel, 1991). Swabs of the conjunctivae grew the microorganism. Symptoms were 
keratoconjunctivitis, adhesive eyelids, itching and impaired secretion of tears. In both cases 
the infection reacted well to antibiotic treatment and the symptoms were relieved in a few 
days. One report describes also the isolation of Ewingella from faeces of a patient with 
diarrhoea. However, like in the cases of isolation of Rahnella from faeces, the clinical 
significance of this finding is unclear. Since Ewingella may be present on some kinds of food, 
isolated bacteria may originate from the ingested food and be unrelated to diarrhoea. 
Studies on the frequency of Ewingella in the human diet and additional case reports are 
necessary to rate the enteropathogenic potential of this microorganism. 

Taken together these reports suggest that Ewingella has a higher pathogenic capacity than 
Rahnella. Several cases of infection in immunocompetent patients were reported. Ewingella 
may also cause infections with fatal outcome. Furthermore, while all Rahnella strains isolated 
so far are susceptible to most antibiotics, two multiple drug resistant isolates of Ewingella 
have been reported. The origin of these resistances, their molecular basis and capacity to 
spread to other genera are intriguing questions to be addressed in the future.    
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2.3 Identification of Rahnella and Ewingella 

Reliable identification of strains is crucial for determining appropriate treatments of 
infections, hygiene monitoring in medical centres and industry and for basic research 
studies investigating the biology and ecology of microorganisms. In the past Rahnella strains 
were often identified as Enterobacter agglomerans, which may also explain that Rahnella was 
thought to be a rare genus while it is now considered as a relatively frequent bacterium. 

Rahnella and Ewingella can be isolated using media not inhibitory for Enterobacteriaceae 
such as MacConkey agar or Bromothymol blue lactose agar. Levine EMB agar is especially 
suitable for Rahnella, which forms dark colonies on this medium (Rozhon et al., 2010). 
Ewingella was successfully isolated from mushrooms using VRBG agar (Reyes et al., 2004) or 
LB agar plates. The latter were anaerobically incubated to suppress growth of Pseudomonas 
(Inglis & Peberdy, 1996). Since a single phenotypic test allowing identification of Rahnella or 
Ewingella is lacking, a complete set of biochemical tests is necessary for identification. 
Rahnella is often described to be phenylalanine deaminase positive, which is a very rare 
characteristic among the Enterobacteriaceae, and to be motile at 25°C but not at 37°C. 
However, it must be emphasised that Rahnella shows only a very weak positive reaction for 
phenylalanine deaminase and some isolates react negative. Similarly, some strains are also 
immotile at 25°C. Thus the results of these two tests should be interpreted with care. It is 
important to note that the three Rahnella genomospecies can not be differentiated by 
biochemical tests (Brenner et al., 1998). Nevertheless, in many reports strains are claimed to 
be identified as ′Rahnella aquatilis′ although only phenotypic tests were performed. Such 
classifications should be evaluated very critically. The three Rahnella genomospecies were 
originally identified by DNA-DNA hybridisation experiments (Brenner et al., 1998). With 
the rapid development of molecular techniques in the last decades DNA sequencing of 
housekeeping genes is now the method of choice for identification of Rahnella at the 
genomospecies level and for confirmation of the identification of Ewingella. For sequencing 

 
Fig. 1. Neighbour-joining trees based on partial 16S rRNA (A), groEL (B) and dnaJ (C) gene 
sequences of Rahnella and Ewingella. The trees were constructed with MEGA4 (Tamura et al., 
2007) using the p-distance model. Percentage bootstrap values of 1000 replicates are 
indicated at the corresponding nodes. The scale bars represents the indicated sequence 
difference. Erwinia amylovora ATCC 49946 was used as outgroup. Strains belonging to 
Rahnella aquatilis, Rahnella genomospecies 2, Rahnella genomospecies 3 and Ewingella 
americana are shown dark blue, light blue, green and red, respectively. 
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of the (partial) 16S rRNA gene the primer pair 16S-3/16S-5 can be employed (sequences: 5´-
ATATTGCACAATGGGCGC-3´ and 5´-GCCATTGTAGCACGTGTGTAG-3´, respectively; 
amplicon: 881 bp) (Rozhon et al., 2011). For verification a part of the groEL gene  
can be sequenced using the primer pair groEL-fwd/groEL-rev (sequences:  
5´-ATGGCAGCTAAAGACGTAAAATT-3´ and 5´- TTACGACGRTCGCCRAAGC-3´, 
respectively; amplicon: 857 bp) (Rozhon et al., 2011). In addition a part of the dnaJ  
gene can be sequenced using the primer pair dnaJ-fwd/dnaJ-rev (sequences:  
5´-CAGTATGGTCATGCAGCCTTTGAACA-3´ and 5´-TCAAAGAACTTTTTCACGCCGTC-
3´, respectively; amplicon: 917 bp). Neihgbour-joining trees constructed with such sequences 
are shown in Figure 1. The genbank database contains numerous Rahnella and Ewingella 16S 
rRNA and several groEL and dnaJ gene sequences. Since little is known about the 
identification of most of these strains only sequences of strains deposited to strain 
collections should be used for analysis of the obtained data (Table 3).  
 

 Strain Synonyms 16S rRNA groEL dnaJ 
 Rahnella aquatilis DSM 4594T CCUG 14185T FM876214 FM877005 HE577308 
 Rahnella aquatilis DSM 30076  FM876215 FM877006 HE577309 
 Rahnella genomospecies 2 CCUG 48021 a  U88434 FM877008 HE577311 
 Rahnella genomospecies 2 CCUG 48023   U88438 FM877009 HE577312 
 Rahnella genomospecies 2 CCUG 21213  FM876216 FM877007 NA 
 Rahnella genomospecies 3 DSM 30078 b LMG 2640 U90758 FM877012 HE577310 
  Ewingella americana GTC 1277 DSM 4560, CCUG 14506 AB273745 NA AB272652 
  Ewingella americana NCPPB 3905  X88848 NA NA 

Table 3. Accession numbers of 16S rRNA, groEL and dnaJ gene sequences of Rahnella and 
Ewingella strains. Abbreviations: CCUG: Culture Collection, University of Göteborg 
(www.ccug.se); DSM: Deutsche Sammlung von Mikroorganismen (www.dsmz.de); GTC: 
Gifu Type Culture Collection; LMG: BCC/LMG Belgian Co-ordinated Collection of 
Microorganisms (bccm.belspo.be); NCPPB: National Collection of Plant Pathogenic Bacteria 
(www.ncppb.com); NA: not available. a Reference strain for genomospecies 2. b Reference 
strain for genomospecies 3. 

2.4 Antibiotic resistance of Rahnella and Ewingella 

2.4.1 Susceptibility patterns 

The susceptibility patterns of more than 180 Rahnella strains have been described in the 
literature (Table 4). Many of these strains were isolated from clinical specimens but more 
than 75 originate from environmental samples (most of them were obtained in the study of 
Ruimy et al. (2010b) and in this study). Rahnella was found to be resistant to narrow 
spectrum penicillins, aminopenicillins, carboxypenicillins and most strains showed a low-
level resistance to ureidopenicillins with MICs below 16 mg/l (Stock et al., 2000). Resistance 
was also observed for 1st and 2nd generation cephalosporins while most strains were 
sensitive or at least intermediate for 3rd and all strains were sensitive to 4th generation 
cephalosporins and carbapenems. Addition of β-lactamase inhibitors including clavulanic 
acid, sublactam and tazobactam decreased the MICs of all β-lactams tested. This pattern 
suggests the presence of a cavulainc acid-sensitive extended spectrum Ambler class A  
β-lactamase (Ambler, 1980) resembling the chromosomally encoded class A β-lactamase of 
Klebsiella sp. (Labia et al., 1979; Sykes & Matthew, 1976), Escherichia hermanii (Stock &  
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      No. of strains tested 1 12 1 1 6 1 1 1 2 1 1 2 1 1 72 1 2 1 1 1 55 1 20 
 Amikacin AMG      S S S  S     S    S S    
 Amoxicillin APEN R      R   R  R   R R R    R  R 
 Amoxicillin + In APEN S S   SIR  S R  S  S   S R S  S S S  S 
 Ampicillin APEN R R I R  R  R R R I   R    R R R  R IR 
 Ampicillin + In APEN               R   S S     
 Azlocillin UPEN        S       IR         
 Aztreonam MOB        S S        S  S S S S  
 Benzylpenicillin NPEN               R        R 
 Carbenicillin CPEN             S          R 
 Cefaclor CEF2               SIR        IR 
 Cefamandole CEF2 S       S                
 Cefazolin CEF1   R R  R R    S    SIR   R S R  S  
 Cefepime CEF4               S  S   S S   
 Cefotaxime CEF3        S   S   S S  I  S S SI  SI 
 Cefoxitin CEF2  S      R    S  S SIR  S  S S    
 Ceftazidime CEF3        S S   S   S  S S S S S   
 Ceftriaxone CEF3     S S S S I      SIR  S S S   S  
 Cefoperazone CEF3           S    SIR    S     
 Cefuroxime CEF2 S  R    R   I  I   IR  R  S     
 Cephalothin CEF1 S R  R    R R R  R  R  R R  S    IR 
 Chloramphenicol  O S   S   R  S S   S  SI     S    
 Ciprofloxacin FQU     S S  S S S     S   S S S  S  
 Fosfomycin O       R      R  R         
 Gentamycin AMG S   S  S S S S S S  S S S   S S S  S  
 Imipenem CARB       S S S S S S  S S S S S S S S   
 Meropenem CARB               S  S      S 
 Netilmicin AMG        S S  S    S         
 Piperacillin UPEN        S  S  S   SIR  I S S R R S  
 Piperacillin + In UPEN               S  S   S S   
 Tetracycline TET   S S    S S S     SIR     S    
 Ticarcillin CPEN  R       S   R   R  R  R  R R  
 Ticarcillin + In CPEN                 S  S  S   
 TMP/SMX SUL   S S S R S S S  S   S S   S S S  S  
 Tobramycin AMG       S S  S     S    S   S  

Table 4. Susceptibility pattern of Rahnella. a In: β-lactamase inhibitor (clavulanic acid, 
sublactam or tazobactam); TMP/SMX: trimethoprim/sulfamethoxazole. b Classes of 
antibiotics: AMG: aminoglucosides; APEN: aminopenicillins; CARB: carbapenems; CEF1-4: 
1st to 4th generation cephalosporins; CPEN: carboxybenicillins; FQU: flouroquinolons; MOB: 
monobactams; NPEN: narrow spectrum penicillins; O: other; SUL: sulfonamides; TET: 
tetracyclines; UPEN, ureidopenicillins. S: susceptible; I: intermediate; R: resistant. 
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of the (partial) 16S rRNA gene the primer pair 16S-3/16S-5 can be employed (sequences: 5´-
ATATTGCACAATGGGCGC-3´ and 5´-GCCATTGTAGCACGTGTGTAG-3´, respectively; 
amplicon: 881 bp) (Rozhon et al., 2011). For verification a part of the groEL gene  
can be sequenced using the primer pair groEL-fwd/groEL-rev (sequences:  
5´-ATGGCAGCTAAAGACGTAAAATT-3´ and 5´- TTACGACGRTCGCCRAAGC-3´, 
respectively; amplicon: 857 bp) (Rozhon et al., 2011). In addition a part of the dnaJ  
gene can be sequenced using the primer pair dnaJ-fwd/dnaJ-rev (sequences:  
5´-CAGTATGGTCATGCAGCCTTTGAACA-3´ and 5´-TCAAAGAACTTTTTCACGCCGTC-
3´, respectively; amplicon: 917 bp). Neihgbour-joining trees constructed with such sequences 
are shown in Figure 1. The genbank database contains numerous Rahnella and Ewingella 16S 
rRNA and several groEL and dnaJ gene sequences. Since little is known about the 
identification of most of these strains only sequences of strains deposited to strain 
collections should be used for analysis of the obtained data (Table 3).  
 

 Strain Synonyms 16S rRNA groEL dnaJ 
 Rahnella aquatilis DSM 4594T CCUG 14185T FM876214 FM877005 HE577308 
 Rahnella aquatilis DSM 30076  FM876215 FM877006 HE577309 
 Rahnella genomospecies 2 CCUG 48021 a  U88434 FM877008 HE577311 
 Rahnella genomospecies 2 CCUG 48023   U88438 FM877009 HE577312 
 Rahnella genomospecies 2 CCUG 21213  FM876216 FM877007 NA 
 Rahnella genomospecies 3 DSM 30078 b LMG 2640 U90758 FM877012 HE577310 
  Ewingella americana GTC 1277 DSM 4560, CCUG 14506 AB273745 NA AB272652 
  Ewingella americana NCPPB 3905  X88848 NA NA 

Table 3. Accession numbers of 16S rRNA, groEL and dnaJ gene sequences of Rahnella and 
Ewingella strains. Abbreviations: CCUG: Culture Collection, University of Göteborg 
(www.ccug.se); DSM: Deutsche Sammlung von Mikroorganismen (www.dsmz.de); GTC: 
Gifu Type Culture Collection; LMG: BCC/LMG Belgian Co-ordinated Collection of 
Microorganisms (bccm.belspo.be); NCPPB: National Collection of Plant Pathogenic Bacteria 
(www.ncppb.com); NA: not available. a Reference strain for genomospecies 2. b Reference 
strain for genomospecies 3. 

2.4 Antibiotic resistance of Rahnella and Ewingella 

2.4.1 Susceptibility patterns 

The susceptibility patterns of more than 180 Rahnella strains have been described in the 
literature (Table 4). Many of these strains were isolated from clinical specimens but more 
than 75 originate from environmental samples (most of them were obtained in the study of 
Ruimy et al. (2010b) and in this study). Rahnella was found to be resistant to narrow 
spectrum penicillins, aminopenicillins, carboxypenicillins and most strains showed a low-
level resistance to ureidopenicillins with MICs below 16 mg/l (Stock et al., 2000). Resistance 
was also observed for 1st and 2nd generation cephalosporins while most strains were 
sensitive or at least intermediate for 3rd and all strains were sensitive to 4th generation 
cephalosporins and carbapenems. Addition of β-lactamase inhibitors including clavulanic 
acid, sublactam and tazobactam decreased the MICs of all β-lactams tested. This pattern 
suggests the presence of a cavulainc acid-sensitive extended spectrum Ambler class A  
β-lactamase (Ambler, 1980) resembling the chromosomally encoded class A β-lactamase of 
Klebsiella sp. (Labia et al., 1979; Sykes & Matthew, 1976), Escherichia hermanii (Stock &  
 

 
The Natural Antibiotic Resistances of the Enterobacteriaceae Rahnella and Ewingella 

 

89 

Antibiotic a Classb

(C
hr

is
tia

en
s 

et
 a

l.,
 1

98
7)

 
(F

re
ne

y 
et

 a
l.,

 1
98

8)
 

(G
ou

ba
u 

et
 a

l.,
 1

98
8)

 
(H

ar
re

ll 
et

 a
l.,

 1
98

9)
 

(H
oh

l e
t a

l.,
 1

99
0)

 
(A

lb
al

la
a 

et
 a

l.,
 1

99
2)

 
(H

op
pe

 e
t a

l.,
 1

99
3)

 
(M

ar
ak

i e
t a

l.,
 1

99
4)

 
(O

h 
&

 T
ay

, 1
99

5)
 

(F
un

ke
 &

 R
os

ne
r, 

19
95

) 
(M

at
su

ku
ra

 e
t a

l.,
 1

99
6)

 
(C

ar
of

f e
t a

l.,
 1

99
8)

 
(O

'H
ar

a 
et

 a
l.,

 1
99

8)
 

(C
ha

ng
 e

t a
l.,

 1
99

9)
 

(S
to

ck
 e

t a
l.,

 2
00

0)
 

(F
aj

ar
do

 &
 B

ue
no

, 2
00

0)
 

(B
el

la
is

 e
t a

l.,
 2

00
1)

 
(C

ar
in

de
r e

t a
l.,

 2
00

1)
 

(T
as

h,
 2

00
5)

 
(A

kt
aş

 e
t a

l.,
 2

00
9)

 
(R

ui
m

y 
et

 a
l.,

 2
01

0b
) 

(G
ai

tá
n 

&
 B

ro
nz

e,
 2

01
0)

 
Th

is
 s

tu
dy

 

      No. of strains tested 1 12 1 1 6 1 1 1 2 1 1 2 1 1 72 1 2 1 1 1 55 1 20 
 Amikacin AMG      S S S  S     S    S S    
 Amoxicillin APEN R      R   R  R   R R R    R  R 
 Amoxicillin + In APEN S S   SIR  S R  S  S   S R S  S S S  S 
 Ampicillin APEN R R I R  R  R R R I   R    R R R  R IR 
 Ampicillin + In APEN               R   S S     
 Azlocillin UPEN        S       IR         
 Aztreonam MOB        S S        S  S S S S  
 Benzylpenicillin NPEN               R        R 
 Carbenicillin CPEN             S          R 
 Cefaclor CEF2               SIR        IR 
 Cefamandole CEF2 S       S                
 Cefazolin CEF1   R R  R R    S    SIR   R S R  S  
 Cefepime CEF4               S  S   S S   
 Cefotaxime CEF3        S   S   S S  I  S S SI  SI 
 Cefoxitin CEF2  S      R    S  S SIR  S  S S    
 Ceftazidime CEF3        S S   S   S  S S S S S   
 Ceftriaxone CEF3     S S S S I      SIR  S S S   S  
 Cefoperazone CEF3           S    SIR    S     
 Cefuroxime CEF2 S  R    R   I  I   IR  R  S     
 Cephalothin CEF1 S R  R    R R R  R  R  R R  S    IR 
 Chloramphenicol  O S   S   R  S S   S  SI     S    
 Ciprofloxacin FQU     S S  S S S     S   S S S  S  
 Fosfomycin O       R      R  R         
 Gentamycin AMG S   S  S S S S S S  S S S   S S S  S  
 Imipenem CARB       S S S S S S  S S S S S S S S   
 Meropenem CARB               S  S      S 
 Netilmicin AMG        S S  S    S         
 Piperacillin UPEN        S  S  S   SIR  I S S R R S  
 Piperacillin + In UPEN               S  S   S S   
 Tetracycline TET   S S    S S S     SIR     S    
 Ticarcillin CPEN  R       S   R   R  R  R  R R  
 Ticarcillin + In CPEN                 S  S  S   
 TMP/SMX SUL   S S S R S S S  S   S S   S S S  S  
 Tobramycin AMG       S S  S     S    S   S  

Table 4. Susceptibility pattern of Rahnella. a In: β-lactamase inhibitor (clavulanic acid, 
sublactam or tazobactam); TMP/SMX: trimethoprim/sulfamethoxazole. b Classes of 
antibiotics: AMG: aminoglucosides; APEN: aminopenicillins; CARB: carbapenems; CEF1-4: 
1st to 4th generation cephalosporins; CPEN: carboxybenicillins; FQU: flouroquinolons; MOB: 
monobactams; NPEN: narrow spectrum penicillins; O: other; SUL: sulfonamides; TET: 
tetracyclines; UPEN, ureidopenicillins. S: susceptible; I: intermediate; R: resistant. 
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           No. of strains tested 1 1 4 8 3 1 1 1 1 1 1 20 1 1 1 1 2 
 Amikacin AMG R S S      S   S  S R R  
 Amoxicillin APEN            SIR     R 
 Amoxicillin + In APEN  R  SIR IR   R S  S SIR S   I R 
 Ampicillin APEN S  S SIR  S S R S R S  S S R  R 
 Ampicillin + In APEN      S    R  SI  S R R  
 Aztreonam MOB       S     S S S R R  
 Benzylpenicillin PEN         R R  R     R 
 Carbenicillin CPEN S  S    S  S        R 
 Cefaclor CEF2            R     R 
 Cefamandole CEF2 S  S               
 Cefazolin CEF1           R SIR   R R  
 Cefepime CEF4         S   S  S R R  
 Cefotaxime CEF3 S S S SI  S   S  S S  S I R S 
 Cefoxitin CEF2 S S R R        SIR  S R   
 Ceftazidime CEF3  S     S  S   S   I R  
 Ceftriaxone CEF3     S    S   S   R R  
 Cefuroxime CEF2       S  I  I SR   R R  
 Cephalothin CEF1 S  R R    R R    R R  R R 
 Cephradine CEF1  R                
 Chloramphenicol O S S S         S S     
 Ciprofloxacin FQU     S       S S S R   
 Ertapenem CARB               R   
 Fosfomycin O            SIR      
 Gentamycin AMG R     S   S  S    R R  
 Imipenem CARB   S    S     S S S R R  
 Levofloxacin FQU               R   
 Meropenem CARB            S     S 
 Netilmicin AMG  S     S           
 Ofloxacin FQU         S  S S      
 Piperacillin UPEN S  S        S S S S    
 Piperacillin + In UPEN  S    S S     S  S I R  
 Tetracycline TET S S S       R  SI R S R R  
 Ticarcillin CPEN    R        S    R  
 Ticarcillin + In CPEN               S R  
 TMP/SMX SUL S  S  S  S     S S  S R  
 Tobramycin AMG R S     S    S    R R  

Table 5. Susceptibility pattern of E. americana. a, b For codes see Table 4. c Only resistance 
information was published. 
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Wiedemann, 1999) and Serratia fonticola (Peduzzi et al., 1997). In contrast to Rahnella,  
Escherichia hermanii and the Klebsiella isolates were sensitive to 1st and 2nd generation 
cephalosporins while the Serratia fonticola β-lactamase showed activity even against 3rd 
generation cephalosoprins. The unique susceptibility pattern of Rahnella indicates an 
enzyme distant from the other Ambler class A β-lactamases.  

Also most Ewingella strains are resistant to several β-lactamases, mainly 1st and 2nd generation 
cephalosporins, while they were sensitive to 3rd and 4th class cephalosporins. In contrast to 
Rahnella only a low or medium-level resistance for penicillins could be observed. The 
distribution of the MICs of these antibiotics showed a peak at the concentration range clinically 
defined as 'intermediate' resulting in strains that were sensitive, intermediate or resistant 
(Stock et al., 2003). This overlap is likely the reason that the phenotypes of ampicillin and 
amoxicillin resistance seem to be inconsistent in the literature (see Table 4). The β-lactamase of 
Ewingella is insensitive to inhibitors, which is typical for class C β-lactamases. 

Apart from β-lactams the most remarkable resistance of Rahnella and Ewingella was for 
fosfomycin. The MICs of most strains exceeded 64 mg/l and often reached 512 mg/l (Stock 
et al., 2000; Stock et al., 2003). Also one highly resistant Rahnella isolate with a MIC 
exceeding 1600 mg/l was reported (O'Hara et al., 1998). Other resistances shared by most 
strains included only such to which other species of the Enterobacteriaceae are also 
intrinsically resistant, for instance macrolides, lincosamides and glycopeptides. 

Remarkably, two multidrug resistant strains of Ewingella were reported. Based on an 
antibiogram a successful treatment with cefotetan and trimethoprim/sulfamethoxazole was 
initiated in one case (Pound et al., 2007), while no information about antibiotic therapy was 
reported in the second case (Bukhari et al., 2008). Further reports of strains with unusual 
susceptibility patterns are rare and usually only one or two additional resistances were 
observed (Table 4 and 5). Thus treatment of infections is usually simple. In several cases 
trimethoprim/sulfamethoxazole, ciprofloxacin, gentamycin and 3rd generation 
cephalosporins were successfully used. For Rahnella also combinations of penicillins with  
β-lactamase inhibitors may be an option, while this is inappropriate for Ewingella infections. 

2.4.2 Antibiotic resistance genes and their evolution 

Cloning and sequencing of the Rahnella β-lactamase (blaRAHN-1) confirmed that it belongs to 
the Ambler group C (Bellais et al., 2001). The blaRAHN-1 gene comprises 888 bp and its 
translated amino acid sequence shows 75%, 71% and 67% identity to the chromosomally 
encoded β-lactamases of Serratia fonticola, Kluyvera cryocrescens and Citrobacter sedlakii and 
approximately 70% identity to plasmid encoded CTX-M type ESLBs found in isolates of 
Klebsiella pneumoniae, Escherichia coli, Acinetobacter baumanii and other species (Figure 2B). 
Currently the sequences of the complete blaRAHN loci of four different strains are available. 
They show a similar pattern: blaRAHN and its surrounding genes have the same 
transcriptional orientation. An upstream transcriptional regulator that may regulate blaRAHN 
expression is lacking (Figure 2A). The expression of many chromosomally encoded class A 
β-lactamases including that of Citrobacter diversus (Jones & Bennett, 1995) and Proteus 
vulgaris (Ishiguro & Sugimoto, 1996) is regulated by LysR-type transcription factors but also 
some examples lacking such a control system, for instance blaKLUC-1 of Kluyvera cryocrescens 
(Decousser et al., 2001), are known. A recent phylogenetic study using partial β-lactamase 
gene sequences of Rahnella strains isolated from different vegetables and fruits revealed two  
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           No. of strains tested 1 1 4 8 3 1 1 1 1 1 1 20 1 1 1 1 2 
 Amikacin AMG R S S      S   S  S R R  
 Amoxicillin APEN            SIR     R 
 Amoxicillin + In APEN  R  SIR IR   R S  S SIR S   I R 
 Ampicillin APEN S  S SIR  S S R S R S  S S R  R 
 Ampicillin + In APEN      S    R  SI  S R R  
 Aztreonam MOB       S     S S S R R  
 Benzylpenicillin PEN         R R  R     R 
 Carbenicillin CPEN S  S    S  S        R 
 Cefaclor CEF2            R     R 
 Cefamandole CEF2 S  S               
 Cefazolin CEF1           R SIR   R R  
 Cefepime CEF4         S   S  S R R  
 Cefotaxime CEF3 S S S SI  S   S  S S  S I R S 
 Cefoxitin CEF2 S S R R        SIR  S R   
 Ceftazidime CEF3  S     S  S   S   I R  
 Ceftriaxone CEF3     S    S   S   R R  
 Cefuroxime CEF2       S  I  I SR   R R  
 Cephalothin CEF1 S  R R    R R    R R  R R 
 Cephradine CEF1  R                
 Chloramphenicol O S S S         S S     
 Ciprofloxacin FQU     S       S S S R   
 Ertapenem CARB               R   
 Fosfomycin O            SIR      
 Gentamycin AMG R     S   S  S    R R  
 Imipenem CARB   S    S     S S S R R  
 Levofloxacin FQU               R   
 Meropenem CARB            S     S 
 Netilmicin AMG  S     S           
 Ofloxacin FQU         S  S S      
 Piperacillin UPEN S  S        S S S S    
 Piperacillin + In UPEN  S    S S     S  S I R  
 Tetracycline TET S S S       R  SI R S R R  
 Ticarcillin CPEN    R        S    R  
 Ticarcillin + In CPEN               S R  
 TMP/SMX SUL S  S  S  S     S S  S R  
 Tobramycin AMG R S     S    S    R R  

Table 5. Susceptibility pattern of E. americana. a, b For codes see Table 4. c Only resistance 
information was published. 
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Wiedemann, 1999) and Serratia fonticola (Peduzzi et al., 1997). In contrast to Rahnella,  
Escherichia hermanii and the Klebsiella isolates were sensitive to 1st and 2nd generation 
cephalosporins while the Serratia fonticola β-lactamase showed activity even against 3rd 
generation cephalosoprins. The unique susceptibility pattern of Rahnella indicates an 
enzyme distant from the other Ambler class A β-lactamases.  

Also most Ewingella strains are resistant to several β-lactamases, mainly 1st and 2nd generation 
cephalosporins, while they were sensitive to 3rd and 4th class cephalosporins. In contrast to 
Rahnella only a low or medium-level resistance for penicillins could be observed. The 
distribution of the MICs of these antibiotics showed a peak at the concentration range clinically 
defined as 'intermediate' resulting in strains that were sensitive, intermediate or resistant 
(Stock et al., 2003). This overlap is likely the reason that the phenotypes of ampicillin and 
amoxicillin resistance seem to be inconsistent in the literature (see Table 4). The β-lactamase of 
Ewingella is insensitive to inhibitors, which is typical for class C β-lactamases. 

Apart from β-lactams the most remarkable resistance of Rahnella and Ewingella was for 
fosfomycin. The MICs of most strains exceeded 64 mg/l and often reached 512 mg/l (Stock 
et al., 2000; Stock et al., 2003). Also one highly resistant Rahnella isolate with a MIC 
exceeding 1600 mg/l was reported (O'Hara et al., 1998). Other resistances shared by most 
strains included only such to which other species of the Enterobacteriaceae are also 
intrinsically resistant, for instance macrolides, lincosamides and glycopeptides. 

Remarkably, two multidrug resistant strains of Ewingella were reported. Based on an 
antibiogram a successful treatment with cefotetan and trimethoprim/sulfamethoxazole was 
initiated in one case (Pound et al., 2007), while no information about antibiotic therapy was 
reported in the second case (Bukhari et al., 2008). Further reports of strains with unusual 
susceptibility patterns are rare and usually only one or two additional resistances were 
observed (Table 4 and 5). Thus treatment of infections is usually simple. In several cases 
trimethoprim/sulfamethoxazole, ciprofloxacin, gentamycin and 3rd generation 
cephalosporins were successfully used. For Rahnella also combinations of penicillins with  
β-lactamase inhibitors may be an option, while this is inappropriate for Ewingella infections. 

2.4.2 Antibiotic resistance genes and their evolution 

Cloning and sequencing of the Rahnella β-lactamase (blaRAHN-1) confirmed that it belongs to 
the Ambler group C (Bellais et al., 2001). The blaRAHN-1 gene comprises 888 bp and its 
translated amino acid sequence shows 75%, 71% and 67% identity to the chromosomally 
encoded β-lactamases of Serratia fonticola, Kluyvera cryocrescens and Citrobacter sedlakii and 
approximately 70% identity to plasmid encoded CTX-M type ESLBs found in isolates of 
Klebsiella pneumoniae, Escherichia coli, Acinetobacter baumanii and other species (Figure 2B). 
Currently the sequences of the complete blaRAHN loci of four different strains are available. 
They show a similar pattern: blaRAHN and its surrounding genes have the same 
transcriptional orientation. An upstream transcriptional regulator that may regulate blaRAHN 
expression is lacking (Figure 2A). The expression of many chromosomally encoded class A 
β-lactamases including that of Citrobacter diversus (Jones & Bennett, 1995) and Proteus 
vulgaris (Ishiguro & Sugimoto, 1996) is regulated by LysR-type transcription factors but also 
some examples lacking such a control system, for instance blaKLUC-1 of Kluyvera cryocrescens 
(Decousser et al., 2001), are known. A recent phylogenetic study using partial β-lactamase 
gene sequences of Rahnella strains isolated from different vegetables and fruits revealed two  
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Fig. 2. The antibiotic resistance genes of Rahnella and Ewingella. (A) The blaRAHN locus and its 
surrounding genes from strain Rahnella aquatilis Y9602 are shown. (B) Phylogentic trees of 
class A β-lactamases related to blaRHAN and (C) class C enzymes related to AmpC of 
Ewingella americana. (D) β-lactamases of Rahnella aquatilis and Rahnella genomospecies 2 
cluster in two different clades. Providencia stuartii JF29 was used as outgroup. (E) Rahnella 
isolates obtained from 12,000 year old mastodon remains (shown in orange; the accession 
numbers are given in brackets) cluster with recent strains belonging to Rahnella 
genomospecies 2. The tree shown is based on partial 16S rRNA gene sequences. The same 
methods and colour codes like in Figure 1 were used.  

clusters (Ruimy et al., 2010b). A similar dichotomy was also observed for a phlyogenetic tree 
based on partial 16S rRNA and rpoB sequences (Ruimy et al., 2010a). The originally described 
blaRHAN-1 gene (Bellais et al., 2001) clustered with the sequences obtained from Rahnella 
genomospecies 2. The variant found in Rahnella aquatilis was named blaRHAN-2 (Ruimy et al., 
2010b). Here we provide data confirming the results of these studies: we sequenced the 
(partial) bla gene of a number of reference strains and environmental isolates. The obtained 
phylogenetic tree (Figure 2D) is in agreement with that obtained for the 16S rRNA, groEL or 
dnaJ gene (Figure 1). These data clearly suggest that blaRHAN was present in the ancestor before 
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the divergence in genomospecies. Previously the isolation of Rahnella strains from 12,000 year 
old American mastodon remains was reported. We used the partial 16S rRNA gene sequence 
of these isolates and of recent reference strains to construct a phlyogenetic tree (Figure 2E). The 
four prehistoric strains cluster clearly with genomospecies 2. This indicates that divergence in 
genomospecies occured significantly more than 12,000 years ago. Thus the blaRHAN seems to be 
present in Rahnella for a long time and thus represents a natural resistance of this microorganism.  

However, we were unable to obtain any PCR product for strains belonging to Rahnella 
genomospecies 3 although these strains were intermediate or resistant to amoxicillin and 
cephalothin. Thus Rahnella genomospecies 3 may either possess a β-lactamase resistance 
gene unrelated to blaRAHN-1 and blaRAHN-2 or the primer binding sites may be different. Since 
the β-lactam susceptibility pattern of the three Rahnella genomospecies is very similar, the 
latter explanation seems more plausible. 

Based on the susceptibility pattern an Abler class C β-lactamase was suggested for Ewingella 
americana (Stock et al., 2003). Using different primer combinations we could amplify and 
sequence the (partial) ampC gene of the strains WMR82 and WMR121. The amino acid 
sequence shows 72% identity to AmpC of Serratia proteamaculans and approximately 67% 
and 59% to AmpC of other Serratia species and to the Providencia cluster, respectively (Figure 
2C). It is interesting to note that the AmpC sequences of the two Ewingella isolates share only 
96.3% sequence identity. In contrast the plasmid encoded mobile β-lactamases found in 
some Klebsiella pneumoniae and Escherichia coli isolates exceed 98% identity (Figure 2C). It is 
believed that they originate from the chromosomally encoded ampC gene of Hafnia alvei 
(Girlich et al., 2000). This result and the observation that the vast majority of Ewingella 
americana strains have a similar susceptibility pattern suggest natural rather than acquired β-
lactam resistance for this microorganism.  

 
Fig. 3. The plasmid pRAHAQ01 is ubiquitously present in Rahnella. The (putative) 
replication gene repB of plasmid pRAHAQ01 could be detected by PCR in all strains tested. 

While the molecular basis of β-lactam resistance is well known, the genotype of the fosfomycin 
resistance remains elusive. The high level of fosfomycin resistance observed in several strains 
and the report of successful transfer of the fosfomycin resistance to Serratia marcescens (O'Hara 
et al., 1998) rather suggest the presence of a specific fosfomycin:glutation-S-transferase than 
mutations in the GlpT, a transporter necessary for entry of fosfomycin into the cell. 
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2.4.3 The plasmid complement of Rahnella  

Originally blaRAHN-1 was thought to be chromosomally encoded, since transfer experiments 
to Escherichia coli failed (Bellais et al., 2001). The recently completed Rahnella genome 
sequencing project showed unambiguously that the β-lactamase gene of strain Y9602 is 
located on a 617 kb megaplasmid, pRAHAQ01. The blaRAHN-2 locus and the surrounding 
genes of pRAHAQ01 share striking homology to three previously reported blaRAHN-1 and 
blaRAHN-2 sequences (Bellais et al., 2001; Ruimy et al., 2010b), indicating that they may also be 
plasmid born. To investigate this in more detail we analysed the sequence of pRAHAQ01 
for putative plasmid replication genes and found only one candidate: Rahaq_4731 or repB. 
RepB shares 82% amino acid sequence identity with the replication protein of pEA29, a large 
plasmid of the plant pathogen Erwinia amylovora (McGhee & Jones, 2000). PCR analysis 
using primers for a conserved part of the repB gene showed a positive result for all strains 
tested (Figure 3). Moreover, in a previous study the presence of 400 kb to 700 kb 
megaplasmids in Rahnella soil isolates has been described (Evguenieva-Hackenberg & 
Selenska-Pobell, 1995). This substantiates that blaRAHN may be commonly plasmid encoded. 
pRAHAQ01 and a second large plasmid found in strain Y9602 seem to be immobile since no 
known transfer system could be found on their backbones. Furthermore, no evidence could 
be found that blaRAHN is located on a transposon or an integron.  

A number of Rahnella strains possess also small plasmids. The majority of them were found 
to belong to the ColE1 family but also some ColE2 and rolling circle plasmids were isolated. 
Interestingly, the Rahnella ColE1 plasmids formed a distinct cluster in the ColE1 family and 
lacked any mobilisation system, suggesting that they rarely spread by horizontal gene 
transfer events. The ColE2 and the rolling circle plasmids possessed mobilisation systems 
but, like the ColE1 plasmids, were cryptic and did not encode any resistance gene (Rozhon 
et al., 2010). 

Taken together these results suggest that the Rahnella β-lactamase, although plasmid 
encoded, is hardly mobilised to other microorganisms. Indeed, any evidence for its spread 
to human pathogens is currently lacking (Ruimy et al., 2010b). Similarly, also the ampC gene 
of Ewingella has so far remained restricted to its natural host but further experiments are 
necessary to rate its ability for mobilisation. Such studies would be important because 
previous reports provide evidence that Ewingella americana may be present in clinical 
environments (McNeil et al., 1987; Pien & Bruce, 1986) and the appearance of multiple drug 
resistant Ewingella americana strains (Bukhari et al., 2008; Pound et al., 2007) indicates that 
this micoorganism may exchange genetic information with human pathogens.  

3. Conclusion 
Rahnella is commonly associated with plants and Ewingella has been found at high titers in 
cultured mushrooms. Thus these two Enterobacteriaceae may be frequent in some types of 
food. Both may appear as infrequent human opportunistic pathogens. Infections are easy to 
treat if the specific antibiotic resistance patterns of these bacteria are considered. Rahnella 
and Ewingella are naturally resistant to several β-lactams, which is mediated by an Ambler 
class A and an Ambler class C β–lactamase, respectively. The β-lactam resistance gene of 
Rahnella, blaRAHN, is located on the large non-mobile plasmid pRAHAQ01. This plasmid 
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belongs to the pEA29 family, which is commonly found in plant associated bacteria. Rahnella 
acquired blaRAHN presumably in prehistoric times before the divergence into genomospecies. 
Since then blaRAHN has co-evolved with its host and diverged to blaRAHN-1 and blaRAHN-2 found 
in Rahnella genomospecies 2 and in Rahnella aquatilis, respectively. The variant present in 
Rahnella genomospecies 3 remains to be identified. Although blaRAHN is located on a plasmid 
it is not per se mobile and so far no hint for its mobilisation to other species has been found. 
However, since several examples of chromosomal resistance genes that were transferred 
into pathogens have been documented, it can not be excluded that also blaRAHN may spread 
to other bacteria in the future. Based on the suceptibility pattern it was previously 
hypothesised that the β-lactamase of Ewingella americana is an Ambler class C enzyme. Here 
we have provided compelling data confirming this assumption. However, further studies 
are necessary to assess whether the Ewingella ampC gene is chromosome or plasmid born 
and its potential for transfer needs to be investigated. Rahnella and Ewingella are also 
naturally resistant to fosfomycin. The molecular basis of this resistance remains elusive. 
Other resistances were rarely reported for Rahnella, while recently two multidrug resistant 
strains of Ewingella were described. These characteristics should be considered for treatment 
of infections and for potential applications of Rahnella and Ewingella. 
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1. Introduction 
Antibiotic resistant bacteria continually arise and their increasing prevalence constitutes one 
of the major public health threat. The problem, earlier mainly confined to hospitals, 
nowadays encircles the globe (Davies & Davies, 2010; Levy, 2002; Marshall et al., 2009). 
Perceived once as a consequence of use, overuse and misuse of antibiotics to prevent or treat 
diseases, as growth promotants for food animals, or as pesticides for agriculture, more 
explanations for high AR levels in bacteria were recently brought. The picture became 
darker when came evidences that environmental microbiota present in antibiotic free 
environments showed to possess an as enormous and diverse number of AR genes as 
present in pathogenic microbiota (Aminov, 2009). Further evidences point to micro-
organisms associated with food, animals, and water as the main sources for resistance genes; 
commensals among them food commensals are also considered as a reservoir of AR 
(Knezevic & Petrovic, 2008; Straley et al., 2006), in fact according to Marshall et al. (2009) a 
rather underappreciated reservoir of AR. In developed countries, several parameters define 
a raw milk of “good quality” when it is absent of drug or antibiotics residues, when the legal 
limit of somatic cells per millilitre of milk is below 4x105 /mL (excessive values may be 
indicating the presence of mastitis in the cow herd), when the bacteriological acceptance 
level is satisfied. In the later, the sanitation of raw milk is ensured by the determination of 
the standard plate count (Chambers, 2002) that aims to enumerate aerobic “total bacteria” 
present in milk; grade A or 1 (acceptable for industrial use) is attributed to milk that 
contains less than 1x105 CFU/ml, determined on agar plates after 2 days incubation at 32°C, 
or 3 days at 30°C. After milking, numerous contamination sources raise the bacterial load 
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along the cold chain of raw milk storage and transportation (Chambers, 2002; Cousin, 1982). 
The cold storage that aims to preserve food or milk from excessive bacterial development, 
however also selects bacterial types which have perfectly adapted to low temperatures : 
psychrotrophic bacteria, able to grow below 7°C, present in raw milk are well known for 
their spoilage features (production of various heat-stable exoenzymes) which affect raw or 
processed dairy products with significant economic impact. Mainly, out of some exceptions 
like the human pathogens (toxin producer of B. cereus species, or Listeria spp: Gray et al., 
2006; Schoeni & Lee Wong, 2005), most psychrotrophic bacteria associated to raw milk of 
which many are Gram-negative, are generally considered as benign.  

Foodstuffs are produced by either conventional (CP) or organic (OP) systems. Consumer 
demands for organic products generally perceived as more safe, is growing in Europe and 
the United States, offering increased business opportunities and wealth for rural regions 
(European Commission, 2008; Jacob et al., 2008). The organic food chain supply is 
guaranteed at the base first by producers which must adhere to strict rules: organic milk is 
defined by the European Commission as “milk that comes from cows, sheep and goats 
living in a welfare-oriented animal husbandry: outdoors in summer with access to pasture 
and indoors in winter when the climate is rough, with organic forage and enough space for 
regular exercise” (European Commission, 2008). Several principles are underlying organic 
production such as minimisation of the use of non-renewable resources and off-farms 
inputs, recycling of wastes and by-products of plant and animal origin as input in plant and 
livestock production, the feeding of livestock with organic feed (produced mainly at the 
farm), synthesized allopathic veterinary medicinal products, like antibiotics may be used 
with restriction on courses of treatment and withdrawal period (European Council 
Regulation, 2007); organic dairy cattle are treated for mastitis with the same antimicrobials 
as dairy cows from conventional systems. In Finland, at least 50% of the feed has to be 
produced by the farm; each cow can only be treated 3 times a year for independent diseases 
and the time for milk delivery acceptance to dairies is twice as long as for normal systems 
(Finnish Food Safety Authority, 2008); on a total of 2.2x109 L of milk delivered to dairies 
about 1.3% was produced by organic farming systems (Information Centre of the Ministry 
of Agriculture and Forestry, 2009). The use of ABs in Finland for cattle was surveyed by 
Thompson et al. (2008): for acute mastitis, parenteral treatments are based on benzyl 
penicillins (83%) and fluoroquinolones (11%); ampicillin combined with cloxacillin (36%), or 
cephalexin combined with streptomycin (26%) were intramammarily administered. Finland, 
together with Norway and Sweden, have lower ABs usage practices compared to seven 
other European countries (Grave et al., 2010). Considering the bacteriological quality of the 
milk, as well as the level of antimicrobial residues (Finnish association for milk hygiene, 
2008), altogether the quality of Finnish raw milk is excellent.  

While characterizing some raw milk gram-negative psychrotrophs, it was observed that 
besides having spoilage features (Munsch-Alatossava & Alatossava 2006), these bacteria also 
carried antibiotic multiresistant features: moreover, the study suggested that the AR load 
was higher for isolates that apparently spent a longer time in cold storage (Munsch-
Alatossava & Alatossava 2007); another study, that considered bacterial raw milk 
psychrotrophs selected for their spoilage features, compared the AR levels of 79 bacterial 
isolates originating from CP (6) or OP (9) milk samples. With exception of gentamicin for 
which similar percentages of AR were recorded for CP and OP samples, we observed a 
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lower prevalence of AR for OP samples; resistance levels to trimethoprim-sulfamethoxazole  
were 25 and 14% for CP and OP samples respectively, and resistance percentages were 
higher for ceftazidim and ciprofloxacin (a quinolone) for CP-originating isolates (Munsch-
Alatossava, Xheng, Alatossava, unpublished data). To further answer to the question on 
whether AR levels may be different/lower for isolates retrieved from OP compared to CP 
milk samples, to follow the respective trends for mesophilic and psychrotrophic populations 
over time during cold storage (4 days at 4°C), the present study was undertaken: the AR to 
four ABs (gentamicin, ceftazidim, levofloxacin, and trimethoprim-sulfamethoxazole, 
representatives of 4 different classes) was evaluated for mesophilic and psychrotrophic 
bacteria for 12 raw milk samples (6 for each farming system); changes at the bacterial 
communities level during cold storage were investigated by DGGE.  

2. Materials and methods 
2.1 Cold storage of raw milk samples 

Representative bovine raw milk samples of lorry tanks were collected into sterile bottles; 
samples were kept on ice until arrival at Helsinki University, at which time 100 ml were 
added to sterile 250 ml-bottles. Six bottles were placed on a multi-place magnetic stirrer 
(Variomag) and partially immersed in a refrigerated water bath (MGW Lauda MS/2) which 
allowed, with help of an immersion thermostat, a constant temperature to be maintained 
(modified from Munsch-Alatossava et al., 2010). The raw milk samples were continuously 
mixed at 220 rpm and kept at 4± 0.1 °C for 4 days.  

2.2 Antibiotic resistance 

The experimental procedures followed the EUCAST guidelines (2000). The microbiological 
analyses were performed immediately after milk samples arrived; all bacterial counts were 
determined from duplicate or triplicate agar cultures at day 0 (shortly after reception of the 
samples) and day 4 (after cold storage); 500 µl or raw milk were serially diluted in saline 
solution (0.85 % NaCl); 50µl of the diluted samples were spread on Mueller-Hinton (Lab M) 
agar plates. Four antimicrobial agents [gentamicin (Aminoglycosides), ceftazidim (β-
lactams, Cephems), levofloxacin (Quinolones) and trimethoprim-sulfamethoxazole (at a 
ratio of 1/19, a Folate pathway inhibitor) (Sigma)] were added to agar, according to the 
EUCAST guidelines (EUCAST, 2000). The ABs solutions were freshly prepared by 
dissolving the powders in following solvents: water for G (gentamicin), 0.1M phosphate 
buffer (pH7) for C (ceftazidim), 0.1M NaOH for L (levofloxacin), 0.1M lactic acid for T 
(trimethoprim), and 95% ethanol for S (sulfamethoxazole) (EUCAST, 2000). With exception 
of S, all AB solutions were filter sterilized prior to the addition to adequately cooled agar. 
The AB concentrations were 16 mg/L for GI, 4 mg/L for GII, 32 mg/L for CI, 8 mg/L for 
CII, 8 mg/L for LI, 2 mg/L for LII, 8 mg/L trimethoprim with 152 mg/L sulfamethoxazole 
for TSI, and 4 mg/L trimethoprim with 76 mg/L sulfamethoxazole for TSII, which 
correspond to the MICs (GII, CII, LII and TSII) to 4-fold the MIC (GI, CI, LI), or to 2-fold the 
MIC (TSI) as indicated by EUCAST for pseudomonads. Agar plates were stored overnight at 
4°C, and protected from light. Following the analyses, the plates were incubated for 2-3 days 
at 30°C, or for 10 days at 7°C to enumerate the “total” bacteria (mesophiles) and 
psychrotrophs, respectively.  
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2.3 Statistical analysis 

2.3.1 Judicious remarks about ANOVA (ANalysis Of VAriance)  

Usual analysis of variance is well known in the field of research and laboratories as an 
efficient statistical method enabling to analyse results following experimental designs, and 
to test for significant differences between means. Concerning milk and its microflora, also 
ANOVA was used (Freitas et al. 2009; Ma et al. 2003). Thanks to the Fisher-Snedecor and 
Student tests, ANOVA enables to detect factors, to highlight interactions of the considered 
factors, which both significantly impact on the response (continuous) of the studied 
phenomenon. However, ANOVA is not considered as robust as it is susceptible to variations 
of the assumptions on which this method is grounded; more precisely, the statistical tests´ 
validity of ANOVA are “sensitive” to these variations. The validity is relying on three 
fundamental restrictive assumptions: A) Distribution of the residuals is normal; B) Variance 
of errors is constant; C) The data does not contain outliers. If one of these hypotheses is 
strongly violated, conclusions about significant level of the effects of the factors may be 
questionable or erroneous. In practice for a particular study, the hypothesis A is very 
difficult to be proved due to usual low amount of repetitions for a certain treatment (a 
combination of factors set at a certain level); in addition, if this assumption is not respected 
the impact on the Student test result is rather low, contrarily to the Fisher Snedecor test; 
however, this hypothesis has been so often checked by numerous experimental studies, that 
one may assume it is approximately often respected.  

The hypothesis B is easily checked on the graphical analyses of “residuals”; if the hypothesis 
B is not respected, one common way to proceed even though not optimal consists in 
stabilizing variation by considering the logarithmic values of the results of the response. 
Also from the observation of the usual ANOVA graphics (given by standard statistics 
software) the hypothesis C can be checked. Mathematically it can be demonstrated that 
statistical tests are hampered by the presence of many outliers which may lead to erroneous 
conclusions. Moreover in the presence of orthogonal or almost orthogonal experimental 
designs, the outliers promote high levels (for example triple) of interactions of no meaning; 
typically one interaction AxBxC between three factors A, B, C may be declared significant, 
even though in the ANOVA model none of the three main effects of the three factors 
appears. How to overcome the harmful impact of the outliers on the significance of the 
ANOVA model? The elimination of extreme results due to outliers constitutes one solution, 
however in the presence of a limited amount of repetitions in practice this option is not 
applicable. Consequently it is difficult to validate the hypothesis C. To overcome this 
problem, no ideal method exists. Nevertheless, to compare several samples one alternative 
consists in the use of non parametric statistical tests like the Kruskal-Wallis test (Conover 
1980) for example, which considers the ranks of the results of the response. For example, for 
the 6 following results of bacterial counts (expressed as CFU/ml) 0, 1.9x104, 1.5x105, 2.0x105, 
2.4x105 and 1,5x109, the extreme values 0 and 1,5x109 may be badly estimated by the 
ANOVA model, and will generate excessive residuals. With a non parametric statistical 
approach, the values will be substituted for ranks, here 6, 5, 4, 3, 2, and 1.  

2.3.2 RAPD definition 

The data analysed in this study are bacterial counts enumerated on Petri dishes, 
characterized by a rather high variability, which impacted on hypothesis C, and which did 
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not permit the straightforward use of a reliable ANOVA model. Consequently, bacterial 
counts were transformed into ratios, which were replaced then by ranks according to the 
prerequisite of the Kruskal-Wallis test, before performing the classical ANOVA. What is 
meant by ratio? Due to the natural microbiological variability, we considered the CFU 
(colony forming units) on a Petri dish (in the presence of one AB) not as an absolute value 
but as a relative value compared to a control plate, which implicated the introduction of a 
ratio. The ratio here referred to as RAPD was defined for a particular treatment X. RAPD 
corresponds to the ratio of the amount of bacterial colonies (as CFU/ml) enumerated under 
this treatment X divided by the number of bacteria enumerated on the corresponding 
control plates (in the absence of the AB). The treatment X was characterized itself by a 
combination of factors, like the sample type (milk from CP or OP systems), the population 
type whether psychrotrophs (P) or mesophiles (M), a sampling day D (D= 0 or 4, that will 
lead to RAP0 and RAP4 respectively), an AB type, and an AB concentration.  

Thus RAPD constitues another way to quantify AR prevalence, while the classical 
quantification of AR prevalence is generally defined as the percentage of resistant bacteria 
considering the corresponding “total” bacteria enumerated.  

2.3.3 Experimental design 

The experimental design was based on the following four fixed factors: the antibiotic (AB) 
type (whether G, C, L or TS, as detailed above), the concentration of the AB (Dose) which 
corresponded to a higher level (I) or a lower level (II), the storage time of the milk (day) 
whether 0 (initial counts) or 4 (after 4 days cold storage), and finally the milk sample noted 
(ECH) which accounted for the six distinct lorry tanks samples (whether from CP or OP 
systems). The factor ECH was also introduced as a fixed factor in order to identify an 
eventual “milk collecting effect”. Each treatment corresponded to a defined condition 
resultant from one modality of every factor (AB, Dose, ECH). 

2.3.4 Refinement of ANOVA 

Once the ANOVA model has been established, significant factors are identified. If one 
significant factor presents only 2 modalities, the interpretation is clear: a change of the 
modality impacts significantly on the level of the response. But if the significant factor 
presents more than two modalities, the interpretation is not straightforward. Further analyses 
of the microbiological data are requested, which are not often performed according to the 
microbiological literature. After the ANOVA table is established, for factors with more than 
two modalities, pairwise or multiple comparisons of the means of the response associated to 
the modalities of the factors are requested. On a statistical point of view, as this latter is the 
most rigorous approach, it was employed in this study. Among the available methods for 
multiple comparisons of means was chosen the REGW test (Einot & Gabriel, 1975; Ryan, 1959, 
1960; Welsch, 1977) that is powerful and particularly adapted for our type of data. The method 
is available on the SAT/STAT version 8.1 software (SAS Institute, NC, USA).  

2.3.5 Use of a non parametric statistical test  

One major aim of this study was to compare the trend of RAPD between the two sampling 
days (Day 0 and Day 4), for a certain treatment. Considering the non normal distribution of 
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2.3 Statistical analysis 
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not permit the straightforward use of a reliable ANOVA model. Consequently, bacterial 
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the 12 values of RAP0 and RAP4, the mean comparison with a Student test was not possible. 
Therefore, the analyses were pursued with the use of the non parametric Wilcoxon test (as 
detailed in page 215 by Conover 1980), implemented in the NPAR1WAY procedure of the 
SAS/STAT statistical software. This test is also based on ranks: eight treatments (AB=G at 
dose I, AB=G at dose II.....AB=TS at dose II) were examined for each bacterial type; for both 
conventional and organic milk types, altogether 32 conditions were considered.   

2.4 DGGE (Denaturing Gradient Gel Electrophoresis) analyses 

Bacterial DNA was extracted with PathoProofTM mastitis PCR assay kit (Finnzymes, 
Finland). 16S rDNA sequences were amplified by nested-PCR. Firstly, a 700-bp fragment 
that comprises the V3 region of bacterial 16S rDNA was amplified, and served as template 
for the 2nd PCR reaction which yielded PCR products of about 200 bp, as described by Ogier 
et al. (2002). These primers flank the V3 region (that corresponds for E.coli to positions 436-
499) which shows variability between different species. DGGE analyses were performed 
with the BioRad DCode TM Universal Mutation Detection System (BioRad, USA). The 
samples were electrophoresed with a denaturing gradient of 35-70% urea and formamide at 
70V for 21h. Gels were stained with SYBR Gold (Invitrogen, USA) and photographed on a 
UV transillumination table (UVItec Ltd, UK). The images were analysed with Gel 
Compar®II (version 5.1, Applied Maths, Belgium). The similarity between samples was 
calculated with Pearson´s correlation coefficient and UPGMA (Unweighted pair-group 
method using arithmetic averages) was used as a clustering method. The maximum 
parsimony cluster analyses were performed with the boostrap value of 1000. The data is 
presented as a dendrogram of DGGE profiles from conventional (C1 to C6) and organic (O1 
to O6) raw milk samples at days 0 and 4.  

3. Results 
3.1 Bacterial counts and percentage of psychrotrophs 

Initial “total” bacterial counts, determined for the raw milk samples (C1 to C6, O1, O2, O3 
and O6), were comprised between 3.4 and 4.12 log-units, indicating that the raw milks were 
of excellent quality (Fig. 1).  

 
Fig. 1. Bacterial counts on Mueller Hinton agar plates expressed in log CFU/ml, determined 
for conventional (C1 to C6) and organic (O1 and O6) raw milk samples. 
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For samples O4 and O5, the mesophilic bacterial counts were 5.1 and 5.3 log-units 
respectively, suggesting that these milks were longer cold stored prior to the analyses of 
these samples. At day 4, total counts exceeded 105 CFU/ml for all considered samples, to the 
exception of C1 for which the growth was only of 0.7 log-unit. With exceptions of C4, O3, 
O4, O5 and O6, psychrotrophic were lower than mesophilic counts for all other samples. 
The proportion of psychrotrophs (ratio of psychrotrophs/total bacterial counts) increased 
notably between the two sampling days /day 0 and day 4) for most samples: whereas, the 
initial proportion of psychrotrophs in samples C1, C2, C3, C5, C6, O1 and O2 was below 
20%, considerable higher proportions were determined from C4 (50%), O3 (60%), O4 (80%), 
O5 (40%) and O6 (100%) at day 0. After 4 days storage at 4°C, psychrotrophic bacteria 
largely dominated in samples C1, C3, C4, C6, O1, 04, and 06 (100%), whereas the 
proportions ranged between 40 and 70% for C2, C5, O2, O3 and O5. 

3.2 AR load evaluated by RAPD mean values 

When combining all results from the different investigated ABs, following observations 
were made considering RAPD: for CP milk samples, the RAP0 mean values were similar for 
mesophilic (M) and psychrotrophic (P) populations, whereas for OP samples the RAP0 was 
slightly lower for mesophiles, contrarily to psychrotrophs for which it was highest (0.245) 
(Fig.2). 

 
Fig. 2. Mean RAPD values from CP and OP raw milk samples at sampling days 0 or 4, 
determined for mesophiles (M) and psychrotrophs (P).  

All RAP4 mean values were lower than the corresponding RAP0 values, irrespective of the 
origin of the samples or the bacterial population types. The major drop was observed for 
psychrotrophic populations retrieved from OP milk samples. For the mesophiles, the AR 
evaluated through RAPD clearly indicated a decrease for both types of samples, even 
though more important for bacteria retrieved from OP samples.  

3.3 Comparison of RAPD mean values to evaluate the impact of cold storage 

The trend of RAPDs were obtained by the results of the NPAR1WAY/REGW procedure 
(introduced in section 2.3.5). A typical example of the SAS-output where RAP4 was 
compared to RAP0 is detailed in Table 1.  
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3.3 Comparison of RAPD mean values to evaluate the impact of cold storage 

The trend of RAPDs were obtained by the results of the NPAR1WAY/REGW procedure 
(introduced in section 2.3.5). A typical example of the SAS-output where RAP4 was 
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Table 1. Output obtained with the Wilcoxon test applied to mesophiles present in CP raw 
milk samples, for one AB (G) at concentration I. In this example, RAP0 = 10.58 and RAP4= 
14.42, however the t approximation value of 0.1488 indicated that RAP0 and RAP4 were 
statistically equivalent. 

The conclusions from each comparison are summarised in Table 2 a,b. The mean RAP4 values 
only exceeded the mean RAP0 values for TS (red colour), at both concentrations, for 
psychrotrophic (P) populations retrieved from CP samples (Table 2a); with the exception of 
mesophiles (M) enumerated on C-containing plates, for which the RAP4 were lower than the 
RAP0 values (green colour), in all other conditions (yellow colour), the relative AR levels were 
equivalent. On the side of the populations retrieved from OP raw milk samples, for half of the 
conditions, RAP4 values were lower (green colour) or equal (yellow colour) to RAP0; but 
RAP4 widely exceeded RAP0 for 8 conditions (red colour), mostly for psychrotrophs (Table 2b).  

3.4 Mean RAP4 from OP compared to mean RAP4 from CP raw milk samples 

The comparison of the mean RAP4 values indicated that for 10 cases out of 16, the AR levels 
were similar after 4 days storage (yellow colour), irrespective of the milk type; mesophilic 
populations retrieved on C-containing plates, as well as mesophiles and psychrotrophs 
enumerated on G-plates (lower concentration, II) from OP samples carried less AR features 
(green colour)(Table 3); but, psychrotrophs from OP samples, enumerated on L (II) and TS-
plates (I), exhibited much superior levels of AR as compared to CP raw milk samples (red 
colour).  

3.5 Ranking of the four considered ABs  

For both CP or OP samples, the ranking of the ABs was obtained with REGW based 
analyses that followed ANOVA. An example is given in Table 4 (a,b).   

     Wilcoxon Scores (Rank Sums) for Variable rep                     
                       Classified by Variable day 
                              Sum of      Expected            Std Dev       Mean 
     Day       N        Scores      Under H0       Under H0         Score 
      0           12         127.0          150.0              15.060747      10.583333 
      4           12         173.0          150.0              15.060747      14.416667 
                Average scores were used for ties. 

Wilcoxon Two-Sample Test 
Statistic             127.0000 
Normal Approximation 
Z                      -1.4939 
One-Sided Pr   <  Z       0.0676 
Two-Sided Pr   > |Z|    0.1352 
t Approximation 
One-Sided Pr <  Z        0.0744 
Two-Sided Pr > |Z|    0.1488 
Z includes a continuity correction of 0.5. 
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a) b)
G I M = G I M > 

P = P >> 
II M = II M = 

P = P = 
C I M < C I M << 

P = P = 
II M << II M << 

P = P = 
L I M = L I M >> 

P = P > 
II M = II M = 

P = P >> 
TS I M = TS I M >> 

P > P >> 
II M = II M = 

P > P >> 

Table 2. Mean RAP4 values compared to the mean RAP0 values from CP (a) and OP (b) raw 
milk samples, for the four ABs tested at concentrations I and II (I>II) for mesophiles (M) or 
psychrotrophs (P). The symbols =, <, and > are meaning RAP4 equalled, or was significantly 
below or superior to RAP0, respectively.  
 

G I M = 
P = 

II M << 
P << 

C I M << 
P = 

II M << 
P = 

L I M = 
P = 

II M = 
P >> 

TS I M = 
P >> 

II M = 
P = 

Table 3. Mean RAP4 values from OP compared to mean RAP4 values from CP raw milk 
samples, determined for each AB at concentrations I and II (I>II), for mesophiles (M) or 
psychrotrophs (P). The symbols =, <<, and >> are meaning that RAP4 from OP samples 
were significantly and respectively equal, much inferior or superior to RAP4 determined for 
the CP raw milk samples.  
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a)  

 
b) 

a) Dependent Variable: RAP4 ; Values of RAP4 were replaced by ranks 
b) Ryan-Einot-Gabriel-Welsch Multiple Range Test for RAP4 
NOTE: This test controls the Type I experiment wise error rate. 

Table 4. a) Analysis of variance of RAP4 ranks from mesophiles present in CP samples. The 
R-square value was equal to 0.85 and the F p-value was < 0.0001, which was indicative of a 
good ANOVA model. All three effects (AB, dose, sample /ech) and their interactions were 
influential with a predominant and significant effect of the AB. b) Output from the REGW 
test. For the same samples, AB4 (TS) and AB2(C) had equivalent effects, higher to AB1(G) 
and to AB3 (L); AB1 and AB3 were not equivalent.  

No important differences distinguished CP and OP raw milk samples when considering the 
ranking of the four ABs according to their respective prevalence for mesophiles (M) or 
psychrotrophs (P) (Fig. 3a, b).  

The same ranking, with a preponderant C-resistance was characteristic of day 0 and was 
observed for all populations types retrieved whether from CP or OP raw milk samples; a 
slightly higher AR for TS was observed for mesophiles from CP samples, whereas for G and 
L a similar ranking was noticeable for both sample types. Higher AR was recorded for 
psychrotrophs from OP samples compared to CP samples for C, TS and L, with the 
exception of G for which similar levels were observed (Fig. 3a, b). At day 4, the same  

                                                Sum of 
Source                       DF       Squares       Mean Square    F Value    Pr > F 
Model                       32     61772.45833      1930.38932         10.78       <.0001 
Error                         63     11279.54167       179.04034 
Corrected Total        95     73052.00000  
R-Square     Coeff Var     Root MSE         RAP4 Mean 
0.845596        27.58886         13.38060           48.50000 
 
Source                    DF      Type I SS     Mean Square    F Value     Pr > F 
AB                            3       30643.27083     10214.42361      57.05         <.0001 
dose                         1        7315.04167      7315.04167        40.86          <.0001 
ech                           5        8529.00000      1705.80000         9.53            <.0001 
AB*dose                 3         3033.89583       1011.29861        5.65            0.0017 
AB*ech                  15        9065.47917       604.36528          3.38            0.0004 
dose*ech                 5        3185.77083       637.15417          3.56             0.0067 

 Alpha                                      0.05 
Error Degrees of Freedom       63 
Error Mean Square          179.0403 
Number of Means              2               3                        4 
Critical Range         8.8494249     9.2716373      10.19334 

Means with the same letter 
are not significantly different. 
          Mean      N    AB 
A        65.125     24    4 
A        62.354     24    2 
B        46.375     24    1 
C        20.146     24    3 
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a)  

    

    

b)  

Fig. 3. AR prevalence, estimated by multiple comparison of means from CP (a) and OP (b) 
raw milk samples over time, determined from combined results with both concentrations (I 
and II) of each AB. The mean values were obtained with the REGW multiple range test for 
RAP0 and RAP4. [Noteworthy, ABs that were similarly ranked are grouped in a bracket]. 
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a)  

 
b) 

a) Dependent Variable: RAP4 ; Values of RAP4 were replaced by ranks 
b) Ryan-Einot-Gabriel-Welsch Multiple Range Test for RAP4 
NOTE: This test controls the Type I experiment wise error rate. 

Table 4. a) Analysis of variance of RAP4 ranks from mesophiles present in CP samples. The 
R-square value was equal to 0.85 and the F p-value was < 0.0001, which was indicative of a 
good ANOVA model. All three effects (AB, dose, sample /ech) and their interactions were 
influential with a predominant and significant effect of the AB. b) Output from the REGW 
test. For the same samples, AB4 (TS) and AB2(C) had equivalent effects, higher to AB1(G) 
and to AB3 (L); AB1 and AB3 were not equivalent.  

No important differences distinguished CP and OP raw milk samples when considering the 
ranking of the four ABs according to their respective prevalence for mesophiles (M) or 
psychrotrophs (P) (Fig. 3a, b).  

The same ranking, with a preponderant C-resistance was characteristic of day 0 and was 
observed for all populations types retrieved whether from CP or OP raw milk samples; a 
slightly higher AR for TS was observed for mesophiles from CP samples, whereas for G and 
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psychrotrophs from OP samples compared to CP samples for C, TS and L, with the 
exception of G for which similar levels were observed (Fig. 3a, b). At day 4, the same  

                                                Sum of 
Source                       DF       Squares       Mean Square    F Value    Pr > F 
Model                       32     61772.45833      1930.38932         10.78       <.0001 
Error                         63     11279.54167       179.04034 
Corrected Total        95     73052.00000  
R-Square     Coeff Var     Root MSE         RAP4 Mean 
0.845596        27.58886         13.38060           48.50000 
 
Source                    DF      Type I SS     Mean Square    F Value     Pr > F 
AB                            3       30643.27083     10214.42361      57.05         <.0001 
dose                         1        7315.04167      7315.04167        40.86          <.0001 
ech                           5        8529.00000      1705.80000         9.53            <.0001 
AB*dose                 3         3033.89583       1011.29861        5.65            0.0017 
AB*ech                  15        9065.47917       604.36528          3.38            0.0004 
dose*ech                 5        3185.77083       637.15417          3.56             0.0067 

 Alpha                                      0.05 
Error Degrees of Freedom       63 
Error Mean Square          179.0403 
Number of Means              2               3                        4 
Critical Range         8.8494249     9.2716373      10.19334 

Means with the same letter 
are not significantly different. 
          Mean      N    AB 
A        65.125     24    4 
A        62.354     24    2 
B        46.375     24    1 
C        20.146     24    3 
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raw milk samples over time, determined from combined results with both concentrations (I 
and II) of each AB. The mean values were obtained with the REGW multiple range test for 
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ranking of the ABs was observed for TS and C; the levels were equivalent for psychrotrophs 
and mesophiles from CP samples (Fig. 3a) whereas TS supplanted C for both mesophiles 
and psychrotrophs from OP samples (Fig. 3b). For G, similar levels of AR were recorded 
from CP samples for both psychrotrophs and mesophiles at days 0 and 4, in contrast to OP 
samples in which the AR dropped over time by about half for both types of bacterial 
populations (Fig. 3a,b). L-resistance was least prevalent at day 0, mostly also at day 4; a 
decrease of AR was recorded over time for mesophiles from CP samples and psychrotrophs 
from CP and OP raw milk samples.    

3.6. Ranking of the milk samples according to their total AR load  

At day 0, the AR levels (as means determined with the Ryan-Einot-Gabriel-Welsch multiple 
range test) were comprised between 38-60 and 28-50 for mesophiles and psychrotrophs from 
CP samples, respectively (Fig. 4a).  

 
                                       (a)                                                                               (b) 
Fig. 4. AR load from multiple comparison of sample means for CP (a) and OP (b) raw milk 
samples at days 0 and 4 determined for mesophiles (M) and psychrotrophs (P).  

At day 4, the mean values ranged between 32-60 and 32-67 for the mesophiles and 
psychrotrophs respectively (Fig. 4a). Mesophiles from samples C3, C4, C5 showed moderate 
decrease of the AR between days 0 and 4, contrarily to the psychrotrophic populations 
recovered from the same samples, which increased by 10 and 30 for samples C3, C4 
respectively, or slightly decreased for C5 (Fig. 4a). Mesophiles from sample C2 were the 
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highest AR carriers at days 0 and 4 whereas sample C3 was the lowest at both sampling 
days; sample C1 was the second lowest at day 0, and second highest at day 4. No model 
enabled to rank the six OP samples at day 0; however at day 4, the comparison between 
mesophiles and psychrotrophs showed that samples may be similarly ranked over time (like 
O3, O5) or not (sample O1), (Fig. 4b).  

3.7 DGGE profile analyses of CP and OP raw milk samples at sampling days 0 and 4.  

At day 0, the primer set yielded relatively complex fingerprints for C1, C2, C3, C4, C5, C6, 
O1, O2, and O3 as the PCR amplicons migrated along the whole length of the denaturing 
gradient gel (Fig. 5), indicative of a high variability in GC%, hence a high species diversity, 
irrespective of the milk type.  

Based on Gel Compar TM analyses, some samples displayed profiles with as many as 27 or 
26 bands for C6 and O1 respectively, whereas C4, O4, O5 displayed simpler profiles 
comprising only 10-11 bands. Profiles from CP samples (C1, C5, C6) that yielded the highest 
amount of bands clustered as well as O1, O2 and O3 from OP raw milk samples (Fig. 5), and 
showed similar community structure. The 4 days-cold storage implicated for most samples a 
simpler profile, as less bands were detected; with exception of C1, all CP raw milk samples 
clustered while the profiles of C5 and C6 still formed a sub-cluster. Cold storage affected O1, 
O2 and O3 differently: the samples O1 and O2 remained clustered despite a drop of the 
similarity values (77.2% to 52.3 %) between both sampling days (Fig. 5).  

Samples O4, O5 and O6 were least affected by cold storage, as all three samples formed 
almost exact pairs at days 0 and 4 with similarity values of 75%, 88.5%, and 87.5% for O6, O5 
and O4 respectively, indicative of small changes in the bacterial community between the 
sampling days. For most of the samples, following the cold storage (4°C for 4 days), the 
banding patterns were more located on the top of the gel, indicative of less bacterial 
diversity among communities, and domination of species with higher AT%. To some extent, 
CP and OP samples were distinguished by DGGE analyses.  

4. Discussion 

The statistical analyses of RAPD means and RAPD trends during cold storage revealed 1) a 
higher AR level for psychrotrophic populations present in OP compared to CP milk samples 
at day 0 (Fig. 2); 2) a similar drop of C-resistant mesophilic, and raise of TS-resistant 
psychrotrophic bacteria over time for both types of samples (Table 2a,b); 3) an increase of L-
resistant (at both concentrations) and partial increase (at one concentration) of G-resistant 
psychrotrophs for OP samples (Table 2a,b); 4) RAP4 from OP was lower to RAP4 from CP in 
4 cases of 16, was similar to RAP4 from CP in 10 other tested conditions, but exceeded RAP4 
from CP in 2 cases (Table 3). All preceding observations indicate that the AR load on 
bacterial populations from OP samples may be as high if not higher than for CP samples. 
When considering the farming type practices, small or no differences in AR levels were 
reported by Sato et al. (2004) for Campylobacter spp. isolates from organic and conventional 
dairy herds, by Roesch et al. (2006) when the AR of udder pathogens was investigated in 
dairy cows, by Ray et al. (2006) for Salmonella, or by Garmo et al. (2010) for coagulase-
negative staphylococci: the frequency of AR in organic farms was not so different from 
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ranking of the ABs was observed for TS and C; the levels were equivalent for psychrotrophs 
and mesophiles from CP samples (Fig. 3a) whereas TS supplanted C for both mesophiles 
and psychrotrophs from OP samples (Fig. 3b). For G, similar levels of AR were recorded 
from CP samples for both psychrotrophs and mesophiles at days 0 and 4, in contrast to OP 
samples in which the AR dropped over time by about half for both types of bacterial 
populations (Fig. 3a,b). L-resistance was least prevalent at day 0, mostly also at day 4; a 
decrease of AR was recorded over time for mesophiles from CP samples and psychrotrophs 
from CP and OP raw milk samples.    

3.6. Ranking of the milk samples according to their total AR load  

At day 0, the AR levels (as means determined with the Ryan-Einot-Gabriel-Welsch multiple 
range test) were comprised between 38-60 and 28-50 for mesophiles and psychrotrophs from 
CP samples, respectively (Fig. 4a).  

 
                                       (a)                                                                               (b) 
Fig. 4. AR load from multiple comparison of sample means for CP (a) and OP (b) raw milk 
samples at days 0 and 4 determined for mesophiles (M) and psychrotrophs (P).  

At day 4, the mean values ranged between 32-60 and 32-67 for the mesophiles and 
psychrotrophs respectively (Fig. 4a). Mesophiles from samples C3, C4, C5 showed moderate 
decrease of the AR between days 0 and 4, contrarily to the psychrotrophic populations 
recovered from the same samples, which increased by 10 and 30 for samples C3, C4 
respectively, or slightly decreased for C5 (Fig. 4a). Mesophiles from sample C2 were the 
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highest AR carriers at days 0 and 4 whereas sample C3 was the lowest at both sampling 
days; sample C1 was the second lowest at day 0, and second highest at day 4. No model 
enabled to rank the six OP samples at day 0; however at day 4, the comparison between 
mesophiles and psychrotrophs showed that samples may be similarly ranked over time (like 
O3, O5) or not (sample O1), (Fig. 4b).  

3.7 DGGE profile analyses of CP and OP raw milk samples at sampling days 0 and 4.  

At day 0, the primer set yielded relatively complex fingerprints for C1, C2, C3, C4, C5, C6, 
O1, O2, and O3 as the PCR amplicons migrated along the whole length of the denaturing 
gradient gel (Fig. 5), indicative of a high variability in GC%, hence a high species diversity, 
irrespective of the milk type.  

Based on Gel Compar TM analyses, some samples displayed profiles with as many as 27 or 
26 bands for C6 and O1 respectively, whereas C4, O4, O5 displayed simpler profiles 
comprising only 10-11 bands. Profiles from CP samples (C1, C5, C6) that yielded the highest 
amount of bands clustered as well as O1, O2 and O3 from OP raw milk samples (Fig. 5), and 
showed similar community structure. The 4 days-cold storage implicated for most samples a 
simpler profile, as less bands were detected; with exception of C1, all CP raw milk samples 
clustered while the profiles of C5 and C6 still formed a sub-cluster. Cold storage affected O1, 
O2 and O3 differently: the samples O1 and O2 remained clustered despite a drop of the 
similarity values (77.2% to 52.3 %) between both sampling days (Fig. 5).  

Samples O4, O5 and O6 were least affected by cold storage, as all three samples formed 
almost exact pairs at days 0 and 4 with similarity values of 75%, 88.5%, and 87.5% for O6, O5 
and O4 respectively, indicative of small changes in the bacterial community between the 
sampling days. For most of the samples, following the cold storage (4°C for 4 days), the 
banding patterns were more located on the top of the gel, indicative of less bacterial 
diversity among communities, and domination of species with higher AT%. To some extent, 
CP and OP samples were distinguished by DGGE analyses.  

4. Discussion 

The statistical analyses of RAPD means and RAPD trends during cold storage revealed 1) a 
higher AR level for psychrotrophic populations present in OP compared to CP milk samples 
at day 0 (Fig. 2); 2) a similar drop of C-resistant mesophilic, and raise of TS-resistant 
psychrotrophic bacteria over time for both types of samples (Table 2a,b); 3) an increase of L-
resistant (at both concentrations) and partial increase (at one concentration) of G-resistant 
psychrotrophs for OP samples (Table 2a,b); 4) RAP4 from OP was lower to RAP4 from CP in 
4 cases of 16, was similar to RAP4 from CP in 10 other tested conditions, but exceeded RAP4 
from CP in 2 cases (Table 3). All preceding observations indicate that the AR load on 
bacterial populations from OP samples may be as high if not higher than for CP samples. 
When considering the farming type practices, small or no differences in AR levels were 
reported by Sato et al. (2004) for Campylobacter spp. isolates from organic and conventional 
dairy herds, by Roesch et al. (2006) when the AR of udder pathogens was investigated in 
dairy cows, by Ray et al. (2006) for Salmonella, or by Garmo et al. (2010) for coagulase-
negative staphylococci: the frequency of AR in organic farms was not so different from 
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Fig. 5. Dendrogram of DGGE profiles from CP (C1 to C6) and OP (O1 to O6) raw milk 
samples determined at day 0 (D0) and after 4 days storage at 4°C (D4). The reference 
standards include the following species: 1, Listeria innocua CCUG 15531T (ATCC 33090) ; 2, 
Acinetobacter johnsonii HAMBI 1969 (ATCC 17909) ; 3, Pseudomonas tolaasii LMG 2342T 
(ATCC 33618); 4, Bacillus cereus HAMBI 250 (ATCC 10987) ; 5, Escherichia coli HAMBI 99 
(ATCC 11775) ; 6, Stenotrophomonas maltophilia HAMBI 2659 (ATCC 13637) ; 7, Burkholderia 
cepacia HAMBI 1976 (ATCC 25416). [ATTC, American Type Culture Collection; CCUG, 
Culture Collection University of Göteborg; HAMBI, Culture Collection of the University of 
Helsinki; LMG, Belgian Collection of Microorganisms ]. 

conventional farms. Also Ruimy et al. (2010) recorded similar levels of resistant Gram-
negative bacteria for both organic and conventional produced fruits and vegetables. 
However, other studies report still higher susceptibilies to antibiotics for samples 
originating from organic production systems.  

                      1        2 3     4 5  6,7  
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Compared to RAP0 values obtained for 18 CP samples (analysed in a previous study), 
which ranged between 0.0788 and 0.1576, it appeared that the mesophylic populations from 
organic raw milk samples analysed here had a rather low AR load (0.092), contrarily to the 
psychrotrophs for which the mean RAP0 value 0.2456 was the highest so far observed for all 
milk samples investigated and for which the mean values ranged between (0.1378-0.158). 
The RAP4 value from OP samples (0.0869) was still the highest encountered for 
psychrotrophs among all so far investigated raw milk samples for which the RAP4 values 
were comprised between 0.030 and 0.051 (Fig. 2, and Munsch-Alatossava et al. 2012).  

In this study, irrespective of the milk type or the investigated bacterial population types 
(psychrotrophs or mesophiles), C-resistance was most prevalent at day 0 (rather fresh milk) 
whereas TS-resistance was equivalent to C-resistance (for CP samples) or higher (for OP 
samples) at day 4 (after the milk underwent a longer cold storage) (Fig. 3a, b). Similar 
observations were made in the previous study that considered 18 raw milk samples from 
conventional production systems (Munsch-Alatossava et al. 2012) for which TS-resistance 
supplanted C-resistance in prevalence following the cold storage. To some extent, AR 
prevalence at day 0 does mirror AB usage: Kools et al. (2008) in an overview of published 
data around ABs usage in Europe, indicated the following relative proportions of total AB 
use for Finland: β-lactams and cephalosporins (62%), Sulfonamides and trimethoprim (16%), 
Aminoglycosides (2%) and fluoroquinolones/quinolones (0.6%).  

By summing up the values obtained from the ranking of the four ABs according to their 
prevalence at each sampling day and for each population type (Fig. 3a,b), the total of the 
means (from the REGW test) from each AB reached 194 for mesophiles from both CP and 
OP raw milk samples at days 0 and 4. Also, psychrotrophs from OP samples exhibited the 
same level of total AR at day 4 (194), against 178 at day 0. For psychrotrophs from CP 
samples, the total of the means from each AB was 146 and 184 at days 0 and 4, respectively. 
From the analysed samples, it appeared that the multiresistant trait was as common among 
mesophilic bacteria whether they originated from CP or OP samples. Compared to 
mesophiles, multiresistance seemed to be less common among psychrotrophs at day 0; 
however, the cold storage permitted a significant raise of the number of multiresistant 
isolates (more important for CP samples), but the total AR reached a superior value for 
psychrotrophs from OP samples at day 4. The AB ranking revealed a notable different 
impact of the cold storage on the AR trend considering the investigated bacterial population 
types (Fig. 3a, b): 

- since the total AR loads were around 194 for both milk types over time, changes at the 
level of mesophiles appeared to be mainly qualitative (for example, replacement of 
bacterial species rather resistant to C by species rather resistant to TS) 

- changes at the level of psychrotrophs were both qualitative (TS resistance was more 
frequent than C resistance at day 4 for OP samples), but also quantitative as suggested 
from the increase of the AR load by respectively 38 and 16 units for psychrotrophs from 
CP and OP systems during cold storage; the increase may be lower in the later case due 
to the particular features of samples O4, O5 and O6.  

Interestingly, the statistical analyses of RAPD, which enabled a sample ranking according to 
the “AR loads” revealed that samples may be or not similarly ranked over time following 
the cold storage, depending on the considered populations (whether mesophiles or 
psychrotrophs)(Fig. 4a,b). Noteworthy, samples O5 and O6 were ranked as highest AR 
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(ATCC 11775) ; 6, Stenotrophomonas maltophilia HAMBI 2659 (ATCC 13637) ; 7, Burkholderia 
cepacia HAMBI 1976 (ATCC 25416). [ATTC, American Type Culture Collection; CCUG, 
Culture Collection University of Göteborg; HAMBI, Culture Collection of the University of 
Helsinki; LMG, Belgian Collection of Microorganisms ]. 

conventional farms. Also Ruimy et al. (2010) recorded similar levels of resistant Gram-
negative bacteria for both organic and conventional produced fruits and vegetables. 
However, other studies report still higher susceptibilies to antibiotics for samples 
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Compared to RAP0 values obtained for 18 CP samples (analysed in a previous study), 
which ranged between 0.0788 and 0.1576, it appeared that the mesophylic populations from 
organic raw milk samples analysed here had a rather low AR load (0.092), contrarily to the 
psychrotrophs for which the mean RAP0 value 0.2456 was the highest so far observed for all 
milk samples investigated and for which the mean values ranged between (0.1378-0.158). 
The RAP4 value from OP samples (0.0869) was still the highest encountered for 
psychrotrophs among all so far investigated raw milk samples for which the RAP4 values 
were comprised between 0.030 and 0.051 (Fig. 2, and Munsch-Alatossava et al. 2012).  

In this study, irrespective of the milk type or the investigated bacterial population types 
(psychrotrophs or mesophiles), C-resistance was most prevalent at day 0 (rather fresh milk) 
whereas TS-resistance was equivalent to C-resistance (for CP samples) or higher (for OP 
samples) at day 4 (after the milk underwent a longer cold storage) (Fig. 3a, b). Similar 
observations were made in the previous study that considered 18 raw milk samples from 
conventional production systems (Munsch-Alatossava et al. 2012) for which TS-resistance 
supplanted C-resistance in prevalence following the cold storage. To some extent, AR 
prevalence at day 0 does mirror AB usage: Kools et al. (2008) in an overview of published 
data around ABs usage in Europe, indicated the following relative proportions of total AB 
use for Finland: β-lactams and cephalosporins (62%), Sulfonamides and trimethoprim (16%), 
Aminoglycosides (2%) and fluoroquinolones/quinolones (0.6%).  

By summing up the values obtained from the ranking of the four ABs according to their 
prevalence at each sampling day and for each population type (Fig. 3a,b), the total of the 
means (from the REGW test) from each AB reached 194 for mesophiles from both CP and 
OP raw milk samples at days 0 and 4. Also, psychrotrophs from OP samples exhibited the 
same level of total AR at day 4 (194), against 178 at day 0. For psychrotrophs from CP 
samples, the total of the means from each AB was 146 and 184 at days 0 and 4, respectively. 
From the analysed samples, it appeared that the multiresistant trait was as common among 
mesophilic bacteria whether they originated from CP or OP samples. Compared to 
mesophiles, multiresistance seemed to be less common among psychrotrophs at day 0; 
however, the cold storage permitted a significant raise of the number of multiresistant 
isolates (more important for CP samples), but the total AR reached a superior value for 
psychrotrophs from OP samples at day 4. The AB ranking revealed a notable different 
impact of the cold storage on the AR trend considering the investigated bacterial population 
types (Fig. 3a, b): 

- since the total AR loads were around 194 for both milk types over time, changes at the 
level of mesophiles appeared to be mainly qualitative (for example, replacement of 
bacterial species rather resistant to C by species rather resistant to TS) 

- changes at the level of psychrotrophs were both qualitative (TS resistance was more 
frequent than C resistance at day 4 for OP samples), but also quantitative as suggested 
from the increase of the AR load by respectively 38 and 16 units for psychrotrophs from 
CP and OP systems during cold storage; the increase may be lower in the later case due 
to the particular features of samples O4, O5 and O6.  

Interestingly, the statistical analyses of RAPD, which enabled a sample ranking according to 
the “AR loads” revealed that samples may be or not similarly ranked over time following 
the cold storage, depending on the considered populations (whether mesophiles or 
psychrotrophs)(Fig. 4a,b). Noteworthy, samples O5 and O6 were ranked as highest AR 
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carriers on the side of the psychrotrophs at day 0 whereas, at day 4, a partition into two 
classes considered O3, O1 and O2 as high AR carriers, and O6, O5 and O4 as lower ones. 
Clearly, the cold storage affected differently OP samples while for samples O1, O2 and O3 
the AR, estimated as relative amounts, increased, the AR decreased for O4, O5 and O6.  

The high RAP0 and RAP4 values of the six considered OP samples (Fig. 2) bring up the 
question on whether the AR load is the consequence of different milk production practices 
or may be sample dependant. Part of the answer is given by the RAP0 and RAP4 values, 
together with their respective variation ranges: the RAP0 and RAP4 variation ranges were 
comprised between 0-12 (mean 0.2456) and 0-0.996 (mean 0.0869) respectively, for 
psychrotrophs enumerated from OP samples. In a previous study where the AR was 
followed over time (at days 0, 2 and 4 of cold storage) from CP raw milk samples it was 
noticed that RAP2 (determined after 2 days cold storage) and the corresponding variation 
range largely supplanted RAP0 and RAP4 values and their corresponding variation ranges 
(Munsch-Alatossava et al. 2012). Moreover ANOVA performed on RAP0 and RAP4 ranks 
revealed significant main effect (F values from the Fischer-Snedecor test, p<0.0001 were 
highest) of the “AB type” for all analysed conditions (day0/day4; 
mesophiles/psychrotrophs; conventional/organic production systems) to the exception of 
psychrotrophs from organic milk samples for which the “sample” was the most important 
factor.  

Consequently, we hypothesize that since total counts for O4 and O5 were highest at day 0 
(around and slightly above 105 CFU/ml, Fig. 1), lower for O6 which however exhibited the 
highest percentage of psychrotrophs at day 0 (100%), the excessively high value of Rap0 
may be due to the samples O4, O5 and O6, which were most probably longer cold stored 
prior to the initial analyses as compared to O1, O2 and O3. This point is reinforced by the 
DGGE based analyses of OP samples, as for the samples O4, O5 and O6 the profiles at day 4 
were quite similar as the ones of day 0, indicative of little changes in the bacterial 
community over time (Fig. 5). Like for other studies, DGGE based data confirmed the 
potential of this approach to investigate changes in raw milk at population levels. Clearly, 
the cold storage (4 days at 4°C) promoted a reduction of dominant bacterial species: similar 
observations were made with DGGE based analyses for raw milk stored at 4°C for 24h by 
Lafarge et al. (2004), but also for meat (Li et al., 2006).  

To some extent, results from DGGE analyses were coherent with plating results: the samples 
C1, C5, C6, O1 and O2 showed the highest bacterial diversity at day 0 as visible from the 
most complex banding patterns (Fig. 5). The same samples presented the lowest percentages 
of psychrotrophs in the initial microflora at day 0 (data not shown), suggesting that these 
samples were more fresh, and had the lowest storage history. Conversely C4 and O4, for 
which high percentages of psychrotrophs were recorded at day 0, yielded electrophoretic 
patterns with fewest bands amounts (Fig. 5).  

What could explain such high if not higher AR levels in bacteria from organic compared to 
conventional production systems? Even though any use of antimicrobials may create the 
potential for AR development, at day 0, the usage patterns of ABs could somehow constitute 
one part of the explanation (Kools et al., 2008; Thomson et al., 2008). Manure contains 
substantial amounts of both antimicrobials and antimicrobial-resistant microorganisms; 
agricultural practices that prevail in organic production systems where chemical fertilizers 
are prohibited, and are replaced by antibiotic-polluted manure applications, and where at 
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least 50% of the feed is produced on the farm may also partially explain rather high AR 
levels in OP compared to CP samples. As milk is the target of numerous sources of 
contaminations (soil, environment…), it may be not that surprising if AR levels are at least 
as high for OP as for CP samples .  

In 2008, the European Commission launched the European Union ´s new organic farming 
campaign under the slogan “Organic farming, Good for nature, Good for you”. At the same 
time, the European Food Safety Authority (2008) attempted to evaluate to which extent food 
serves as a source for the acquisition by human of antimicrobial-resistant bacteria and 
whether foodborne antimicrobial resistance constitutes a biological hazard.  

The statistics applied for data treatment on ranks of RAPD which compared the AR load in 
milk over time as quantified through RAPD (indicative of relative amounts) suggested that 
the AR level, the AR trend over time may be less “milk production type” than “sample” 
dependant; the main determinant may be the initial microflora. Whether cold storage of raw 
milk promotes the raise of AR, of multiresistant traits among bacteria and whether it affects 
differently conventionally or organic produced milk needs still to be further investigated. 
The image of safer and healthier food is most often associated to organic food by consumers. 
Whether initial good intentions based on a more rare use of ABs (typical for organic 
production systems), contrarily to conventional systems with more frequent use of ABs, are 
diverted by microbial activity needs further clarifications. 

5. Conclusion 
In this study, AR was highest at day 0 for psychrotrophs present in OP samples. Even 
though the cold storage globally promoted a drop of RAP values (as relative amount of AR) 
over time, in detail the trends were more contrasted as the AR load increased for 
psychrotrophs from OP samples for both L and TS at both tested concentrations, during the 
4 days storage at 4°C. The AR only dropped for mesophiles, from both sample types, for C 
at both concentrations. For OP samples, if C-resistance was most frequent at day 0 (which 
corresponds to rather fresh milk), TS-resistance was more common at day 4 (when the milk 
already underwent a certain cold storage). Based on DGGE pattern analyses, the bacterial 
communities fingerprints appeared to be at both sampling days ¨milk age¨ and ¨milk type¨ 
dependant as the clustering distinguished CP and OP raw milk samples, with different 
freshness e.g. more or less cold stored. Moreover the changes in bacterial populations 
structure, following cold storage, indicated a shift in banding patterns towards AT-rich 
regions, suggesting that the cold storage of raw milk promotes the dominance of AT-rich 
species over time, irrespective of the milk type.  
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What could explain such high if not higher AR levels in bacteria from organic compared to 
conventional production systems? Even though any use of antimicrobials may create the 
potential for AR development, at day 0, the usage patterns of ABs could somehow constitute 
one part of the explanation (Kools et al., 2008; Thomson et al., 2008). Manure contains 
substantial amounts of both antimicrobials and antimicrobial-resistant microorganisms; 
agricultural practices that prevail in organic production systems where chemical fertilizers 
are prohibited, and are replaced by antibiotic-polluted manure applications, and where at 
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dependant; the main determinant may be the initial microflora. Whether cold storage of raw 
milk promotes the raise of AR, of multiresistant traits among bacteria and whether it affects 
differently conventionally or organic produced milk needs still to be further investigated. 
The image of safer and healthier food is most often associated to organic food by consumers. 
Whether initial good intentions based on a more rare use of ABs (typical for organic 
production systems), contrarily to conventional systems with more frequent use of ABs, are 
diverted by microbial activity needs further clarifications. 

5. Conclusion 
In this study, AR was highest at day 0 for psychrotrophs present in OP samples. Even 
though the cold storage globally promoted a drop of RAP values (as relative amount of AR) 
over time, in detail the trends were more contrasted as the AR load increased for 
psychrotrophs from OP samples for both L and TS at both tested concentrations, during the 
4 days storage at 4°C. The AR only dropped for mesophiles, from both sample types, for C 
at both concentrations. For OP samples, if C-resistance was most frequent at day 0 (which 
corresponds to rather fresh milk), TS-resistance was more common at day 4 (when the milk 
already underwent a certain cold storage). Based on DGGE pattern analyses, the bacterial 
communities fingerprints appeared to be at both sampling days ¨milk age¨ and ¨milk type¨ 
dependant as the clustering distinguished CP and OP raw milk samples, with different 
freshness e.g. more or less cold stored. Moreover the changes in bacterial populations 
structure, following cold storage, indicated a shift in banding patterns towards AT-rich 
regions, suggesting that the cold storage of raw milk promotes the dominance of AT-rich 
species over time, irrespective of the milk type.  
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1. Introduction 
Animal and human wastes contain fecal bacteria, including pathogens that can contaminate 
groundwater, streams, lakes, and reservoirs through runoff and infiltration. Bacterial nonpoint 
sources of pollution continually impair water quality (Hartel et al., 2002). These pollution 
sources may come from failed septic systems, large animal operations, land application of 
wastes, sewage treatment facilities, and wildlife. Fecal pollution of rivers and streams is of 
great concern due to the direct potential threat to human health, and the increased costs 
associated with water treatment.  

Groundwater contamination from these wastes can be a serious environmental concern in 
well-drained soils and soils with shallow water tables. Karst topography in Kentucky, for 
example, constitutes 55% of the land area (KGS, 2002), much of which is in pasture where 
land application of animal waste is commonly practiced. Of the 4,521 total km (2,810 total 
mi) of rivers and streams assessed in Kentucky in 2000, 73% were impaired for primary 
contact (>200 fecal coliforms/100 mL; USEPA, 2000). Similar reports regarding impaired 
watersheds can be found throughout the United States. Dombek et al. (2000) reported that 
47% of assessed river miles in Minnesota were impaired for primary contact due to high 
levels of fecal coliform bacteria. Graves et al. (2002) reported that approximately 13% of 
monitored streams and 1% of estuaries in Virginia were impaired, with >60% of the 
impairments due to fecal contamination. The recurrence of such reports is evidence that 
tools are needed to identify such pollution sources and facilitate restoration efforts such as 
implementing total maximum daily loads (TMDLs) or best management practices (BMPs). 

The reliance of pollution remediation efforts on TMDLs has been one of the driving forces 
behind developing techniques to distinguish between human and non-human fecal 
pollution sources (Johnson et al., 2004). A standard method of assessing water quality 
impairment based on the potential for pathogenic microbes of intestinal origin is to 
enumerate commensal bacteria such as coliforms. While total and fecal coliform counts 
produce an estimate of pollution levels, specific sources of the microbial pollution cannot be 
determined. Microbial source tracking (MST) techniques offer unique approaches to 
differentiate nonpoint source pollution. By tracking a pollution source to its origin, 
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produce an estimate of pollution levels, specific sources of the microbial pollution cannot be 
determined. Microbial source tracking (MST) techniques offer unique approaches to 
differentiate nonpoint source pollution. By tracking a pollution source to its origin, 
resources and management tools may be better allocated to improve water quality. Some 
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issues that affect the usefulness of these MST techniques include the appropriate database 
portability, size, and temporal characteristics to yield adequate power of prediction given 
the diversity of antibiotic resistance patterns in a watershed.  

The answers to these issues are as yet undetermined. Several reports agree that MST 
techniques are most applicable to limited geographical areas such as specific watersheds 
rather than larger geographic regions (Guan et al., 2002; Johnson et al., 2004; Lu et al., 2005; 
McClellan et al., 2003). There is also no consensus on whether using Escherichia coli (EC) or 
fecal streptococci (FS) is preferred for use as indicator bacteria. Because of the labor-
intensive and time-consuming nature of database building, the characteristics of a useful 
database are critical in the future applicability of MST methodologies.  

There is little research that has concluded with any certainty on temporal variability effects 
on the ability of a host source database to classify nonpoint sources of pollution. There are 
research papers that have reported on lack of temporal stability due to among-species 
variation (Caugant et al., 1981; Gordon, 2001). One assumption made for the use of 
microbial source tracking is temporal stability or the ability to collect samples from the same 
source over time with little to no change in the outcome. Gordon (2001) reported on the 
minimal population differentiation in E. coli with only 5% of observed diversity derived 
from among-species variation, and this was considered inadequate. However, with a 
representative and adequately sized database, is 5% temporal variation significant?  

Gordon (2001) continued to report on the most significant problem using E. coli in an MST 
database in which substantial changes in community occur from host to external 
environment. Caugant et al. (1981) reported that transient and resident strains of E. coli are 
present in the same host and they pose many questions as to the ramifications this may have 
to the usefulness of MST techniques. Jenkins et al. (2003) reported on the clonal diversity of 
E. coli among the same Black Angus steers sampled four times through one year. They 
evaluated ribotypes from two herds and discovered that a high clonal diversity index 
necessitated a large number of isolates (>900) for a database to be independent of temporal 
variations; however, they were uncertain whether their 20:1 resident to transient ratio could 
be overcome. Although Wiggins et al. (2003) studied fecal streptococci, they established that 
separate geographical databases, i.e., several watersheds, could be merged together to create 
a large, more representative database. Further, they concluded that the profiles were 
temporally stable for at least one year using antibiotic resistance analysis.  

Phenotypic MST techniques such as antibiotic resistance analysis (ARA) have had moderate 
levels of success in small and relatively simple aquatic systems to differentiate human and 
nonhuman sources of pollution, or two-way level of classification (Carson et al., 2001; Guan 
et al., 2002; Graves et al., 2002; Hagedorn et al., 1999; Hartel et al., 2002; Harwood et al., 2000; 
Ritchey and Coyne, unpublished data; Ritchey and Coyne, 2009; Wiggins et al., 1999). 
Correct classification rates of ≥50% including five or more sources are considered useful by 
resource managers and rates of 60-70% are very useful (Harwood et al., 2000). Guan et al. 
(2002) conducted a study evaluating profiles using 14 antibiotics with a database consisting 
of 319 EC isolates collected from nine host sources. The database correctly classified 46% of 
the domestic, 95% of the wildlife, and 55% of the human sources. When the researchers 
pooled the nonhuman sources and compared the isolates to human sources, the RCC was 
86% for human and 92% for nonhuman isolates. Harwood et al. (2000) constructed a 
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database of 6144 fecal coliforms FC and 4619 FS isolates from profiles using 9 antibiotics. For 
the larger database, when the isolates from the animal sources were analyzed separately, the 
RCC was 54% for the FC human isolates and 61% for the FS isolates. Pooling the animal 
sources together increased the human RCCs to 69% for the FC isolates and to 76% for the FS 
isolates. Reducing the number of sources and pooling the animal sources together, greatly 
increased RCC values (Carson et al., 2001; Guan et al., 2002; Harwood et al., 2000).  

Generally, the primary concern of water resource managers and public health officials is 
discriminating human and nonhuman sources of contamination followed by secondary 
information to determine the source of the animal contamination (Harwood et al., 2000). 
Ritchey and Coyne (unpublished data) reported rates of correct classification of 66% for 
human and 67% for nonhuman sources at the two-way level of classification. However, 
caution must be exercised when testing the portability or spatial variability of the database 
by applying it on a large geographic-scale and in more complex systems. Many researchers 
(Guan et al., 2002; Johnson et al., 2004; Lu et al., 2005; McLellan et al., 2003) have concluded 
that because of the importance for an MST database to represent an area, yet exhibit limited 
temporal variability despite the genetic diversity of bacteria, MST techniques may be more 
useful when applied to limited geographical areas such as specific watersheds. Work 
presented by Harwood et al. (2000) with a database of 6144 isolates produced acceptable 
RCCs. Those RCCs were lower than the RCCs obtained by Wiggins (1996) when using 
limited geographic areas, but similar to Wiggins et al. (1999) when the geographical area of 
their study was increased.  

Regardless if one is evaluating an aquatic or terrestrial system, the same unresolved issues 
remain that affect the ability of MST techniques to ascertain the source of contamination 
from fecal sources to an adequate level of predictability. These issues predominantly lie in 
the intrinsic resistance and stability, which can vary considerably based on antibiotic 
profiles chosen, source and type of fecal bacteria, portability, temporal characteristics, and 
soil and/or water conditions. Based on past and current research, complex environmental 
systems still require considerable research to adequately evaluate the application of MST. 

2. Terrestrial systems and a Kentucky study 
Numerous studies show that pollutant concentrations from manure-amended agriculture 
lands often exceed water quality standards (Howell et al., 1995; Reddy et al., 1981). Bacteria 
survival also influences bacterial contamination from manure-amended agriculture lands 
through runoff and infiltration. Some important factors influencing bacteria survival in soil 
are soil type, moisture, temperature, sunlight, pH, antibiotics, competitive organisms, 
available nutrients, organic matter, and clay content (Ellis and McCalla, 1978). Few studies 
have evaluated sod management practices on fecal bacteria survival, but Entry et al. (2000) 
showed that vegetation type in riparian filter strips had no effect on fecal coliform survival 
in soils. 

Various studies have investigated the correlation behind surface derived fecal sources and 
elevated fecal levels in groundwater, via infiltration, and surface water, via overland flow or 
erosion. Several studies have reported that moisture levels play a primary role in 
determining bacterial growth and duration, while temperature was a secondary factor 
(Berry and Miller, 2005; Collins, 2004; Sinton et al., 2007; Stoddard et al., 1998; Unc and Goss, 
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2003). Soil physicochemical characteristics including soil type, structure, depth to water 
tables, and bedrock, i.e. karstic, should be considered when investigating non point sources 
of contamination. Stoddard et al. (1998) studied leachate of manure treated and untreated 
shallow karst tilled and no-tilled soils from central Kentucky (the Bluegrass region). Neither 
timing of manure application nor tillage method significantly affected leachate 
concentration of fecal coliforms. Movement of fresh fecal bacteria, within 60 days of 
application, moved below the root zone upon sufficient rainfall events.  

Based on past and current research, complex environmental systems still require 
considerable research to adequately evaluate the application of MST techniques. Mowing is 
a common sod management practice that could affect fecal bacteria survival and antibiotic 
resistance patterns in poultry manure-amended pasture lands because it subjects fecal 
bacteria to environmental stress. In the Kentucky study Ritchey and Coyne (unpublished 
data), fecal bacteria survival was examined in frequently mowed, poultry manure-amended 
sod on Maury silt loam soil for 70 days. Simultaneously evaluated was the efficacy of 
antibiotic resistance analysis across time for this known animal waste source.  

3. Study conditions 
The soil consisted of Maury silt loam (fine, mixed, mesic, Typic Paleudalf) in undisturbed 
sod-covered plots with mixed grass vegetation dominated by fescue. There were 14 
experimental units measuring 2.4 m wide by 6 m long, spaced 2.5 m apart. The treatments 
were undisturbed (n=3), disturbed every week (n=4), and disturbed biweekly (n=4). 
Disturbance was simulated by using a push mower. Each treatment had one unmanured 
plot as a control. All treatments received poultry manure at a rate of 20 kg per plot (14 Mg 
ha-1) in a completely randomized design. Sampling was conducted on day 0, 7, 14, 21, 28, 49, 
and 70. Because source was known, monitoring the environmental conditions to determine 
how these sources reacted with the respective condition changes on pasture areas was 
possible. In this way, behavior of these fecal coliforms with measurable environmental 
conditions could better be predicted. 

Two soil cores, 5 cm deep, were extracted from random locations in each plot, before 
mowing, at each interval during the experiment. The soil cores were bagged separately and 
stored at 4 0C until analysis within 24 h of collection. Each core was separated into 
vegetative cover and soil for analysis. Fecal coliforms and fecal streptococci from vegetation 
and soil were enumerated separately. Composite samples of vegetative cover along with the 
surface residue were prepared from the two cores in each plot and 3 g of composite sample 
was added to 90 ml of 2 mM phosphate buffer (pH 7.2). The surface 5 cm of soil from each 
core in each plot was thoroughly mixed and 10 g of field moist soil was added to 90 ml of 
phosphate buffer. The buffer and samples were agitated on a reciprocating shaker at 
approximately 160 rpm for 30 min to extract the bacteria. Oven dry weights of vegetative 
and soil samples were determined and all fecal bacteria concentrations were expressed on a 
dry weight basis. Samples were analyzed for fecal coliforms and fecal streptococci within 24 
h using a spiral plater (Autoplate ® 4000 spiral plater, Spiral Biotech, Inc., Bethesda, MD). 
Fecal coliforms were incubated on mFC agar (Difco™ mFC Agar, Detroit, MI) at 44.5 °C for 
22 h, and fecal streptococci were incubated on KFS agar (Difco ™ KFS Agar, Detroit, MI) at 
35 °C for 48 h. 
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After EC and FS colonies were counted, at least five isolates from each plot were selected at 
random. To verify the presence of EC and FS, the isolates were grown on EC-MUG broth 
and mEnterococcus agar, respectively. The positively identified isolates were spiral plated in 
duplicate onto Mueller Hinton agar. Immediately after plating the E. coli isolates, antibiotic 
diffusion discs (BBL™ Sensi-Disc, Sparks, MD) were placed onto the agar surface using an 
8-place dispenser (BBL® Sensi-Disc 8-place dispenser, Cockeysville, MD). Seven antibiotics 
were evaluated at the following concentrations: ampicillin (10 μg), cephalothin (30 μg), 
erythromycin (15 μg), rifampin (5 μg), streptomycin (10 μg), tetracycline (30 μg), and 
trimethoprim (5 μg). The cultures were incubated at 35 °C for 24 h and zones of inhibition for 
each antibiotic disc were measured at the end of the incubation period. The same procedure 
was followed for the fecal streptococci isolates except the positively identified isolates were 
grown in Tryptic Soy Broth (Difco ™ Tryptic Soy Broth, Detroit, MI) at 35 °C for 48 h and 
then spiral plated onto Mueller Hinton agar that was incubated at 35 °C for 48 h.  

Statistical analysis for fecal coliform and fecal streptococci concentrations in sod and soil 
was performed separately using the PROC MIXED procedure in SAS ® (SAS version 8.2, 
SAS Institute Inc., Cary, NC) for the analysis of variance and means separation among the 
treatments were determined by difference in least square means. A linear regression model 
using a first order decay model (log CFU g-1 = K Days + Constant; K= mortality rate) was 
used to estimate the fecal coliform and fecal streptococci mortality rates in sod and soil. 
Statistical analysis for E. coli and fecal streptococci antibiotic resistance patterns was 
performed using the PROC GLM procedure in SAS. Repeated measures were used for 
analysis of variance to detect differences in treatments, collection dates, and interaction of 
treatments by collection dates. The LSD procedure was used to detect significant pairwise 
differences. Principle components analysis was performed using the PROC PRINCOMP 
procedure in SAS. Discriminant analysis was used to evaluate correct rates of classification 
and was performed using the PROC DISCRIM procedure in SAS. 

4. Results and discussion 
4.1 Population and survival 

The background fecal coliform and fecal streptococci concentrations in the plots were not 
significantly different from one another prior to manure application. The fecal coliform 
concentrations in background ranged from non detectable (<1) to 100 CFU g-1 in sod and 
non detectable to 50 CFU g-1 in soil. The fecal streptococci concentrations in the background 
ranged from 1,000 to 16,000 CFU g-1 in sod and 100 to 800 CFU g-1 in soil. The poultry 
manure contained approximately 7.9 x 108 CFU g-1 fecal coliforms, and 2.5 x 109 CFU g-1 
fecal streptococci. 

Manure application significantly increased the fecal coliform and fecal streptococci 
concentrations in sod and soil compared to the respective unmanured controls and remained 
so for the duration of the experiment. The fecal coliform and fecal streptococci concentrations 
exceeded 106 CFU g-1 sod and 105 CFU g-1 soil seven days after manure application (Tables 1 
and 2). Fecal coliform and fecal streptococci concentrations in unmanured control plots also 
increased after manure application, but this was most likely due to cross contamination 
resulting from mowing and sample collection. Mowing frequency neither increased nor 
decreased the fecal coliform and fecal streptococci concentration in either sod or soil in the   
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exceeded 106 CFU g-1 sod and 105 CFU g-1 soil seven days after manure application (Tables 1 
and 2). Fecal coliform and fecal streptococci concentrations in unmanured control plots also 
increased after manure application, but this was most likely due to cross contamination 
resulting from mowing and sample collection. Mowing frequency neither increased nor 
decreased the fecal coliform and fecal streptococci concentration in either sod or soil in the   
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Treatment Day 7 Day 14 Day 21 Day 28 Day 49 
Sod 

Never Mowed  6.9a* † 7.9a* 6.4a* 6.0a* 5.1a* 
Never Mowed control 4.1 4.0 4.1 4.0 BD 
Mowed Biweekly 6.8a* 7.2ab* 6.3a* 6.4a* 4.6a* 
Mowed Biweekly control 4.4 3.9 4.2 3.6 1.9 
Mowed Weekly 6.6a* 6.9b* 5.7a* 6.1a* 4.5a* 
Mowed Weekly control  5.1 4.9 4.4 4.1 3.2 

Soil 
Never Mowed 5.5a* 4.1a* 4.4a* 4.0b* 2.6a* 
Never Mowed control 2.9 2.4 ND 1.2 BD 
Mowed Biweekly 5.1a* 5.1a* 5.1a* 3.8b* 2.6a* 
Mowed Biweekly control 3.1 2.4 1.9 BD BD 
Mowed Weekly 5.1a* 4.5a* 4.3a* 4.3a* 3.0a 
Mowed Weekly control 3.6 3.3 3.1 3.3 3.6 

† Values at each interval and sample type sharing the same letter are not significantly different (p  
0.05). None of the controls were significantly different from one another. * Significantly different (p ≤ 
0.05) from unmanured controls. ND- Not determined. BD – Below detection levels. 

Table 1. Average fecal coliform concentration (log CFU g-1) from sod/soil in mowed and 
poultry manure-amended sod plots. 

 

Treatment Day 7 Day 14 Day 21 Day 28 Day 49 Day 70 
Sod 

Never Mowed 6.5a*† 6.2a* 6.3a* 6.3a* 6.4a* 4.9a 
Never Mowed control 4.8 4.7 4.3 5.1 3.8 4.6 
Mowed Biweekly 6.3a* 6.1a* 6.2a* 5.9a* 3.9a* 5.4a 
Mowed Biweekly control 4.0 4.8 4.3 4.3 5.1 BD 
Mowed Weekly 6.6a* 6.3a* 6.3a* 6.6a* 5.9a* 4.9a 
Mowed Weekly control  4.6 4.9 3.9 4.4 4.4 BD 

Soil 
Never Mowed 5.0a* 5.0a* 5.0ab* 4.5a* 4.0a* 3.3a 
Never Mowed control 4.1 3.8 3.3 3.1 3.1 3.2 
Mowed Biweekly 5.1a* 5.3a* 5.1a* 4.5a* 3.7a 3.6a 
Mowed Biweekly control 3.9 2.8 3.7 2.7 3.0 3.7 
Mowed weekly 5.2a* 5.2a* 4.6b 4.5a* 4.0a* 3.3a 
Mowed weekly control  4.0 4.0 3.9 3.6 3.1 3.5 

† Values at each interval and sample type sharing the same letter are not significantly different (p  
0.05). None of the controls were significantly different from one another. * Significantly different (p ≤ 
0.05) from unmanured controls. ND- Not determined. BD - Below detection levels. 

Table 2. Average fecal streptococci concentration (log CFU g-1) from sod/soil in mowed and 
poultry manure-amended sod plots. 

 
Stability of Antibiotic Resistance Patterns in Agricultural Pastures: Lessons from Kentucky, USA 

 

131 

manure-amended plots. These results were consistent with previous rain simulation studies 
on bacterial survival and infiltration in frequently mowed sod plots (Gandhapudi, 2004) in 
which mowing did not significantly affect the fecal bacteria concentrations recovered in 
lysimeters pans. 

Because mowing had no effect on bacteria survival, different treatments were used in the 
study as replicates to study fecal coliform and fecal streptococci survival in sod and soil. The 
fecal coliform concentration in sod increased from 7 to 14 days after manure application, 
suggesting net growth, and thereafter decreased slowly for the rest of the study period. In 
contrast, the fecal coliform concentrations in soil slowly but continuously declined after 
manure application, without any evidence of net growth during the first 14 days. The fecal 
coliforms in sod and soil had only an approximate 25-fold decrease in 49 days. However, 
fecal coliform concentration in sod and soil declined below the detection limits (1000 CFU g-

1 in sod and 100 CFU g-1 in soil) 70 days after manure application. The difference in 
detection limits was due to the difference in initial dilution. 

The fecal streptococci concentration in sod and soil declined very slowly after manure 
application for the duration of experiment (70 days). There was only an approximate 15-fold 
decrease in fecal streptococci concentration observed in 70 days and the fecal streptococci 
concentration exceeded 4 x 104 CFU g-1 in sod and 2.0 x 103 CFU g-1 in soil even 70 days after 
manure application. However, fecal streptococci concentrations at 70 days were not 
different from unmanured control plots. 

4.1.1 Mortality rates 

A first order die-off model was used to describe fecal coliform and fecal streptococci 
mortality in this study because the first order die-off model has been widely and 
successfully used to describe fecal bacteria mortality in bacteria survival studies (Edwards 
and Daniel, 1992; Reddy et al., 1981; Stoddard et al., 1998). A 35-day model (between Day 14 
and Day 49), excluding the periods with net growth, was used to describe the fecal coliform 
mortality in sod and a 49-day model (between Day 7 and Day 49) was used to describe the 
fecal coliform mortality in soil. The linear regression model (log CFU g-1 = k Days + 
constant) describing mortality rates indicated that there was no difference between 
mortality rates in sod and soil, and that the average fecal coliform mortality rate (k) was 0.06 
log cells day-1 (R2= 0.57 in sod; R2 = 0.53 in soil). Redistribution of fecal bacteria in manure 
during mowing can presumably have facilitated growth, but attempts were not made to 
calculate growth rates for individual treatments. Lack of significant differences in net 
mortality rates was likely due to confounding effects of growth and mortality. 

A 70-day linear regression model (log CFU g-1 = k Days + constant) was used to describe 
fecal streptococci mortality in sod and soil. The average fecal streptococci mortality rates in 
this model were 0.02 log cells day-1 (R2= 0.53) in sod and 0.03 log cells day-1 (R2 = 0.69) in 
soil. We assume that very low fecal streptococci mortality rates in sod and soil might have 
been influenced by the background fecal streptococci populations. The fecal streptococci 
mortality rate in the control plots did not correlate with the fecal streptococci mortality rates 
in the manure-amended population. In unmanured controls, the fecal streptococci 
concentrations did not change significantly throughout the study.  
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Treatment Day 7 Day 14 Day 21 Day 28 Day 49 
Sod 

Never Mowed  6.9a* † 7.9a* 6.4a* 6.0a* 5.1a* 
Never Mowed control 4.1 4.0 4.1 4.0 BD 
Mowed Biweekly 6.8a* 7.2ab* 6.3a* 6.4a* 4.6a* 
Mowed Biweekly control 4.4 3.9 4.2 3.6 1.9 
Mowed Weekly 6.6a* 6.9b* 5.7a* 6.1a* 4.5a* 
Mowed Weekly control  5.1 4.9 4.4 4.1 3.2 

Soil 
Never Mowed 5.5a* 4.1a* 4.4a* 4.0b* 2.6a* 
Never Mowed control 2.9 2.4 ND 1.2 BD 
Mowed Biweekly 5.1a* 5.1a* 5.1a* 3.8b* 2.6a* 
Mowed Biweekly control 3.1 2.4 1.9 BD BD 
Mowed Weekly 5.1a* 4.5a* 4.3a* 4.3a* 3.0a 
Mowed Weekly control 3.6 3.3 3.1 3.3 3.6 

† Values at each interval and sample type sharing the same letter are not significantly different (p  
0.05). None of the controls were significantly different from one another. * Significantly different (p ≤ 
0.05) from unmanured controls. ND- Not determined. BD – Below detection levels. 

Table 1. Average fecal coliform concentration (log CFU g-1) from sod/soil in mowed and 
poultry manure-amended sod plots. 
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Mowed Weekly control  4.6 4.9 3.9 4.4 4.4 BD 

Soil 
Never Mowed 5.0a* 5.0a* 5.0ab* 4.5a* 4.0a* 3.3a 
Never Mowed control 4.1 3.8 3.3 3.1 3.1 3.2 
Mowed Biweekly 5.1a* 5.3a* 5.1a* 4.5a* 3.7a 3.6a 
Mowed Biweekly control 3.9 2.8 3.7 2.7 3.0 3.7 
Mowed weekly 5.2a* 5.2a* 4.6b 4.5a* 4.0a* 3.3a 
Mowed weekly control  4.0 4.0 3.9 3.6 3.1 3.5 

† Values at each interval and sample type sharing the same letter are not significantly different (p  
0.05). None of the controls were significantly different from one another. * Significantly different (p ≤ 
0.05) from unmanured controls. ND- Not determined. BD - Below detection levels. 

Table 2. Average fecal streptococci concentration (log CFU g-1) from sod/soil in mowed and 
poultry manure-amended sod plots. 
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manure-amended plots. These results were consistent with previous rain simulation studies 
on bacterial survival and infiltration in frequently mowed sod plots (Gandhapudi, 2004) in 
which mowing did not significantly affect the fecal bacteria concentrations recovered in 
lysimeters pans. 

Because mowing had no effect on bacteria survival, different treatments were used in the 
study as replicates to study fecal coliform and fecal streptococci survival in sod and soil. The 
fecal coliform concentration in sod increased from 7 to 14 days after manure application, 
suggesting net growth, and thereafter decreased slowly for the rest of the study period. In 
contrast, the fecal coliform concentrations in soil slowly but continuously declined after 
manure application, without any evidence of net growth during the first 14 days. The fecal 
coliforms in sod and soil had only an approximate 25-fold decrease in 49 days. However, 
fecal coliform concentration in sod and soil declined below the detection limits (1000 CFU g-

1 in sod and 100 CFU g-1 in soil) 70 days after manure application. The difference in 
detection limits was due to the difference in initial dilution. 

The fecal streptococci concentration in sod and soil declined very slowly after manure 
application for the duration of experiment (70 days). There was only an approximate 15-fold 
decrease in fecal streptococci concentration observed in 70 days and the fecal streptococci 
concentration exceeded 4 x 104 CFU g-1 in sod and 2.0 x 103 CFU g-1 in soil even 70 days after 
manure application. However, fecal streptococci concentrations at 70 days were not 
different from unmanured control plots. 

4.1.1 Mortality rates 

A first order die-off model was used to describe fecal coliform and fecal streptococci 
mortality in this study because the first order die-off model has been widely and 
successfully used to describe fecal bacteria mortality in bacteria survival studies (Edwards 
and Daniel, 1992; Reddy et al., 1981; Stoddard et al., 1998). A 35-day model (between Day 14 
and Day 49), excluding the periods with net growth, was used to describe the fecal coliform 
mortality in sod and a 49-day model (between Day 7 and Day 49) was used to describe the 
fecal coliform mortality in soil. The linear regression model (log CFU g-1 = k Days + 
constant) describing mortality rates indicated that there was no difference between 
mortality rates in sod and soil, and that the average fecal coliform mortality rate (k) was 0.06 
log cells day-1 (R2= 0.57 in sod; R2 = 0.53 in soil). Redistribution of fecal bacteria in manure 
during mowing can presumably have facilitated growth, but attempts were not made to 
calculate growth rates for individual treatments. Lack of significant differences in net 
mortality rates was likely due to confounding effects of growth and mortality. 

A 70-day linear regression model (log CFU g-1 = k Days + constant) was used to describe 
fecal streptococci mortality in sod and soil. The average fecal streptococci mortality rates in 
this model were 0.02 log cells day-1 (R2= 0.53) in sod and 0.03 log cells day-1 (R2 = 0.69) in 
soil. We assume that very low fecal streptococci mortality rates in sod and soil might have 
been influenced by the background fecal streptococci populations. The fecal streptococci 
mortality rate in the control plots did not correlate with the fecal streptococci mortality rates 
in the manure-amended population. In unmanured controls, the fecal streptococci 
concentrations did not change significantly throughout the study.  
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Studies that used poultry litter as a soil amendment have reported mortality rates ranging 
from 0.06–0.29 day-1 for fecal coliforms and 0.06-0.357 day-1 for fecal streptococci (Crane et 
al., 1980; Zhai et al., 1995). Our mortality rates were comparable to the mortality rates 
reported elsewhere, although the simple first order die-off model used in this study to 
describe the mortality of fecal coliform and fecal streptococci in sod and soil showed a poor 
R2, indicating that the model was not a good fit for the data.  

Moisture, temperature, and nutrient availability are important factors that influence fecal 
coliform and fecal streptococci mortality in soil. Entry et al. (2000), for example, reported 
that decreasing soil moisture and increasing soil temperature substantially increased the 
mortality of total coliforms and fecal coliforms in soil. Our results suggest that fecal coliform 
and fecal streptococci mortality rates were also influenced by soil moisture and temperature. 
During the study period almost every sampling period was preceded by a rain event that 
substantially increased the gravimetric moisture content in the soil to 29-40% (Fig. 1). 
Weekly rainfall exceeded 5-year averages in 6 of 10 sample periods (Fig. 2). The average 70-
day temperature during the study was 17–27 °C in sod and 22–25 °C in soil.  
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Fig. 1. Daily maximum and minimum air and soil temperatures, and total precipitation 
during the study period (July 2003 – October 2003) (weather data from Maine Chance 
Research Farm, Lexington KY). Dotted lines in the graph indicate the sampling periods 
during the study.  

4.2 Antibiotic resistance patterns 

Antibiotic resistance patterns of E. coli (EC) and fecal streptococci (FS) changed with time. 
The E. coli in sod and soil generally lost resistance followed by a return to initial patterns of 
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resistance; whereas, the fecal streptococci in sod and soil generally had periods of increased 
resistance followed by a return to initial patterns. A summary of the significant differences 
of means by antibiotic and date from sod and soil for EC are shown in Table 3. A summary 
of the significant differences of means by antibiotic and date from sod and soil for FS are 
shown in Table 4. 
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Fig. 2. Weekly rainfall departure during the study period (July – September 2003) from the 
past five year average (1998-2002). (Data obtained from Spindletop Research Farm Weather 
Station, Lexington KY). 

Escherichia coli (EC) Isolates – Sod. There were five sampling dates for the sod EC isolates. 
The samples were collected at days 0, 7, 14, 28, and 49 after poultry application. The choice 
of antibiotic(s) for the study played a large role in the detection of bacterial changes with 
time. This was evident based on different resistance patterns among the seven antibiotics, 
thus providing more unique ‘signatures’ for each isolate. Statistical analysis of the sod data 
indicated that there was no significant treatment or sampling date main effect or interaction 
for ampicillin and cephalothin. The remaining antibiotics (i.e., erythromycin, rifampin, 
streptomycin, tetracycline, and trimethoprim) all produced significantly different antibiotic 
resistance patterns (ARPs) with sampling date. There were no significantly different date by 
treatment interactions or treatment main effects. 

As the area surrounding the antibiotic or zone of inhibition increases, the resistance of the 
bacteria to the antibiotic decreases, and vice versa. The resistance of EC to erythromycin, 
rifampin, streptomycin, tetracycline, and trimethoprim significantly decreased with time. 
Generally, the bacteria showed initial changes in resistance at day 14 for all of the antibiotics 
that had significant date effects.  



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

132 

Studies that used poultry litter as a soil amendment have reported mortality rates ranging 
from 0.06–0.29 day-1 for fecal coliforms and 0.06-0.357 day-1 for fecal streptococci (Crane et 
al., 1980; Zhai et al., 1995). Our mortality rates were comparable to the mortality rates 
reported elsewhere, although the simple first order die-off model used in this study to 
describe the mortality of fecal coliform and fecal streptococci in sod and soil showed a poor 
R2, indicating that the model was not a good fit for the data.  

Moisture, temperature, and nutrient availability are important factors that influence fecal 
coliform and fecal streptococci mortality in soil. Entry et al. (2000), for example, reported 
that decreasing soil moisture and increasing soil temperature substantially increased the 
mortality of total coliforms and fecal coliforms in soil. Our results suggest that fecal coliform 
and fecal streptococci mortality rates were also influenced by soil moisture and temperature. 
During the study period almost every sampling period was preceded by a rain event that 
substantially increased the gravimetric moisture content in the soil to 29-40% (Fig. 1). 
Weekly rainfall exceeded 5-year averages in 6 of 10 sample periods (Fig. 2). The average 70-
day temperature during the study was 17–27 °C in sod and 22–25 °C in soil.  
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Fig. 1. Daily maximum and minimum air and soil temperatures, and total precipitation 
during the study period (July 2003 – October 2003) (weather data from Maine Chance 
Research Farm, Lexington KY). Dotted lines in the graph indicate the sampling periods 
during the study.  

4.2 Antibiotic resistance patterns 

Antibiotic resistance patterns of E. coli (EC) and fecal streptococci (FS) changed with time. 
The E. coli in sod and soil generally lost resistance followed by a return to initial patterns of 
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resistance; whereas, the fecal streptococci in sod and soil generally had periods of increased 
resistance followed by a return to initial patterns. A summary of the significant differences 
of means by antibiotic and date from sod and soil for EC are shown in Table 3. A summary 
of the significant differences of means by antibiotic and date from sod and soil for FS are 
shown in Table 4. 
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Fig. 2. Weekly rainfall departure during the study period (July – September 2003) from the 
past five year average (1998-2002). (Data obtained from Spindletop Research Farm Weather 
Station, Lexington KY). 

Escherichia coli (EC) Isolates – Sod. There were five sampling dates for the sod EC isolates. 
The samples were collected at days 0, 7, 14, 28, and 49 after poultry application. The choice 
of antibiotic(s) for the study played a large role in the detection of bacterial changes with 
time. This was evident based on different resistance patterns among the seven antibiotics, 
thus providing more unique ‘signatures’ for each isolate. Statistical analysis of the sod data 
indicated that there was no significant treatment or sampling date main effect or interaction 
for ampicillin and cephalothin. The remaining antibiotics (i.e., erythromycin, rifampin, 
streptomycin, tetracycline, and trimethoprim) all produced significantly different antibiotic 
resistance patterns (ARPs) with sampling date. There were no significantly different date by 
treatment interactions or treatment main effects. 

As the area surrounding the antibiotic or zone of inhibition increases, the resistance of the 
bacteria to the antibiotic decreases, and vice versa. The resistance of EC to erythromycin, 
rifampin, streptomycin, tetracycline, and trimethoprim significantly decreased with time. 
Generally, the bacteria showed initial changes in resistance at day 14 for all of the antibiotics 
that had significant date effects.  
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Antibiotic Day 0 Day 7 Day 14 Day 21 Day 28 Day 49 
Sod 

Ampicillin 17a† 16a 17a ns‡ 18a 18a 
Cephalothin 18a 15a 17a ns 17a 18a 
Erythromycin 9a 8a 13b ns 16c 17c 
Rifampin 9a 8a 10a ns 13b 13b 
Streptomycin 14a 15a 17b ns 19c 18bc 
Tetracycline 21a 20a 23b ns 24b 24b 
Trimethoprim 18a 23b 26b ns 29c 28c 

Soil 
Ampicillin 18a 19a ns 18a 19a 17a 
Cephalothin 17a 16a ns 17a 19a 17a 
Erythromycin 11a 8a ns 10a 18b 17b 
Rifampin 9a 8a ns 9a 13b 12c 
Streptomycin 16a 17a ns 17a 20b 18c 
Tetracycline 20a 22ac ns 19a 25b 24bc 
Trimethoprim 23a 25ab ns 26b 28c 28c 

† Values at each interval and sample type sharing the same letter are not significantly different (p  
0.05). ‡ ns = not sampled 

Table 3. Date and mean values of antibiotic inhibition zones (mm) for E. coli isolates from 
sod and soil. 

E. coli (EC) Isolates – Soil. There were five sampling dates for the soil EC isolates. The 
samples were collected at days 0, 7, 21, 28, and 49 after poultry application. Similar to the 
sod data, there was no significant treatment or date main effect or interactions with 
ampicillin and cephalothin. The sampling dates were significantly different from each other 
using erythromycin, rifampin, streptomycin, tetracycline, and trimethoprim. The EC from 
the soil also had decreased resistance to all of the antibiotics with time. However, the initial 
changes in resistance occurred at day 21 which was approximately one week later than the 
sod. This would suggest that migration of fecal bacteria from the sod to the soil may have 
occurred with time.  

The treatment by sampling date interactions were significantly different for erythromycin 
and tetracycline. The resistance of EC decreased with time in the ‘Mowed Every Week’ and 
‘Mowed Biweekly’ treatments for erythromycin, including the control plots. In the mowed 
treatments, the significant decrease in antibiotic resistance occurred between day 0 and day 
21. However, the ‘Never Mowed’ treatments receiving poultry manure had increased 
resistance of bacteria at day 21 followed by a decrease to initial levels of resistance. The 
resistance of EC to trimethoprim decreased by day 28 and remained at that suppressed level 
until the last sampling date on day 49 for both the ‘Never Mowed’ and ‘Mowed Every 
Week’ treatments. Similar to the ‘Never Mowed’ treatment for erythromycin, the ‘Mowed 
Biweekly’ treatment for trimethoprim resulted in an increased level of resistance by day 28 
and returned to initial levels for the remaining sampling dates. There were no significant 
changes with time in the control treatment.  
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Antibiotic Day 0 Day 7 Day 14 Day21 Day 28 Day 49 Day 70 
Sod 

Ampicillin 22a† 23a 22a ns‡ 24a 21a 23a 
Cephalothin 15b 10a 9a ns 17b 14b 18b 
Erythromycin 17a 11b 9b ns 19a 20a 20a 
Rifampin 16a 14ab 10b ns 17a 18a 16a 
Streptomycin 6a 7a 6a ns 9b 10b 7a 
Tetracycline 21b 11a 11a ns 16ab 21b 23b 
Trimethoprim 26a 25a 23a ns 27a 21a 25a 

Soil 
Ampicillin 23ab 25a 24a 22ab 23ab 20b 16c 
Cephalothin 16ab 9c 10c 16ab 19a 13bc 12bc 
Erythromycin 18a 10b 12b 18a 17a 16a 16a 
Rifampin 21a 12cd 10d 18ab 15bcd 14bcd 16abc 
Streptomycin 8abc 6c 6c 9ab 10a 7bc 7bc 
Tetracycline 21a 9c 13bc 17ab 16ab 20a 19a 
Trimethoprim 25ab 29a 22b 24ab 20bc 23b 16c 

† Values at each interval and sample type sharing the same letter are not significantly different (p  
0.05). ‡ ns = not sampled 

Table 4. Date and mean values of antibiotic inhibition zones (mm) for fecal streptococci 
isolates from sod and soil. 

Fecal Streptococci (FS) Isolates – Sod. There were six collection dates for the sod FS isolates. 
The samples were collected at days 0, 7, 14, 28, 49, and 70 after poultry application. 
Trimethoprim produced no statistically significant main effects or interactions. Cephalothin, 
erythromycin, rifampin, streptomycin, and tetracycline produced significant date main 
effects. There were no significant treatment main effects for any antibiotic used in this study. 
The statistical analysis indicated that ampicillin and streptomycin produced significant 
treatment by date interactions. All of the antibiotics that had significant date effects except 
for streptomycin went through a phase of increased resistance at approximately day 7 with 
a subsequent phase at day 28 that was generally not significantly different from day 0. 
Streptomycin showed an opposite trend, whereby the bacterial response was a slight 
decrease in resistance at day 28 followed by an increase back to initial patterns of resistance 
at day 70. This may be an artifact of significant treatment by date interactions for 
streptomycin.  

The most significant differences for treatment by date interactions of ampicillin occurred in 
the ‘Mowed Biweekly’ treatment when compared to the other treatments. There was a two 
phase cycle that was marked by increased resistance of FS to ampicillin followed by a return 
to initial (day 0) patterns of resistance patterns. There were two of these cycles that were 
documented over the 70-day sampling period. The first cycle began at day 7 and ended at 
day 28. The second cycle began at day 49 and ended at day 70. The ‘Mowed Weekly’ 
treatment for treatment by date interactions of streptomycin contained ARPs that indicated 
decreased periods of resistance occurring at day 49 and returning to day 0 patterns at day 
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Antibiotic Day 0 Day 7 Day 14 Day 21 Day 28 Day 49 
Sod 

Ampicillin 17a† 16a 17a ns‡ 18a 18a 
Cephalothin 18a 15a 17a ns 17a 18a 
Erythromycin 9a 8a 13b ns 16c 17c 
Rifampin 9a 8a 10a ns 13b 13b 
Streptomycin 14a 15a 17b ns 19c 18bc 
Tetracycline 21a 20a 23b ns 24b 24b 
Trimethoprim 18a 23b 26b ns 29c 28c 

Soil 
Ampicillin 18a 19a ns 18a 19a 17a 
Cephalothin 17a 16a ns 17a 19a 17a 
Erythromycin 11a 8a ns 10a 18b 17b 
Rifampin 9a 8a ns 9a 13b 12c 
Streptomycin 16a 17a ns 17a 20b 18c 
Tetracycline 20a 22ac ns 19a 25b 24bc 
Trimethoprim 23a 25ab ns 26b 28c 28c 

† Values at each interval and sample type sharing the same letter are not significantly different (p  
0.05). ‡ ns = not sampled 

Table 3. Date and mean values of antibiotic inhibition zones (mm) for E. coli isolates from 
sod and soil. 

E. coli (EC) Isolates – Soil. There were five sampling dates for the soil EC isolates. The 
samples were collected at days 0, 7, 21, 28, and 49 after poultry application. Similar to the 
sod data, there was no significant treatment or date main effect or interactions with 
ampicillin and cephalothin. The sampling dates were significantly different from each other 
using erythromycin, rifampin, streptomycin, tetracycline, and trimethoprim. The EC from 
the soil also had decreased resistance to all of the antibiotics with time. However, the initial 
changes in resistance occurred at day 21 which was approximately one week later than the 
sod. This would suggest that migration of fecal bacteria from the sod to the soil may have 
occurred with time.  

The treatment by sampling date interactions were significantly different for erythromycin 
and tetracycline. The resistance of EC decreased with time in the ‘Mowed Every Week’ and 
‘Mowed Biweekly’ treatments for erythromycin, including the control plots. In the mowed 
treatments, the significant decrease in antibiotic resistance occurred between day 0 and day 
21. However, the ‘Never Mowed’ treatments receiving poultry manure had increased 
resistance of bacteria at day 21 followed by a decrease to initial levels of resistance. The 
resistance of EC to trimethoprim decreased by day 28 and remained at that suppressed level 
until the last sampling date on day 49 for both the ‘Never Mowed’ and ‘Mowed Every 
Week’ treatments. Similar to the ‘Never Mowed’ treatment for erythromycin, the ‘Mowed 
Biweekly’ treatment for trimethoprim resulted in an increased level of resistance by day 28 
and returned to initial levels for the remaining sampling dates. There were no significant 
changes with time in the control treatment.  
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Antibiotic Day 0 Day 7 Day 14 Day21 Day 28 Day 49 Day 70 
Sod 

Ampicillin 22a† 23a 22a ns‡ 24a 21a 23a 
Cephalothin 15b 10a 9a ns 17b 14b 18b 
Erythromycin 17a 11b 9b ns 19a 20a 20a 
Rifampin 16a 14ab 10b ns 17a 18a 16a 
Streptomycin 6a 7a 6a ns 9b 10b 7a 
Tetracycline 21b 11a 11a ns 16ab 21b 23b 
Trimethoprim 26a 25a 23a ns 27a 21a 25a 

Soil 
Ampicillin 23ab 25a 24a 22ab 23ab 20b 16c 
Cephalothin 16ab 9c 10c 16ab 19a 13bc 12bc 
Erythromycin 18a 10b 12b 18a 17a 16a 16a 
Rifampin 21a 12cd 10d 18ab 15bcd 14bcd 16abc 
Streptomycin 8abc 6c 6c 9ab 10a 7bc 7bc 
Tetracycline 21a 9c 13bc 17ab 16ab 20a 19a 
Trimethoprim 25ab 29a 22b 24ab 20bc 23b 16c 

† Values at each interval and sample type sharing the same letter are not significantly different (p  
0.05). ‡ ns = not sampled 

Table 4. Date and mean values of antibiotic inhibition zones (mm) for fecal streptococci 
isolates from sod and soil. 

Fecal Streptococci (FS) Isolates – Sod. There were six collection dates for the sod FS isolates. 
The samples were collected at days 0, 7, 14, 28, 49, and 70 after poultry application. 
Trimethoprim produced no statistically significant main effects or interactions. Cephalothin, 
erythromycin, rifampin, streptomycin, and tetracycline produced significant date main 
effects. There were no significant treatment main effects for any antibiotic used in this study. 
The statistical analysis indicated that ampicillin and streptomycin produced significant 
treatment by date interactions. All of the antibiotics that had significant date effects except 
for streptomycin went through a phase of increased resistance at approximately day 7 with 
a subsequent phase at day 28 that was generally not significantly different from day 0. 
Streptomycin showed an opposite trend, whereby the bacterial response was a slight 
decrease in resistance at day 28 followed by an increase back to initial patterns of resistance 
at day 70. This may be an artifact of significant treatment by date interactions for 
streptomycin.  

The most significant differences for treatment by date interactions of ampicillin occurred in 
the ‘Mowed Biweekly’ treatment when compared to the other treatments. There was a two 
phase cycle that was marked by increased resistance of FS to ampicillin followed by a return 
to initial (day 0) patterns of resistance patterns. There were two of these cycles that were 
documented over the 70-day sampling period. The first cycle began at day 7 and ended at 
day 28. The second cycle began at day 49 and ended at day 70. The ‘Mowed Weekly’ 
treatment for treatment by date interactions of streptomycin contained ARPs that indicated 
decreased periods of resistance occurring at day 49 and returning to day 0 patterns at day 
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70. The treatment by date interactions for the control treatments of ampicillin and 
streptomycin were also statistically significant. There were decreases in resistance to both 
antibiotics at day 28.  

Fecal Streptococcus (FS) Isolates – Soil. There were seven collection dates for the soil FS 
isolates. The samples were collected at days 0, 7, 14, 21, 28, 49, and 70 days after poultry 
application. All seven of the antibiotics used in this study produced significant date main 
effects, but there were no significant treatment effects or treatment by date interactions. The 
results for FS in soil were the most ambiguous for this study. The results for FS in sod and 
EC in sod and soil had definitive resistance patterns that changed similarly with time across 
antibiotics within each organism and medium. However, upon evaluation of FS in soil, the 
data suggested an increased resistance at day 7 through day 14. This was more pronounced 
with cephalothin, erythromycin, rifampin, streptomycin, and tetracycline. Ampicillin and 
trimethoprim produced ARPs that showed progressively increasing resistance of FS 
throughout the sampling dates. These results, as those for EC, may be explained by a 
gradual migration of the organisms from sod to soil.  

4.2.1 Rates of correct classification based on antibiotic resistance 

The rate of correct classification or RCC for sod and soil by date was analyzed for EC and 
FS. The six total distinct dates used for EC were divided into two date groups, early and 
late, and the initial background (day 0) was excluded. The early date included 7, 14, and 21 
days after poultry application. The late date included 28 and 49 days after application. The 
seven total distinct dates for FS were also divided into two groups, early and late, with 
exclusion of the initial background. The early date for FS included 7, 14, and 21 days after 
poultry application. The late date included 28, 49, and 70 days after application.  

The RCC for EC using resubstitution analysis showed that the database correctly classified 
92% of the sod isolates and 70% of the soil isolates for the early collection dates. The 
database correctly classified 70% of the sod isolates and 85% of the soil isolates for the late 
collection dates. These results coincided with the analysis of the significant differences of 
means by antibiotic and date from sod and soil as discussed previously. That is, the data 
support the idea that migration of fecal bacteria from the sod to the soil may occur with 
time. The correct classification of bacteria is highest for the early dates of sod while the 
majority of the bacteria resides in the surface or sod portion of the profile. Over time, the 
bacteria migrate to the lower area or the soil portion of the profile. For these dates, the RCC 
becomes lower for sod and higher for soil.  

The RCC for FS using resubstitution analysis showed that the database correctly classified 
85% of the sod isolates and 59% of the soil isolates for the early collection dates. The 
database correctly classified 69% of the sod isolates and 58% of the soil isolates for the late 
collection dates. The results for FS are more ambiguous than those reported for EC. While 
the RCC for sod also decrease over time, the RCC for soil remain relatively unchanged. It is 
worth noting that host source origin is typically classified. In this case, the medium, i.e., sod 
and soil, is effectively being classified with moderate success. Rates of correct classification 
of 60% or higher are considered useful by resource managers (Harwood et al., 2000), which 
makes the rates reported here of significant value.  
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Principle Component Analysis (PCA) was a useful tool when applied to the EC database. 
The variables used to compute the PCA were the seven antibiotics used for the profiles. The 
cumulative percent of variability accounted for by the first two axes was 72% which 
described most of the variability among the seven antibiotics. Axis one, which accounted for 
55% of the variability, appeared to be associated with the antibiotics erythromycin, rifampin, 
and streptomycin. The second axis appeared to have large loadings for ampicillin and 
cephalothin. The graph of the PCA output for EC is shown in Figure 3 where period 1 = 0 
days (background), period 2 = 7, 14, and 21 days, and period 3 = 28 and 49 days after 
poultry litter application. The dates were combined into early (background, period 1 = 0 
days), intermediate (one to three weeks after application, period 2 = 7, 14, and 21 days), and 
late (anything after three weeks, period 3 = 28 and 49 days). Graphing the two axes based on 
period reveals grouping in the data. Period 1 data are not structured and agrees with 
previous findings for these are background data collected prior to poultry application. The 
data for period 2 resolve as two groups suggesting that a transitional period occurs between 
one and three weeks after poultry application as bacterial populations migrate from sod to 
soil. The data for period 3 are grouped together with no further changes up to 7 weeks after 
poultry application. The groups change relative to axis 1 which suggests that date primarily 
affects erythromycin, rifampin, and streptomycin antibiotic resistance patterns.  

 

 
Fig. 3. Principle components analysis for Escherichia coli by date. Sod and soil isolates were 
combined in this analysis. 
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70. The treatment by date interactions for the control treatments of ampicillin and 
streptomycin were also statistically significant. There were decreases in resistance to both 
antibiotics at day 28.  

Fecal Streptococcus (FS) Isolates – Soil. There were seven collection dates for the soil FS 
isolates. The samples were collected at days 0, 7, 14, 21, 28, 49, and 70 days after poultry 
application. All seven of the antibiotics used in this study produced significant date main 
effects, but there were no significant treatment effects or treatment by date interactions. The 
results for FS in soil were the most ambiguous for this study. The results for FS in sod and 
EC in sod and soil had definitive resistance patterns that changed similarly with time across 
antibiotics within each organism and medium. However, upon evaluation of FS in soil, the 
data suggested an increased resistance at day 7 through day 14. This was more pronounced 
with cephalothin, erythromycin, rifampin, streptomycin, and tetracycline. Ampicillin and 
trimethoprim produced ARPs that showed progressively increasing resistance of FS 
throughout the sampling dates. These results, as those for EC, may be explained by a 
gradual migration of the organisms from sod to soil.  

4.2.1 Rates of correct classification based on antibiotic resistance 

The rate of correct classification or RCC for sod and soil by date was analyzed for EC and 
FS. The six total distinct dates used for EC were divided into two date groups, early and 
late, and the initial background (day 0) was excluded. The early date included 7, 14, and 21 
days after poultry application. The late date included 28 and 49 days after application. The 
seven total distinct dates for FS were also divided into two groups, early and late, with 
exclusion of the initial background. The early date for FS included 7, 14, and 21 days after 
poultry application. The late date included 28, 49, and 70 days after application.  

The RCC for EC using resubstitution analysis showed that the database correctly classified 
92% of the sod isolates and 70% of the soil isolates for the early collection dates. The 
database correctly classified 70% of the sod isolates and 85% of the soil isolates for the late 
collection dates. These results coincided with the analysis of the significant differences of 
means by antibiotic and date from sod and soil as discussed previously. That is, the data 
support the idea that migration of fecal bacteria from the sod to the soil may occur with 
time. The correct classification of bacteria is highest for the early dates of sod while the 
majority of the bacteria resides in the surface or sod portion of the profile. Over time, the 
bacteria migrate to the lower area or the soil portion of the profile. For these dates, the RCC 
becomes lower for sod and higher for soil.  

The RCC for FS using resubstitution analysis showed that the database correctly classified 
85% of the sod isolates and 59% of the soil isolates for the early collection dates. The 
database correctly classified 69% of the sod isolates and 58% of the soil isolates for the late 
collection dates. The results for FS are more ambiguous than those reported for EC. While 
the RCC for sod also decrease over time, the RCC for soil remain relatively unchanged. It is 
worth noting that host source origin is typically classified. In this case, the medium, i.e., sod 
and soil, is effectively being classified with moderate success. Rates of correct classification 
of 60% or higher are considered useful by resource managers (Harwood et al., 2000), which 
makes the rates reported here of significant value.  
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Principle Component Analysis (PCA) was a useful tool when applied to the EC database. 
The variables used to compute the PCA were the seven antibiotics used for the profiles. The 
cumulative percent of variability accounted for by the first two axes was 72% which 
described most of the variability among the seven antibiotics. Axis one, which accounted for 
55% of the variability, appeared to be associated with the antibiotics erythromycin, rifampin, 
and streptomycin. The second axis appeared to have large loadings for ampicillin and 
cephalothin. The graph of the PCA output for EC is shown in Figure 3 where period 1 = 0 
days (background), period 2 = 7, 14, and 21 days, and period 3 = 28 and 49 days after 
poultry litter application. The dates were combined into early (background, period 1 = 0 
days), intermediate (one to three weeks after application, period 2 = 7, 14, and 21 days), and 
late (anything after three weeks, period 3 = 28 and 49 days). Graphing the two axes based on 
period reveals grouping in the data. Period 1 data are not structured and agrees with 
previous findings for these are background data collected prior to poultry application. The 
data for period 2 resolve as two groups suggesting that a transitional period occurs between 
one and three weeks after poultry application as bacterial populations migrate from sod to 
soil. The data for period 3 are grouped together with no further changes up to 7 weeks after 
poultry application. The groups change relative to axis 1 which suggests that date primarily 
affects erythromycin, rifampin, and streptomycin antibiotic resistance patterns.  

 

 
Fig. 3. Principle components analysis for Escherichia coli by date. Sod and soil isolates were 
combined in this analysis. 
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The graph of the PCA output for FS is shown in Figure 4. The PCA for the FS dataset 
showed that the cumulative percent of variability accounted for by the first two axes is 64%, 
which described most of the variability among the seven antibiotics. Axis one, which 
accounted for 43% of the variability, appeared to be associated with the antibiotics 
cephalothin, erythromycin, and rifampin. Axis two had large loadings for ampicillin and 
trimethoprim. The dates are the same as those described for EC with an addition of 70 day 
data added to period 3. There appeared to be no structure to the data presented in the plot, 
and no distinct grouping patterns.  
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Fig. 4. Principle components analysis for fecal streptococci by date. Sod and soil isolates 
were combined in this analysis. 

5. Conclusions 
This study showed that disturbance (e.g. mowing) had little or no effect on EC and FS 
mortality in sod or soil in our study environment. It was suspected that the selection of 
mowing height, preservation of residue, and consistently wet weather combined to 
minimize treatment effects. The relatively prolonged survival of the fecal bacteria promoted 
the potential for runoff during the study, as well as potential for phenotypic variability as 
revealed by the MST profiles. The fecal bacteria appeared to persist in the environment for 
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extended periods. Mowing frequency did not appear to affect the resistance profiles of E. coli 
and fecal streptococci for seven antibiotics. However, characterization of the same fecal 
bacterial population by means of MST was not consistent for that same time period; thereby 
suggesting that MST by this method was a time-dependent technique. Sampling time after 
our initial poultry manure application did appear to significantly affect the profiles 
recovered. Ampicillin and cephalothin were considered good indicators of antibiotic 
resistance over time for E. coli in sod or soil as there were no significant differences between 
sampling dates. 

The selection of antibiotic to identify changes in microbial populations over time appears to 
play an important role in the effective use of MST. Based on the results from this study 
(Ritchey and Coyne, unpublished), ampicillin and cephalothin may be good choices to 
determine sources of EC in soil or sod and trimethoprim may provide useful information 
when studying FS in sod because there were no significant differences with time which 
indicates temporal stability when using these antibiotics.  
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trimethoprim. The dates are the same as those described for EC with an addition of 70 day 
data added to period 3. There appeared to be no structure to the data presented in the plot, 
and no distinct grouping patterns.  
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extended periods. Mowing frequency did not appear to affect the resistance profiles of E. coli 
and fecal streptococci for seven antibiotics. However, characterization of the same fecal 
bacterial population by means of MST was not consistent for that same time period; thereby 
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our initial poultry manure application did appear to significantly affect the profiles 
recovered. Ampicillin and cephalothin were considered good indicators of antibiotic 
resistance over time for E. coli in sod or soil as there were no significant differences between 
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play an important role in the effective use of MST. Based on the results from this study 
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1. Introduction 
Antibiotic resistance in microbes is a growing issue of human health. The extraordinary 
ability of microbes to develop resistance to various antibiotics attracted evolutionary 
scientists and environmental biologists in recent years. Historically, the use of antimicrobial 
agents started in 1904 with the discovery of Tripan red by Ehrlich and Shiga (Browning & 
Gulbransen, 1936). In 1929, penicillin was discovered by Alexander Fleming when his group 
found that the fungus Penicilium notatum produces a very selective inhibitor for 
Staphylococcus sp. Fleming’s discovery showed that not only synthetic agents like Ehrlich’s 
“Magic Bullet” but also a microbial product can be an effective antimicrobial drug (Hare, 
1970). In 1943, Waksman started to use the word “antibiotics” when he discovered 
streptomycin (Wainwright, 1988). After the initial age of discovery and since the 1970s many 
antimicrobial agents have been developed together with the discoveries of new antibiotics. 
It is well documented that the evolution of antibiotic resistance in bacterial strains is a direct 
consequence of natural selection applied by widespread use of antibiotic drugs (Benveniste 
& Davies, 1973). The providential experiment by Fleming demonstrated the production of 
antibiotics (Penicillin) which eventually led to its large-scale production from 
mold Penicillium notatum in the 1940s. As early as the late 1940s resistant strains of bacteria 
began to appear due to their extraordinary ability in gaining resistance towards any 
particular antibiotics with elapsing generation (Shoemaker et al., 2001; Chopra & Roberts et 
al., 2001; Doern et al., 2001). In 1980 it was estimated that 3–5% of S. pneumoniae were 
penicillin-resistant and by 1998, 34% of the S. pneumoniae sampled were resistant to 
penicillin. Currently, it is estimated that more than 70% of the bacteria that cause hospital-
acquired infections are resistant to at least one of the antibiotics used to treat them (NIAID, 
2006). 

Antibiotics are defined as a chemical substance derived from microorganisms, which have 
the capacity to inhibit growth, and even destroying other microorganisms in a dilute 
solution (ICON, 2003). Antibiotics are low-molecular-mass (<1500 kDa), products of 
secondary metabolism and nonessential for the growth of producing organisms, but are 
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very important for human health. They have unusual structures and are most often formed 
during the late growth phase of the producing microorganisms. These secondary 
metabolites have exerted a major impact on the control of infectious diseases and other 
medical conditions, and the development of pharmaceutical industry. Their use has 
contributed to an increase in the average life expectancy in the USA, which increased from 
47 years in 1900 to 74 years (in men) and 80 years (in women) in 2000 (Reynolds, 2010). 
Probably, the most important use of secondary metabolites has been as anti-infective drugs. 
In 2000, the market for such anti-infectives was US$55 billion and in 2007 it was US$66 
billion, with the estimated global antibiotic consumption of between 100,000 and 200,000 
tonnes per year (Demain & Sanchez, 2009).  

Coastal environment plays a very important role as habitat to a number of plants and 
animals. They serve as breeding and nursery grounds, shelters, sources of food for various 
marine lives. In the recent times, pollution of coastal areas represents one of the most 
important environmental problems because it causes economic and tourism damages as 
well as affects health quality. It was noted that antibiotics released into the aquatic 
environment are of great concern for the three important reasons: (1) Contamination of 
water used for drinking, irrigation and recreation, (2) Widespread occurrence of bacterial 
resistance to antibiotics, and (3) Negative effect on microbes which play vital role in nutrient 
cycling (e.g. nitrogen cycle) and regeneration of nutrients in aquatic ecosystems (Costanzo et 
al., 2005). The use of antibiotics is the main treatment applied to control bacterial illness in 
fish farms (Castro et al., 2008). Due to the use of a wide variety of antibiotics, aquaculture 
has been implicated as potential environment to the development and selection of resistant 
bacteria and a source of these pathogens to other animals and humans (Hatha et al., 2005; 
Serrano, 2005). It has also been noted that sediment samples containing microorganisms 
with antibiotic resistance alter the production of -lactamase in the human defence system 
(Lu, et al., 2010). The issue of antibiotic resistance was extensively addressed in the scientific 
literature describing the presence of antibiotics in the environment (e.g. Nygaard et al., 1992; 
Samuelsen et al., 1992). But, a comprehensive review on the emergence of antibiotic 
resistance strains from the aquatic habitat is still scanty.  

3. Antibiotic resistance an ecological perspective 
Although antibiotics have been used in large quantities for some decades, until recently the 
existence of these substances in the environment has received little attention. It is only in 
recent years that a more complex investigation of antibiotic substances has been undertaken 
in order to permit an assessment of the environmental risks (Kümmerer, 2009a & b). Within 
the last decade, an increasing number of studies covering antibiotic input, occurrence, fate 
and effects have been published (Kümmerer, 2009 b; Björkman et al., 2000; Alanis, 2005). 
Antibiotic resistance is one of the major challenges for human medicine and veterinary 
medicine. However, there is still a lack of understanding and knowledge about sources, 
presence and significance of resistance of bacteria against antibiotics in the aquatic 
environment despite the numerous studies performed (Kümmerer, 2009b).  

Antibiotic resistance can reach the environment with the potential of adversely affecting 
aquatic and terrestrial organisms which eventually might reach humans through drinking 
water and food chain (Edquist & Pedersen, 2001; Prior, 2008; Aarestrup et al., 2008). The 
history of resistance due to the use of antibiotics has only recently been described in more 
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detail (Edquist & Pedersen, 2001; Prior, 2008). In general, the emergence of resistance is a 
highly complex process which is not yet fully understood with respect to the significance of 
the interaction of bacterial populations and antibiotics, even in a medicinal environment 
(Björkman et al., 2000; Martinez & Baquero, 2000; Alanis, 2005). The transfer of resistant 
bacteria to humans could occur via water or food if plants are watered with surface water or 
sewage sludge, if manure is used as a fertilizer, or if resistant bacteria are present in meat 
(Perreten et al., 1997; Khachatourians, 1998; Dolliver & Gupta, 2008). The significance of the 
transfer of antibiotic resistance from animals to humans is not clearly understood. However, 
to minimize this route and the unwanted intake of antibiotics, the antibiotic content of 
fishery products is monitored by authorities in many countries (WHO, 2003; IM, 1989; 
FAAIR, 2002).  

Many bacterial species multiply rapidly enough to double their numbers every 20–30 
minutes, therefore, their ability to adapt to changes in the environment and survive 
unfavorable conditions often results in the development of mutations that enable the species 
to survive in changing external conditions (Ferenci, 2008). Research on the use of antibiotics 
in aquaculture shows similar results with the medical use of antibiotics (Weston, 1996). The 
important research findings in this regard are: (1) The use of one antibacterial agent can 
increase levels of resistance not only to that specific drug but also to many others, even 
those using very different modes of antibacterial action (cross-resistance). (2) Antibacterial 
resistance does not always respond in a predictable fashion correlating with the amount of 
drugs used or with the concentrations of residues in the environment (Hernando et al., 
2006).  

3.1 Coastal environment 

Coastal Environment plays a very important role as habitat to a number of microbes, plants 
and animals. They serve as breeding grounds, shelters, sources of food for marine life, and 
are home to a number of endangered species (Kuijper, 2003). Over half of the current global 
population lives within 200 km of the coastline. For the future, the Centre for Climate 
Systems Research (CCSR) of the Earth Institute at Columbia University estimates a strong 
growth of coastal population by 2025. The coastal zone contains natural systems that 
provide more than half of the global ecosystem goods (e.g., fish, oil, minerals) and services 
(e.g., natural protection from storms and tidal waves, recreation). In addition, 14 of the 
world’s 17 largest megacities are located along coasts and most of them are located in Asia’s 
fastest growing economies (www.loicz.org). The overcrowding of beaches has led to large-
scale destruction of some of these habitats and has reduced their ability to adapt to drastic 
environmental changes. Development, climate change, and commercialization have all 
contributed a major part in increasing the pressure on beach ecosystems. Besides this fact, 
anthropogenic input of various pollutants especially antibiotics into the aquatic 
environment has increased the resistant capacity of the bacterial strains. In general, bacterial 
load is higher in the sediments compared to the overlying water body. Hence, more 
investigations were carried out on surface soil samples (Jensen et al., 2001; Tolls, 2001; 
Marengo et al., 1997. It has been noted that persistence of antibiotics in soil depends on 
many factors including soil type, climate, and class of antibiotics (Bonaventura, 2004). Most 
antibiotics are recycled in soils through natural cycles but some of them have a long half-life 
(Kumar et al., 2005; Kümmerer, 2009a). According to Marengo et al. (1997), less than 1% of 
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anthropogenic input of various pollutants especially antibiotics into the aquatic 
environment has increased the resistant capacity of the bacterial strains. In general, bacterial 
load is higher in the sediments compared to the overlying water body. Hence, more 
investigations were carried out on surface soil samples (Jensen et al., 2001; Tolls, 2001; 
Marengo et al., 1997. It has been noted that persistence of antibiotics in soil depends on 
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sarafloxacin, an antibiotic used widely in poultry production, degrades in the soil after 80 
days of incubation. These antibiotics may leach to ground water or move to surface waters 
via surface runoff. Olapade et al., (2006) have reported that these antibiotics find their way 
to the coastal and marine environment.  

Antibiotics have both quantitative and qualitative effects on the native microbial 
communities in soil environment (Nygaard et al., 1992). Although antibiotic concentrations 
in most soils are not at therapeutic levels to cause inhibitory effects on bacterial population, 
it may still influence the selection of antibiotic resistant bacteria in the niche (USEPA, 2002). 
Jensen et al. (2001) have recorded an increased antibiotic resistance among Pseudomonas sp. 
and Bacillus cereus after exposure to soil sediments. Many antibiotics have a strong tendency 
to bind with soil particles (Tolls, 2001; Kummerer et al., 2003). Distribution coefficients 

(Kd,solid) as high as 2300, 6310, and 128 L kg–1 have been reported for tetracycline, 
enrofloxacin, and tylosin, respectively (Kummerer et al., 2003). Our research team has earlier 
shown that the bacterial isolates from the tropical mangrove sediments are 100% resistant 
against  β - lactam antibiotics (ampicillin, amoxicillin and penicillin). Bacterial isolated from 
mangrove sediment soil have exhibited 66.7 and 77.8% resistance against chloramphenicol 
and streptomycin, respectively, suggesting that the lipid composition may play a key role in 
preventing the entrance or binding of antibiotics to the cell (Jalal et al., 2010). Interestingly, 
All the isolates are susceptible to ciprofloxacin since it inhibits the enzyme topoisomerase II 
that causes the negative super-coil in DNA strands and thus permits transcription or 
replication. All the bacterial isolates display Multi Antibiotic Resistance (MAR) index higher 
than 0.2 indicating the high-risk sources of contamination in the environment (Jalal et al., 
2010). 

3.2 Aquaculture 

In aquaculture fields, high loads of antibiotics in sediments at concentrations potent enough 
to inhibit the growth of bacteria have been reported (Costanzo et al., 2005; Hatha et al., 2005; 
Hirsch et al., 1999; Holmström et al., 2003; Kümmerer, 2009a &b). Resistant bacteria may be 
present in sediments because of the application of antibiotics in fish farming or because of 
selection through the antibiotics present in the sediments. The fact that the exposure is 
highly concentrated must also be considered to be critical. The substances used in fish 
farming can enter sediments directly from water without undergoing any kind of 
purification process. Some investigations have demonstrated the presence and persistence of 
antibiotics applied extensively in fish farming in sediments beneath fish farms (Kümmerer, 
2003). Fluoroquinolones, sulphonamides and tetracyclines are strongly adsorbed 
(Kümmerer, 2009b) and therefore, they can readily accumulate in the sediments. It is not 
clearly known as to what degree and under what circumstances the compounds are effective 
after sorption or whether they are released to contribute to resistance. Antimicrobials can 
have qualitative and quantitative effects upon the resident microbial community in 
sediments. In the fish farming sector (aquaculture, mariculture, etc.), the widespread use of 
antibiotics for treating bacterial diseases is associated with the development of antibiotic 
resistance in Aeromonas hydrophila, Aeromonas salmonicida, Edwardsiella tarda, Edwardsiella 
icttaluri, Vibrio anguillarum, Vibrio salmonicida, Pasteurella piscida and Yersinia ruckeri (Serrano, 
2005). Bacteria resistant against these compounds have been detected in sediments. 
Increased antibacterial resistance in sedimentary bacteria is often the most sensitive 
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environmental indicator of past antibacterial use (Kümmerer, 2003). Various patterns of 
resistance among strains were isolated from very close geographical areas during the same 
year, suggesting diverse patterns of drug resistance in environmental bacteria within this 
area. In addition, the cross-resistance patterns have suggested that the resistance 
determinants among Vibrio spp. are acquired differently within sediment and seawater 
environments (Neela et al., 2007). 

As far as intensive shrimp culture goes, a large amount of shrimp food and antibiotics have 
been used to increase production and to protect shrimp from diseases (EJF, 2003). 
Consequently, a large portion of feeds and antibiotics enters the water as wastes, causing 
water pollution (Le et al., 2003). Several studies have demonstrated the presence of 
antibacterial residues in fish farms (Weston, 1996; Capone et al., 1996; Herwig et al., 1997). 
Recent studies have shown that many antibiotics persist in the sediment and in the aquatic 
environment for several months following administration (Bjorklund et al., 1991; Lai et al., 
1995; Pouliquen & Le, 1996; Hirsch et al., 1999; Miranda & Zemelman, 2002).The residues of 
antibacterial agents may affect the sedimentary microbial community and introduce 
antibiotic resistance in the bacteria (Hektoen et al., 1995; Tendencia & Dela Pena, 2002). Mc 
Phearson et al. (1991) have observed that individual and multiple antibiotic resistances are 
associated with antimicrobial use. A study in Thailand has indicated that the pattern of 
antibiotic use among the farms can cause the risk of the development of resistant bacteria 
strains (Holmostro¨m et al., 2003). Little is known about the occurrence of antibiotic resistant 
bacteria in marine sediments near fish farms (Schmidt et al., 2000; Tendencia & DelaPena, 
2001). 

4. Antibiotic resistance in sea food 
Sea foods are often susceptible to spoilage by putrefactive microorganisms. Sea foods 
usually spoil much more rapidly than meats obtained from warm blooded animals when 
stored at ordinary refrigerator temperatures, and the reason for this is almost certainly 
because of the marine products that are invariably contaminated with psychrophilic bacteria 
(Witter, 1961). These organisms not only multiply quite rapidly at refrigerator temperatures, 
but spoil fish about twice as fast at 370 F as at 300 F (Bluhm et al., 1956). Though proper 
vessel and fish plant sanitation are obviously highly desirable for production of high quality 
fish, it is quite possible to prepare fish of excellent bacteriological quality in quite primitive 
premises. In other words, the maintenance of high sanitary standards on fishing vessels and 
at shore plants does not necessarily insure good quality fish, though from an aesthetic stand 
point alone such conditions are highly desirable. It is the actual handling and treatment of 
the fish themselves which is of prime importance in determining their quality.  

Reviews and original articles dealing with antibiotics in fish or shellfish preservation have 
been published from other laboratories (Tomiyama et al., 1955; Ingram et al., 1956). 
Antibiotics have been commonly used to preserve the fish from bacterial contamination. In 
1943 penicillic acid was prepared and tested as a possible preservative for fish with poor 
success (Tarr, 1944). Later penicillin and streptomycin were examined with similar 
disappointing results (Tarr, 1948). In the spring of 1950, a number of the newer antibiotics 
were studied and the findings were much more encouraging since Aureomycin, Terramycin 
and Chloromycetin all gave quite significant preservation in comparatively low 
concentration (Boyd & Tarr, 1956). Further experiments proved that of 14 antibiotics 
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examined, Aureomycin (chlortetracycline, CTC) was found most effective (Tarr et al., 1954) 
and it is with this antibiotic that all applied studies have been conducted (Gillespie et al., 
1955; Steiner and Tarr, 1955; antibiotics as food preservatives; Tarr et al., 1954).  

Effect of several new antibiotics and furan derivatives on growth of bacteria in fish products 
have been studied and they are: (1) Antibiotics: Aureomycin (Lederle Laboratories), 
Amphomycin, Etamycin, Bryamycin (Bristol Laboratories, Inc.); and (2) Furan derivatives: 
Furoxone, Furadantin, Nitrofurazone (Furacin), and N. F. 56 (N-5-nitro-2 furfurylidene-l-
aminoguanidine sulphate) (Eaton Laboratories, Inc.) (Table 1). The technique is similar to 
that employed in previous studies with ground flesh (Tarr et al., 1950). 
 

Compound concentration (µg/g) 

Bacterial counts (colony forming 
units × 106/g) at temperature 

10C 50C 
6 8 6 6 

None 27 >600 600 130 
Aureomycin (CTC) 2.5 1.3 0.5 7 19 
Amphomycin 5 450  
Bryamycin 5  98 

10 92 340   
20 19 470   

Etamycin 5 910   
10 380   

Furoxone 2.5  32 
Furadantin 2.5  85 
Nitrofurazone 2.5  114 

10 37 >900   
25 57 310   

 50 19 900   
NF-56 2.5  63 

25 157 837   
50 76 367   

CTC+ Bryamycin 5   
10 2.7 8   

CTC+ Bryamycin 2.5   
5 4 1   

NF-56+ Bryamycin 25 >900   
10   

Nitrofurazone+ Bryamycin 25   
10 18 400   

Table 1. Effect of various antibiotics and Furan derivatives on growth of bacteria in Minced 
Lingod muscle at 00 and 40C (Boyd et al., 1955). 
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The search for antibiotics or other substances which could prove valuable in preventing 
microbiological spoilage of fish or fish waste products is continuing, and the results of trials 
with several new antibiotics and furan derivatives are presented. It has been argued that 
suppression of natural bacterial flora of fish by introduction of CTC might create favorable 
conditions for the growth of food poisoning microorganisms.  

5. Antimicrobial resistance in drug development 
5.1 Mechanism of antibiotic resistance in bacteria  

A key factor in the development of antibiotic resistance is the ability of infectious organisms 
to adapt quickly to new environmental conditions. Bacteria are single-celled organisms that, 
compared with higher life forms, have small numbers of genes. Therefore, even a single 
random genetic mutation can greatly affect their ability to cause disease. And because most 
microbes reproduce by dividing every few hours, bacteria can evolve rapidly. A mutation 
that helps a microbe surviving to an antibiotic exposure will quickly become dominant 
throughout the microbial population. Microbes also often acquire resistance genes from each 
other through horizontal gene transfer mechanism which might enable them to be a 
multiple antibiotic resistant strain. It is also noted that the specificity of the interactions 
between antibiotics and various protein sequences within a bacterium resultse in 
significantly high ratio of mutations in its genome which leads to antibiotic resistance. There 
is also a relatively high possibility that a particular mutation in a certain target sequence will 
result in antibiotic resistance.  

Antibiotics generally target a variety of essential bacterial functions. For instance, the β-
lactam antibiotics and vancomycin interrupte cell wall synthesis of pathogens, whereas 
macrolides and tetracyclines disrupt the protein synthesis at ribosomal level. Bacteria may 
develop their antibiotic properties by a variety of mechanisms. According to a study by 
Nicolaou (2001), one mechanism of resistance is by degrading the antibiotic in a step by step 
process. This degradation starts when bacterial β-lactamases hydrolyzes the β-lactam ring 
thus rendering these antibiotics ineffective. A secondary resistance mechanism is then 
triggered when the antibiotic target is altered. As the next step, bacteria may block the entry 
of antibiotic to the site of action, resulting in decreased absorption, which in turn results in 
bacteria with decreased sensitivity to vancomycin due to thicker cell walls. Finally, bacteria 
may develop efflux pumps that actively pump antibiotics out of the cell so that they do not 
reach their target. Nicolaou also tested the findings experimentally with macrolides and has 
found that if the ribosomal binding site for macrolides changes so that these antibiotics bind 
with decreased affinity, then protein synthesis will not be disrupted. 

5.2 Drug discovery  

When bacteria contact with chemical substances, they show a positive or negative 
chemotaxis. If the substrates are acceptable for bacteria or can support bacterial growth, they 
show a positive chemotaxis and utilize the substrate as an organic source. If toxic, they 
respond by escaping from the chemical(s). Antibiotics selectively inhibit bacteria based on 
targeting a specific structure or function of bacteria, which means antibiotics act as toxins to 
bacteria. Mostly the targets of antibiotics are prokaryote-specific mechanisms and structures, 
which are not present in eukaryotes or they have different characteristics from those of 
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eukaryotic cells. However, bacteria inherently have potential drug resistance mechanisms or 
they can acquire exogenous genes conferring drug resistance. Drug resistance therefore, 
occurs by such mechanisms. At present, four main categories of drug resistance mechanisms 
are known (Li & Nikadio, 2009). They are: (1) Drug inactivation or modification: for 
example, enzymatic deactivation of Penicillin G in some penicillin-resistant bacteria through 
the production of β-lactamases, (2) Alteration of target site: for example, alteration of PBP—
the binding target site of penicillins—in MRSA and other penicillin-resistant bacteria, (3) 
Alteration of metabolic pathway: for example, some sulfonamide-resistant bacteria do not 
require para-aminobenzoic acid (PABA), an important precursor for the synthesis of folic 
acid and nucleic acids in bacteria inhibited by sulfonamides. Instead, like mammalian cells, 
they turn to utilizing preformed folic acid, and (4) Reduced drug accumulation: by 
decreasing drug permeability and/or increasing active efflux (pumping out) of the drugs 
across the cell surface (Li & Nikadio, 2009) .Some of these mechanisms have been well 
studied at the molecular level (Walsh, 2003). 

The integrated approaches for maximizing the diversity of microbes in drug discovery 
programs have been reviewed recently, with selective isolation of novel microorganisms 
(Knight et al., 2003; Zhang et al., 2005; Bian et al., 2008; Wagner-Dobler et al., 2002). Recently 
Cubist Pharmaceuticals has constructed a multi-drug resistant E. coli strain, which carries 
resistance markers for 17 of the most frequently produced antibiotics. Thus, a comparison of 
extract activities against sensitive and resistant E. coli strains will allow researchers to 
rapidly discovering novel and specific active compounds that can be used as effective drugs 
against pathogenic strains (Baltz, 2008). From these studies, it is strongly anticipated that 
metagenomic libraries of the drug resistant microbial strains will drive drug discovery 
process now and in the future. Hence, undoubtedly, metagenome analysis technology 
combined with high throughput screening will bring innovation to the drug discovery. 

6. Impact of antibiotic resistance on human health 
It has been widely understood that the bacteria and other microorganisms that often cause 
infections are known to be remarkably resilient and have the ability to develop ways for 
surviving drugs that are meant to kill or weaken them. Recent scientific evidence suggests 
that during the last decade, antibiotic resistance by various mechanisms has increased 
worldwide in bacterial pathogens leading to treatment failures in human and animal 
infections (Singer et al., 2003). However, the resistance against different types of biocides 
(including disinfectants, antiseptics, preservatives, sterilants) has been studied and 
characterized (Russell, 1990 & 1995). Only limited sound scientific evidence to correctly 
assess the risks of antibiotic resistance induced by resistance to biocides is available 
(SCENIHR, 2009). Furthermore, research indicates that biocides and antibiotics may share 
some common behaviour and properties in their respective activity and in the resistance 
mechanisms developed by bacteria (Russell, 2003, Sheldon 2005).  

Although antibiotic usage has clearly benefited the animal industry and helped providing 
affordable animal protein to the growing human population, the use of antibiotics in food 
production has also contributed to the emergence and spread of antibiotic multiple 
resistance (AMR). Along with antibiotics used for human medicine, the use of antibiotics for 
animal treatment, prophylaxis and growth promotion exerts an inestimable amount of 
selective pressure toward the emergence and propagation of resistant bacterial strains. 
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Animals can serve as mediators, reservoirs and disseminators of resistant bacterial strains 
and/or AMR genes. Consequently, imprudent use of antimicrobials in animals may 
eventually result in increased human morbidity, increased human mortality, reduced 
efficacy of related antibiotics used for human medicine, increased healthcare costs, increased 
potential for carriage and dissemination of pathogens within human populations and 
facilitated emergence of resistant human pathogens (Figure 1). 

 
Fig. 1. The Human Health Impact of Antimicrobial Resistance in Animal Populations 

According to Helms et al., (2002), the patients infected with pansusceptible Salmonella 
typhimurium are 2.3 times more likely to die within 2 years after infection than persons in 
the general Danish population, and that patient infected with strains resistant to amplicillin, 
chloramphenicol, streptomycin, suldonamide and tetracycline are 4.8 times (95% CI 2.2 to 
10.2) more likely to die within 2 years. Furthermore, they have established that quinolone 
resistance in this organism is associated with a mortality rate 10.3 times higher than the 
general population. 

It has been well documented that antimicrobial resistance due to a particular antibiotic used 
in food animals may result in reduced efficacy of most or all members of that same antibiotic 
class, some of which may be extremely important for human medicine (McDonald et al., 
2001). The current pharmaceutical era faces multi resistant infectious disease organisms that 
are difficult and, sometimes, impossible to treat successfully. When there is an increase in 
numbers of bacteria that are resistant to antibiotics, it will be more difficult and more 
expensive to treat human bacterial infections. According to a study published by the Centers 
for Disease Control and Prevention (CDC), up to date, there are more than 100 antibiotics 
approved by the US Food and Drug Administration for human use. As antibiotics fail to 
treat recurring infections, the consequences include frequent visits to the doctor, 
hospitalization or even a need for a more expensive medication as a replacement for the 
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studied at the molecular level (Walsh, 2003). 

The integrated approaches for maximizing the diversity of microbes in drug discovery 
programs have been reviewed recently, with selective isolation of novel microorganisms 
(Knight et al., 2003; Zhang et al., 2005; Bian et al., 2008; Wagner-Dobler et al., 2002). Recently 
Cubist Pharmaceuticals has constructed a multi-drug resistant E. coli strain, which carries 
resistance markers for 17 of the most frequently produced antibiotics. Thus, a comparison of 
extract activities against sensitive and resistant E. coli strains will allow researchers to 
rapidly discovering novel and specific active compounds that can be used as effective drugs 
against pathogenic strains (Baltz, 2008). From these studies, it is strongly anticipated that 
metagenomic libraries of the drug resistant microbial strains will drive drug discovery 
process now and in the future. Hence, undoubtedly, metagenome analysis technology 
combined with high throughput screening will bring innovation to the drug discovery. 

6. Impact of antibiotic resistance on human health 
It has been widely understood that the bacteria and other microorganisms that often cause 
infections are known to be remarkably resilient and have the ability to develop ways for 
surviving drugs that are meant to kill or weaken them. Recent scientific evidence suggests 
that during the last decade, antibiotic resistance by various mechanisms has increased 
worldwide in bacterial pathogens leading to treatment failures in human and animal 
infections (Singer et al., 2003). However, the resistance against different types of biocides 
(including disinfectants, antiseptics, preservatives, sterilants) has been studied and 
characterized (Russell, 1990 & 1995). Only limited sound scientific evidence to correctly 
assess the risks of antibiotic resistance induced by resistance to biocides is available 
(SCENIHR, 2009). Furthermore, research indicates that biocides and antibiotics may share 
some common behaviour and properties in their respective activity and in the resistance 
mechanisms developed by bacteria (Russell, 2003, Sheldon 2005).  

Although antibiotic usage has clearly benefited the animal industry and helped providing 
affordable animal protein to the growing human population, the use of antibiotics in food 
production has also contributed to the emergence and spread of antibiotic multiple 
resistance (AMR). Along with antibiotics used for human medicine, the use of antibiotics for 
animal treatment, prophylaxis and growth promotion exerts an inestimable amount of 
selective pressure toward the emergence and propagation of resistant bacterial strains. 
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Animals can serve as mediators, reservoirs and disseminators of resistant bacterial strains 
and/or AMR genes. Consequently, imprudent use of antimicrobials in animals may 
eventually result in increased human morbidity, increased human mortality, reduced 
efficacy of related antibiotics used for human medicine, increased healthcare costs, increased 
potential for carriage and dissemination of pathogens within human populations and 
facilitated emergence of resistant human pathogens (Figure 1). 

 
Fig. 1. The Human Health Impact of Antimicrobial Resistance in Animal Populations 

According to Helms et al., (2002), the patients infected with pansusceptible Salmonella 
typhimurium are 2.3 times more likely to die within 2 years after infection than persons in 
the general Danish population, and that patient infected with strains resistant to amplicillin, 
chloramphenicol, streptomycin, suldonamide and tetracycline are 4.8 times (95% CI 2.2 to 
10.2) more likely to die within 2 years. Furthermore, they have established that quinolone 
resistance in this organism is associated with a mortality rate 10.3 times higher than the 
general population. 

It has been well documented that antimicrobial resistance due to a particular antibiotic used 
in food animals may result in reduced efficacy of most or all members of that same antibiotic 
class, some of which may be extremely important for human medicine (McDonald et al., 
2001). The current pharmaceutical era faces multi resistant infectious disease organisms that 
are difficult and, sometimes, impossible to treat successfully. When there is an increase in 
numbers of bacteria that are resistant to antibiotics, it will be more difficult and more 
expensive to treat human bacterial infections. According to a study published by the Centers 
for Disease Control and Prevention (CDC), up to date, there are more than 100 antibiotics 
approved by the US Food and Drug Administration for human use. As antibiotics fail to 
treat recurring infections, the consequences include frequent visits to the doctor, 
hospitalization or even a need for a more expensive medication as a replacement for the 
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existing ineffective ones (Levy, 2002). Increased healthcare costs are another important 
consequence of antimicrobial resistance. Increased costs are due to the need for additional 
antibiotic treatments, longer hospitalization, more diagnostic tests, higher professional costs 
and more pain management. In 1998, the Institute of Medicine estimated the annual cost of 
infections caused by antibiotic-resistant bacteria at US$ 4 to 5 million per year (McGowan, 
2001). This occurrence of antibiotic resistance is found all over the world and has become a 
very serious problem in the treatment of diseases. The US Office of Technology Assessment 
report has attributed a cost of $1.3 billion per year for antibiotic-resistant infections in US 
hospitals. The fiscal cost of treating antibiotic resistant infections worldwide has been 
estimated to be many billions of dollars per year. 

7. Conclusion 
At present, there is insufficient information available to reach a final conclusion on the 
significance and impact of the presence of resistant bacteria in the environment which 
would allow the assessment of the potential risks related, for instance, to human health and 
ecosystem functions. Currently, it is thought that the input of antibiotics in general as well 
as from hospitals seems to be of minor importance, at least in terms of resistance. Up to now, 
antibiotics have not been detected in drinking water. The impact of antibiotics present in the 
aquatic environment on the frequency of resistance transfer is questionable. The information 
available to date suggests that the input of resistant bacteria into the environment from 
different sources seems to be the most important source of resistance in the environment. 
Therefore, the prudent use of antibiotics and disinfectants will significantly reduce the risk 
for the general public and for the environment. This not only means limiting the duration of 
selective pressure by reducing the treatment period and the continuous use of sub-
therapeutical concentrations, but also includes controlling the dissemination of antibiotics 
being used, as well as prudent monitoring of resistance. However, a full environmental risk 
assessment cannot be performed on the basis of the data available; the availability of such 
data is a prerequisite if proper risk assessment and risk management programs for both 
humans and the environment are to be undertaken. Therefore, the careful use of antibiotics 
and the restriction of their input into the aquatic environment are the matters of necessity.  
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hospitals. The fiscal cost of treating antibiotic resistant infections worldwide has been 
estimated to be many billions of dollars per year. 
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1. Introduction 
Biofilms are microbial monoespecie or multispecie (consortium) communities that are the most 
successful colonization among microorganisms, are ubiquitous in nature and responsible for 
many diseases. They are considered growing communities of microorganisms embedded in a 
self-produced exopolysaccharide matrix and are attached to an inert surface or living tissue 
(Castrillón et al., 2010). 

It is believed that this organization represents the mode of cell growth that allows cells to 
survive in hostile environments, disperse to form new niches and gives them significant 
advantages in protection against environmental fluctuations such as humidity, temperature, 
pH, the concentration of nutrients and waste removal (Costerton et al., 1987, Hall-Stoodley 
et al., 2004). 

There is an association between the presence of biofilm-grown microorganisms with delayed 
wound healing and various diseases such as endocarditis, otitis media, chronic prostatitis, 
cystic fibrosis, periodontitis, and related infections medical devices and implants responsible 
for nosocomial infections (Castrillón et al., 2011, Donlan & Costerton, 2002). The latter share 
common features, although the causative organism and the site of infection are very different, 
they all evade host defenses and resist treatment with antimicrobials. In general, bacteria in 
biofilms tolerate high levels of antibiotics compared with planktonic cells (free). The ability of 
biofilm formation is not restricted to any specific group of bacteria or fungus and is now 
considered that under ideal conditions all microorganisms can form biofilms (Lasa et al., 2005). 

2. Stages of development of biofilms 
The main experimental models for studying bacterial biofilms are four: Escherichia coli, 
Psedomonas aeruginosa, Bacillus subtilis and Staphylococcus aureus (Lopez et al., 2010) and fungi 
Candida albicans and Aspergillus fumigatus (Kumamoto, 2002, Müller et al. 2011). In these 
works describes the development of a biofilm which begins with planktonic bacteria (free) 
that bind irreversibly to a surface in a continuous process in accordance with various stages 
of development are:, b) adhesion, c ) synthesis of extracellular matrix, d) maturation and e) 
dispersion, which leads to the formation of a uniform structure of deposits and 
accumulations of viscous and homogeneous material surrounding the cells by a polymer 
matrix with open channels for water movement (Figure 1). 
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Any natural or synthetic surface is covered by the constituents of the local environment, 
electrolytes, water and organic materials form a film before the arrival of the organism 
which neutralize the charge over the surface (conditioning) that prevents the aproximation 
between bacterial cells fungi and so begins adherence, these organic compounds can serve 
as nutrients for these microorganisms. 

Free (or planktonic) cells form a layer that is adsorbed to the surface for short periods by 
electrostatic attraction forces and released from it by reversible adsorption (Bos et al., 1999). 
In this phase the microorganisms are still susceptible to action of antibiotics. 

The microorganisms in suspension are aggregated and cell adhesion occurs with same or 
different cells (co-aggregation) to the surface conditioned, this process is favored by several 
bacterial components involved in this process by overcoming the repulsive forces such as 
pili or flagella, and surface polymers such as lipopolysaccharide in Gram-negative bacteria 
and mycolic acid in Gram-positive. The expression of these microbial structures may change 
depending on the environment in which they are and thus change the phase of biofilm 
formation. Mutants no-mobile fail to form monolayers and their union as microcolonies 
therefore mobility structures play an important role in the initiation of biofilm (Stickler, 
1999).  

The physicochemical properties of the surface can exert a strong influence on the degree and 
extention of adherence, the germs adhere more readily to hydrophobic surfaces, non-polarized 
and plastics such as Teflon, compared to hydrophilic metals such as glass or metal. 

Once irreversible adhesion is achieved, the cells divide and colonize the surface and when 
the local concentration of chemical signals produced by microbial metabolism reaches a 
threshold level, suggesting that the microbial population density has reached a minimum, 
this determines the start of phenotypic changes in the community. 

The process in which a microbial cell senses the proximity of other cells reaching a critical 
number in a limited space in the environment, chemical signals are generated corresponding 
to secondary metabolites, known as quorum sensing, this fact results in the autoinduction in 
the synthesis of the extracellular matrix or exopolysaccharide (composed of polysaccharides, 
proteins, nucleic acids and lipids), and thus gets to the maturation of biofilm formation with 
subsequent three-dimensional structure, generated by water channels that serve as the 
microcirculation in colonies. When the message is large enough, the organism responds like 
a mass and behaves as a group (Keller & Surette, 2006). The composition of the 
exopolysaccharide or glycocalyx is different for each bacteria and fungus, and varies 
depending on culture conditions, medium and substrates which are: alginate in P. 
aeruginosa, cellulose in S. typhimurium, rich in galactose in V. cholerae and poly-N-
acetylglucosamine in S. aureus (Whitehead et al., 2001, Sutherland 1997). This matrix allows 
the interconnection of immobilized cells and acts as a digestive system that keeps external 
extracellular enzymes close to the cells and enables them to metabolize biopolymers and 
colloidal solids (Sauer et al., 2002, Flemming & Wingender, 2010). 

The detachment may be seen as another stage of the life cycle of the biofilm, which can be 
reached or not depending on environmental conditions such as nutrient availability, 
oxygenation, pH and specific compounds because at some point the high density cell can 
result in severe, dynamic gradients of nutrients and toxic metabolic sub-products, then some 
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cells are released from the matrix to colonize other surfaces closing the process of formation 
and development of biofilms, this process may be the result of several factors such as are: 
mechanical forces as the flow of blood vessel, cessation of production of exopolysaccharides 
and detachment factors such as enzymes that destroy the matrix or surfactants.  

Fragments of biofilm with viable cells can be dispersed in liquids or aerosols. The scattering 
process is of interest for their potential to promote the spread of bacteria or fungi in the 
ambient or their ability to exploit these processes to combat infections (Hall-Stoodley & 
Stoodley, 2005). 

For the development cycle of Candida albicans biofilms has shown that scattered cells show a 
distinct phenotype associated with increased virulence (Uppuluri et al., 2010). When the 
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alter gene expression and affect different phenotypes that produce virulence factors such as 
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The main characteristic that best distinguishes chronic infections associated with biofilm to 
acute infections is their response to treatment with antibiotics, in general biofilm 
microorganisms tolerate high levels of antibiotics compared to planktonic cells and cause 
recurrent episodes. In the case of acute infections these are eliminated after a short 
treatment. In addition, acute infections are more aggressive than those associated with 
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Any natural or synthetic surface is covered by the constituents of the local environment, 
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which neutralize the charge over the surface (conditioning) that prevents the aproximation 
between bacterial cells fungi and so begins adherence, these organic compounds can serve 
as nutrients for these microorganisms. 

Free (or planktonic) cells form a layer that is adsorbed to the surface for short periods by 
electrostatic attraction forces and released from it by reversible adsorption (Bos et al., 1999). 
In this phase the microorganisms are still susceptible to action of antibiotics. 

The microorganisms in suspension are aggregated and cell adhesion occurs with same or 
different cells (co-aggregation) to the surface conditioned, this process is favored by several 
bacterial components involved in this process by overcoming the repulsive forces such as 
pili or flagella, and surface polymers such as lipopolysaccharide in Gram-negative bacteria 
and mycolic acid in Gram-positive. The expression of these microbial structures may change 
depending on the environment in which they are and thus change the phase of biofilm 
formation. Mutants no-mobile fail to form monolayers and their union as microcolonies 
therefore mobility structures play an important role in the initiation of biofilm (Stickler, 
1999).  

The physicochemical properties of the surface can exert a strong influence on the degree and 
extention of adherence, the germs adhere more readily to hydrophobic surfaces, non-polarized 
and plastics such as Teflon, compared to hydrophilic metals such as glass or metal. 

Once irreversible adhesion is achieved, the cells divide and colonize the surface and when 
the local concentration of chemical signals produced by microbial metabolism reaches a 
threshold level, suggesting that the microbial population density has reached a minimum, 
this determines the start of phenotypic changes in the community. 

The process in which a microbial cell senses the proximity of other cells reaching a critical 
number in a limited space in the environment, chemical signals are generated corresponding 
to secondary metabolites, known as quorum sensing, this fact results in the autoinduction in 
the synthesis of the extracellular matrix or exopolysaccharide (composed of polysaccharides, 
proteins, nucleic acids and lipids), and thus gets to the maturation of biofilm formation with 
subsequent three-dimensional structure, generated by water channels that serve as the 
microcirculation in colonies. When the message is large enough, the organism responds like 
a mass and behaves as a group (Keller & Surette, 2006). The composition of the 
exopolysaccharide or glycocalyx is different for each bacteria and fungus, and varies 
depending on culture conditions, medium and substrates which are: alginate in P. 
aeruginosa, cellulose in S. typhimurium, rich in galactose in V. cholerae and poly-N-
acetylglucosamine in S. aureus (Whitehead et al., 2001, Sutherland 1997). This matrix allows 
the interconnection of immobilized cells and acts as a digestive system that keeps external 
extracellular enzymes close to the cells and enables them to metabolize biopolymers and 
colloidal solids (Sauer et al., 2002, Flemming & Wingender, 2010). 

The detachment may be seen as another stage of the life cycle of the biofilm, which can be 
reached or not depending on environmental conditions such as nutrient availability, 
oxygenation, pH and specific compounds because at some point the high density cell can 
result in severe, dynamic gradients of nutrients and toxic metabolic sub-products, then some 

 
Biofilms: A Survival and Resistance Mechanism of Microorganisms 

 

161 

cells are released from the matrix to colonize other surfaces closing the process of formation 
and development of biofilms, this process may be the result of several factors such as are: 
mechanical forces as the flow of blood vessel, cessation of production of exopolysaccharides 
and detachment factors such as enzymes that destroy the matrix or surfactants.  

Fragments of biofilm with viable cells can be dispersed in liquids or aerosols. The scattering 
process is of interest for their potential to promote the spread of bacteria or fungi in the 
ambient or their ability to exploit these processes to combat infections (Hall-Stoodley & 
Stoodley, 2005). 

For the development cycle of Candida albicans biofilms has shown that scattered cells show a 
distinct phenotype associated with increased virulence (Uppuluri et al., 2010). When the 
extracellular medium accumulates enough of these molecules activate specific receptors that 
alter gene expression and affect different phenotypes that produce virulence factors such as 
enzymes and toxins or rhamnolipid of P. aeruginosa cell that are protective of fagocytosis, 
the quorum sensing determines tolerance to antibiotics and innate inflammatory response 
dependent on polymorphonuclear cells. 

 
Biofilm formation occurs as a series of sequential events that depend on the interaction of microorganisms 
on inert surfaces or living, by overcoming the repulsive forces to achieve irreversible adsorption followed 
by the formation of a microcolony. Upon reaching a certain population density, induce the synthesis of 
secondary metabolites (quorum sensing) that produces an exopolysaccharide formation until maturation of 
the biofilm. Disintegration allows the formation of a new colony or elimination. It shows the treatment 
options for different stages of biofilm development. 

Fig. 1. Phases of biofilm formation and dispersal strategies. 

The main characteristic that best distinguishes chronic infections associated with biofilm to 
acute infections is their response to treatment with antibiotics, in general biofilm 
microorganisms tolerate high levels of antibiotics compared to planktonic cells and cause 
recurrent episodes. In the case of acute infections these are eliminated after a short 
treatment. In addition, acute infections are more aggressive than those associated with 
chronic infections or implants as the latter persist for months or years and progress through 
periods of rest alternating with exacerbations. 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

162 

3. Host resistance to biofilm 
Biofilms cause chronic infections characterized by persistent inflammation and tissue 
damage despite treatment with antibiotics and innate and adaptive immune responses of 
the host. 

Planktonic cells that are released directly from the biofilm was removed by the action of 
antibiotics and phagocytic cells activated, but the organization as a biofilm is considered as a 
very efficient defensive strategy adopted since these microorganisms grow slowly and are 
protected mechanisms of host resistance through various strategies among which are a) 
inability of antibodies, complement and lysozyme to penetrate these organizations 
multicellular b) production of catalase bacteria that prevents the action of hydrogen 
peroxide produced by oxidative mechanisms of phagocytic cells c ) inhibition of host 
immune function such as chemotaxis, opsonization and bactericidal potential 
exopolysaccharide (Lasa et al., 2005). 

A study has demonstrated inability of the immune system clearance sessile cells that persist 
for weeks and months was observed when the peritoneal cavity of rabbits were inoculated 
mature biofilms of P. aeruginosa in immunocompetent animals, the penetration of phagocytic 
cells in the biofilm was detected, however, these cells were unable to phagocytose the 
bacteria (Ward et al., 1992). A similar response was described with the inoculation of 
fragments of the same biofilm bacteria trapped in agar beads and introduced into the lung 
(Woods et al., 1980). 

4. Identification tests and antibiotic susceptibility in biofilms 
In clinical samples, a biofilm is difficult to detect in routine diagnosis but may be recognized 
by light microscopy and accurate identification of bacteria in a biofilm can only be done by 
techniques of hybridization, fluorescein staining, the molecular probe 16SRNA domain 
eubacteria (EUB 338), determining live cell / dead BacLight staining or by identifying the 
matrix components by specialized staining techniques (Veeh et al., 2003). 

Routine microbial cultures provide misleading results because they do not reflect the 
increasing resistance of bacteria growing in biofilms. The minimum inhibitory concentration 
(MIC) of bacteria grown as biofilm is 100 to 1000 times higher compared to planktonic cells 
despite antibiotic susceptibility in the laboratory (Costerton et al., 1999). 

There are no standardized methods to date used routinely to determine the antibiotic 
sensitivity of bacteria grown as biofilms. When sampling swab and plating growth obtained 
in cultures performed standardized susceptibility testing, these same antibiotics fail to solve 
conventional bacterial infections This is because bacteria grow attached and the surface as a 
biofilm. However, in many cases it is not possible to recover the bacteria by traditional 
culture methods. This has been reported in infections where Staphyococcus biofilms 
emerging vascular grafts stimulate the production of antibodies against biofilms initiated 
within 10 days of colonization, however, cells were never recovered by conventional 
techniques of microbial culture (Costerton al ., 2003), another case is related to infections in 
medical devices where antibiograms shown susceptibility against some microorganisms but 
the infection fails to be eliminated by these antibiotics (Fux et al., 2005). 
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It is very important to point out that the systems sensitivity to antibiotics were traditionally 
performed on cells in suspension, which is equivalent to the population of planktonic cells, 
for this reason, is necessary to design new laboratory techniques that reveal the sensitivity of 
these substances directly on biofilms, this idea has been reported that antibiotics active 
against stationary phase bacteria in vitro are successful in removing biofilms in vitro 
infections (Zimmerli et al., 1998). 

This information is important to consider that when it is mentioned that biofilm infection 
has hematogenous dissemination must specify if they are planktonic cells or biofilm 
fragments because there are differences in their ability to resist antibiotics, adherence and 
host response resistance. 

5. Horizontal gene transfer 
Mobile elements such as plasmids and transposons, have proven important in the transfer of 
antibiotic resistance is enhanced when the cell density increases and competition genetic, 
hence that biofilms are an ideal state to promote the horizontal transfer of genes (Ghigo, 
2001). However, there is evidence that when bacteria of a biofilm is dispersed is rapidly 
becoming susceptible so their resistance is not the result of mutations and mobile elements 
(Stewart & Costerton, 2001, Stewart, 2002). 

Increasing resistance to beta-lactams, aminoglycosides and fluoroquinolones has been 
correlated to the frequency of mutations in bacteria that grow as biofilms (Hoiby et al., 
2010). These facts lead to rapid and global spread of genes in natural environments and in 
hospitals favoring nosocomial infections associated with biofilms. 

6. Mechanisms of resistance associated with biofilms 
The conventional mechanisms of resistance to antibiotics and biocides fall into four 
categories: direct inactivation of the active molecule, altering the body's sensitivity by 
changing its target of action, reducing the concentration of the drug reaches its target 
unchanged its chemical composition and efflux systems (Hogan & Kolter, 2002, Poole 2002). 
However, most information comes from studies that were performed in suspension cultures 
and in general, bacteria in biofilms tolerate high levels of antibiotics compared to what their 
planktonic cells. In different settings, the level of antibiotic resistance may vary and the 
factors causing this increase may differ. 

The primary evidence indicates that conventional mechanisms do not explain the high 
resistance to antimicrobial agents associated with biofilms, although this evidence does not 
exclude the possibility of resistance in the growth of adherent cells. This suggests that the 
development of resistance in bacteria that are aggregated on surfaces or biofilm has its own 
intrinsic mechanisms are different and are responsible for those conventional antibiotic 
resistance, and although currently no single accepted mechanism, we have explored several 
potential candidates as responsible for this high resistance characteristic of biofilms among 
which are: Diffusion limited, neutralizing enzymatic, functional heterogeneity, slow growth, 
persistent cells and biofilm phenotype corresponding to adaptive mechanisms to stress such 
as efflux pumps and alterations in membrane. (Figure 2). 
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The antibiotic may be retained by interactions with the extracellular matrix or be neutralized by the 
production of enzymes that modify it. The metabolic heterogeneity may alter the growth preventing 
antibiotic action if its molecular target requires active metabolic pathways, or the oxygenation or pH 
gradients inhibit the action of the antimicrobial. The appearance of persistent or phenotype within 
biofilm makes it insensitive to the antibiotic 

Fig. 2. Antibiotic resistance associate to biofilms. 

6.1 Low penetration 

Antibiotics can diffuse through the biofilm matrix, to inactivate the cells trapped, but this 
exopolysaccharide behaves as a physical barrier affecting its spread to deeper layers by 
direct interaction of these molecules to modify their transport to the interior, causes 
resistance to these antimicrobials, as well as high molecular weight molecules with cytotoxic 
properties as lysozyme and complement. So, while planktonic cells are quickly exposed to 
high concentrations of antibiotics, the microorganisms in deep layers are gradually exposed 
to increasing the concentration of antibiotics. 

Bacteria that are deficient in polysaccharide synthesis and therefore of produce biofilm, 
escape from the biofilm and are susceptible to attack by immunocompetent cells. An 
antibiotic may be inactivated or sequestered by binding to the extracellular matrix as in the 
case of the alginate exopolysaccharide of P. aeruginosa which is anionic nature. Which 
explains why the fluoroquinolones and aminoglycosides penetrate slowly rapidly since the 
latter positively charged bind to the matrix has a negative charge, but this mechanism can be 
saturated if repeated doses are administrated (Lewis, 2001, Gordon et al. , 1988, Mah & 
O'Toole, 2001). 

The penetration of chlorine does not reach concentrations greater than 20% in mixed 
cultures of K. pneumoniae and P. aeruginosa biofilms. In case of biofilms of S. epidermidis 
vancomycin reaches deep layers but not rifampin (Mah & O'Toole, 2001). 

Has also been observed that the thickness of the biofilm is important for the penetration of 
hydrogen peroxide was allowed in layers with 3.5 log CFU P. aeuroginosa and not diffusion 
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when the layer was 7.6 log CFU, however, the absence of catalase gene (kata) makes it easy 
access even if the biofilm is thick (Stewart et al., 2000). 

The dissemination and death from alkaline hypochlorite (pH 11) and chlorosulphamate (pH 
5.5) was evaluated on biofilms of P. aeruginosa. The chlorosulfamate transport was not 
affected unlike hypochlorite delaying their penetration, however both biocides enter to the 
biofilm and fail to kill cells suggesting an alternative mechanism to explain the resistance to 
these substances (Stewart et al., 2001). 

Other explanations for the failure to altering the penetration of antimicrobial agents in 
biofilms K. pneumoniae are that the cells are stacked or is the result of problems of 
bioavailability of the drug (Smith, 2005). 

Reduced mobility of an antibiotic is not an impenetrable barrier and is not sufficient to 
explain the resistance, it is assumed that other mechanisms must be involved. Recently it has 
been suggested that the delay in permeability through the biofilm allows the bacteria have 
enough time to implement adaptive responses to stress. 

6.2 Neutralization 

If an antibiotic penetrates the biofilm enzyme production by microorganisms can degrade or 
modify are synthesized by enzymes that selectively destroy the activity of antibiotics. These 
enzymes are a series of proteins that use multiple adaptive strategies to confer resistance such 
as hydrolysis (-lactams, macrolide esterases epoxidase) and modification of antibiotics by 
acyltransferases, phosphorylation, glycosylation, nucleotidilación, ribosylation and transfer of 
thiol groups (Wright, 2005, Castrillón et al., 2003, Gallant et al., 2005, Martinez-Suarez et al., 
1985). These enzymes accumulate in the glycocalyx as a result of its secretion or cell lysis (by 
action of the antibiotic on the microorganisms from the biofilm surface or planktonic). 

Neutralization acts synergistically with delayed diffusion and degradation of the 
antimicrobial into the biofilm. An important mechanism of resistance in cystic fibrosis by P. 
aeruginosa is due to the overproduction of cephalosporinase AmpC enzymes which is its 
main mechanism of resistance to beta lactam in the presence of high levels of carbapenems 
such as imipenem which is a strong inducer in contrast with ceftazidime is weak probably 
due to its inactivation in the biofilm (Del Valle, 2009, Giwercman, 1991 ). 

The filters impregnated with antibiotics and its direct action on biofilms K. pneumoniae has 
shown that the antibiotic diffuses only in the presence of mutant cells -lactamases but 
growth is observed, suggesting that another mechanism of resistance must be considered 
(Anderl et al., 2000). 

6.3 Heterogeneity  

To determine the rate of microbial growth within a biofilm microelectrodes were used with 
probes for direct measurement of oxygen in different areas of the biofilm, and the use of 
acridine orange to identify fast-growing cells (stained orange) or slow (stained yellow/ 
green) according to their relative concentration of RNA / DNA. (Mah & O¨Toole 2001). 
These studies demonstrate that biofilms are structurally and metabolically heterogeneous in 
which aerobic and anaerobic processes occur simultaneously and display areas so that 
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metabolically inactive antimicrobial response may vary depending on the location of an 
individual cell within the community and that the high level of activity on the surface and 
limited or absent growth inside reduces the susceptibility to antibiotics. 

These studies have shown that biofilms are heterogeneous structures with three chemical 
patterns that correspond to differences in concentration gradients from outside to inside the 
biofilm. The pattern of metabolic substrate induces a higher concentration on the outside 
and less inside, the metabolic product pattern is reversed to the previous and the pattern of 
metabolic intermediates shows a greater concentration between the boundary of the biofilm 
in the aqueous phase (Stewart & Franklin , 2008). These patterns bring the result that within 
these structures are established differences in pH gradients and oxygenation as it has been 
shown that the penetration of oxygen as high as 25% in the depth of the biofilm (Borriello et 
al., 2004). These facts are installed microbial populations aerobic or facultative anaerobes 
within the different layers of the biofilm, allowing us to understand the differences in 
susceptibility to treatment with antibiotics, which is different from the response to the free 
forms (plankton) that the attached (sessile). 

Deprivation of oxygen and anaerobic growth of microorganisms affects the action of 
aminoglycosides which is modulated by the availability of oxygen and pH gradients 
(Wimpenny, 2000). 

6.4 Slow growth 

When an organism is limited nutrients, slow growing and may cause resistance to 
antibiotics. Cells within biofilms are under a gradient of nutrients resulting in metabolically 
active cells with access to these nutrients in the surface layer or on the periphery of the 
biofilm, in contrast, metabolically inactive cells are found within its interior. These different 
areas of metabolic activity correspond to different areas of antimicrobial susceptibility 

The decrease in growth rate and low metabolic activities decrease the cell permeability and 
therefore the access of antimicrobial substances, metabolic inactivity can also reach a level 
where the bacteria are viable but have lost their ability to be cultivated this state of non-
culturable viable cells is the main reason for the low detection of biofilm infections by 
standardized culture methods. 

The cytotoxic action of many antibiotics is dependent on the growth of microorganisms such 
as penicillins that are active are active only in growing cells, many antibiotics are targeting 
some kind of molecular synthesis and have no effect on bacteria where this synthesis has 
stopped, and cells in the interior might be protected from the cytotoxic action of these 
substances (Brown and Allison, 1988). Penicillin and ampicillin do not attack cells that are 
not growing and its action is proportional to its activity, other antibiotics such as -lactams, 
cephalosporins, aminoglycosides and fluoroquinolones attack stationary phase cells, but are 
more active in dividing cells (Costerton et al., 1999). It has been determined resistance to 
cetrimide on E. coli, ciprofloxacin on S. epidermidis, tobramycin and piperacillin in P. 
aeruginosa, this effect is associated with decrease in growth rate (Donlan & Costerton, 2002). 

Antimicrobial peptides are natural products produced as part of the arsenal of protection in 
the host innate responses and target microbial membrane (Castrillón et al., 2007). Colestine 
peptide (polymyxin E) has been used in the treatment of multidrug-resistant cancer patients 
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and cystic fibrosis by P. aeruginosa (Hachem et al., 2007), this antibiotic is the only 
antimicrobial activity against the central part of biofilms in vitro, while the metabolically 
active at the surface become tolerant due to the regulation system pmr operon genes and the 
MexAB-OprM. Ciprofloxacin and tetracycline are able to clear metabolically active cells so it 
is suggested that combination therapy with these antibiotics colistin for early eradication of 
P. aeruginosa in patients with cystic fibrosis (Pamp et al., 2008).  

6.5 Persistent cells 

A small percentage of the cell population remains viable after prolonged exposure (or 
overdoses) to antibiotics known as persistent, and gives (or not) their resistance to progeny 
once the selective pressure is removed. This susceptibility to the threshold of growth varies 
depending on the mode of action of antibiotic used. 

Persistent cells are cells that temporarily quit the replication for the survival of the community 
and their strategy is different from the stress-related adaptive responses in which the 
population expresses resistance proteins in response to potential environmental damage. 
Persistent cells survive doses of antibiotics that kill normal cells and increase in number when 
there is a high cell density reached the highest number in the stationary phase suggesting that 
their main role is to ensure the survival of cells that are not growing (Lewis 2008). 

These cells are different from the antibiotic-resistant mutants do not produce offspring 
resistant to the antibiotic in his absence and can grow in the presence of the antibiotic while 
maintaining the same minimum inhibitory concentration (MIC) in contrast to the mutants. 

The main evidence of the existence of persistent cells in biofilms are: a) there is a biphasic 
dimension in biofilms wich means that much of the population is attacked fast and another 
is not affected even with a prolonged course of antibiotics, b) description of gene of 
persistence (hip) that act as regulatory circuits that allow them to enter and leave this state as 
a protective response, c) bacteriostatic antibiotics inhibit the growth of sensitive cells are 
those that contribute to persistent cell growth and preservation of biofilm d) when therapy 
is withdrawn biofilm again reshape (Herrera 2004). 

The production of persistent cells in biofilms in bacteria is highest during the stationary 
phase in planktonic culture of the biofilm, however, in the case of Candida albicans their 
formation occurs only when growth occurs as a biofilm (Spoering & Lewis, 2001 ). 

Although the date is unknown the basics of the physiology of these persistent cells, several 
genes involved has been described for their generation, including locus have identified three 
hip (high-level-persistence): A, B and AB control the frequency of this phenotype. The 
identification of genes and their products may be targets for developing new therapies 
(Keren et al., 2004). 

All hip mutant cells produce a thousand times more cells persistent than the wild variant 
(Moyed & Broderick 1986). The importance of the appearance of these cells determines the 
success of treatment with antimicrobial use as the minimum bactericidal concentration 
would kill 99.9% of cells in biofilms, and the remaining would be eliminated by the immune 
system, without however, the presence of persistent cells limits the removal of the 
population of microbial cells or in the case of a dysfunction in the patient's immune 
response may be the cause of recurrent infections. 
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metabolically inactive antimicrobial response may vary depending on the location of an 
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6.6 Biofilm phenotype 

Nutritional starvation and high cell density in a limited space are important features in in 
the physiology of planktonic cultures reaching stationary phase. Hence the formation of a 
biofilm represents this natural phase of bacterial growth by increasing production of 
secondary metabolites such as antibiotics, pigments and other molecules, which act as 
signaling molecules to form (or inhibition of growth of other microorganisms) of biofilms 
(Lopez et al., 2010). 

The response to environmental stresses such as heat shock, pH changes, oxygen and 
chemicals among others, cause physiological changes that act as protective antagonizing the 
harmful effects by inducing protective mechanisms such as efflux pumps of antibiotics, 
changes membrane level or phase variation. 

In biofilms in response to treatment with antibiotics, appear subpopulations with different 
phenotypes that vary in their gene expression but not in their genetic material (Fux et al, 
2005). This was confirmed when performing subcultures in fresh medium in which not only 
provide nutrients but also dilutes the cell-cell signaling, the cells regain susceptibility to the 
antibiotic, demonstrating the absence of mutations. 

The gene expression patterns in biofilms of P. aeruginosa produce different phenotypes that 
differ from their planktonic counterparts (Sauer et al., 2002) and a small proportion of cells 
develop a protective phenotype that coexists with the cells sensitive to antibiotics and has 
been suggested by some authors that corresponds to that expressed by a spore (Stewart & 
Costerton, 2001). 

A biofilm community that shows resistance to treatment by antibiotics and develops a 
characteristic phenotype such as biofilm growth has been called "biofilm phenotype" and have 
come to propose the existence of specific genes and reference to their therapeutic targets, 
however , DNA microarrays and gene expression in Bacillus subtilis biofilms differ only 6% 
compared to their planktonic cells and only 1% in Pseudomonas aeruginosa. At present, the 
differential expression of these genes has not proven useful for this purpose (Fux et al., 2005). 

6.6.1 Efflux pumps 

Accumulation of antibiotics in the periplasmic space inside the bacteria is antagonized by 
efflux pumps that are resistant to several classes of antibiotics including tetracyclines, 
macrolides, fluoroquinolones, -lactam and reducing their concentration at sub-toxic level 
(Van Bambeke et al ., 2003). 

Efflux pumps are protein structures that are able to expel from the bacterial cytoplasm and 
periplasm for bacteria toxic compounds such as antibiotics. The expression of these pumps can 
be permanent (constitutive expression) or intermittent (expression can be induced). These 
pumps may be specific to a substrate or similar compounds can be transported and may be 
associated with multidrug resistance (MDR). (Sánchez-Suarez et al., 2006, Grkovic et al., 2002). 

In prokaryotes there are five families of efflux transporters: MF (major facilitator), MATE 
(multidrug and toxic efflux), RND (resistance-nodulation-division), SMR (small multidrug 
resistance) and ABC (ATP binding cassette). All of them require proton motive power and 
power supply. 
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The main systems reported in bacteria of interest in the clinic are: Campylobacter jejuni 
(CmeABC), E. coli (AcrAB-TolC, TolC-AcrEF, EmrB, EmrD), Pseudomonas aeruginosa 
(MexXY-OprM, MexCD-OprJ, and OprN MexEF Mex-XY-OprM), Streptococcus pneumoniae 
(PmrA), Salmonella typhimurium (AcrB) and Staphylococcus aureus (NorA) and Candida 
albicans (MRD1, CDR1 and CDR2) (Webber & Piddock, 2003). 

It has been speculated the possibility of antibiotic resistance in biofilms of P. aeruginosa by 
the expression (or overexpression) of these pumps, however, none of the four efflux pumps 
in the genome of this bacterium contributes to the resistance (De Kievit et al., 2001). In 
contrast to these results, resistance to azithromycin is associated pumps MexAB-OprM and 
MexCD-OprJ to biofilm resistance mechanisms in P. aeruginosa (Gillis et al., 2005) and 
PA1874-1887 pump that is expressed at high level in both biofilms and planktonic cells 
(Zhang & Mah, 2008). Although the results are still inconclusive, have proposed the use of 
anti-inhibitor drugs efflux pumps (EPI) as potential anti-biofilm treatment have been well 
tolerated in humans (Kvist et al., 2008). 

When cells bind to a surface, expressed a different phenotype to the planktonic cells and 
may be expressed as a resistance mechanism multidrug efflux pump as reported in 
Escherichia coli (AcrAB operon mar). When mar expression was evaluated in a bioreactor and 
as growth in biofilm, the results support the idea that mar operon was expressed in biofilms 
where the lowest level was detected compared with the equivalent in stationary phase 
fermenter cultures (Maira Litrán et al., 2000a). The loss of acrAB mar did not affect the 
growth as biofilms of E. coli and resistance to ciprofloxacin is not dependent on the 
regulation of mar operons or acrAB (Maira Litrán et al., 2000b). 

In the case of Candida albicans pumps for azoles was noted that in mutants cdr planktonic 
cells and mdr were hypersusceptible to fluconazole in contrast to cells that were resistant 
biofilm showing that resistance is a complex phenomenon that can not be explained by a 
single mechanism (Ramage et al., 2002). 

6.6.2 Alterations in membrane proteins 

The diffusion of any antibiotic depends on the permeability of its outer membrane that 
allows its diffusion of different routes to the periplasmic space. Porins are channel proteins 
of the outer membrane of Gram-negative bacteria involved in the transport of hydrophilic 
molecules from the external environment to the periplasmic space. 

The genes encoding porins can mutate and produce nonfunctional or altered proteins can 
decrease their expression. Both processes give rise to mutant bacteria deficient in porins, 
which have low permeability to hydrophobic molecules pass (Hancock, 1997). 

A quick change of balance in the expression of porins in response to antibiotic therapy 
confers an advantage to the pathogen compared with the commensal microflora that is 
susceptible to lactams (Pagés et al., 2008). In the case of P. aeruginosa porin OprD is used 
for the dissemination of imipenem and resistance is associated with its three-dimensional 
disturbance. 

Porins in E. coli are OmpF and OmpC operated in response to changes in osmolarity. 
Mutations in ompB (regulator of OmpF and OmpC) increase resistance to -lactam 
antibiotics, the mutants lacking OmpF are resistant to chloramphenicol and tetracycline. 
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The genes encoding porins are differentially expressed in biofilms and may contribute to 
antibiotic resistance. The expression of ompC and three other osmotically regulated genes 
are increased when the bacteria grow as biofilms in the environment a protective 
mechanism (Mah & O'Toole 2001). 

6.6.3 Phase variation 

In biofilm there is capacity development of subpopulations of bacteria or fungi to switch to 
the dormant metabolic state as small-colony known variants (SCVs) in which they are less 
susceptible to growth-dependent antibiotic killing, have a defective catalase activity 
interfere with oxidative metabolism and uptake of aminoglycoside modifying its minimum 
inhibitory concentration of 8 to 16 times compared with large colonies and normal as in the 
case of Enterobacter aerogenes (Neut et al., 2007, Rusthoven al., 1979). 

The phase variation plays an integral role in the formation of diverse phenotypes within 
biofilms and is largely responsible for the recalcitrance of infections caused by biofilms, the 
increase in the reversal phase coincides with the antibiotic treatment. This phenomenon has 
been reported for several genera and species, including Staphylococcus and Pseudomonas 
genus, and certain species of Enterobacteriaceae and fungi. (Costerton et al., 1999).  

The phase variation causes detectable changes in colonial morphology, the small colony 
variants of phase variant (SCVs) in biofilms develop properties hyperadherence, 
autoaggregation, increased hydrophobicity and reduced motility, it has been suggested that 
tolerate a wide variety of aggressive environmental conditions so that this process is 
considered a survival mechanism. 

It was considered that the phase variation is a process of cellular internal rearrangement, 
however recently it has been considered to occur by interactions with genetic elements 
outside the cell as an internal bacteriophage genetic rearrangement by suggesting a model 
where mobile genetic elements generate the phase variation through a collective mechanism 
(Chia et al., 2008). 

In Pseudomonas aeruginosa has shown that under different environmental pressures will 
favor the appearance of morphological variants that relate to the phenotype of biofilm 
among which are the small-colony variants (SCVs), rough small-colony variant (RSCVs), 
wrinkled variants, and rugose colonies autoaggregating cells. The phenotypes RSCVs and 
SCVs play a critical role in the colonization in cystic fibrosis and mutations in the psl locus in 
variants RSCVs lose their hyperadherence and autoaggregation abilities ( Häubler et al, 
2003, Kirisits et al., 2005). 

The SCVs of S. aureus differ from normal phenotype in size as they are ten times smaller 
than the wild colonies and are deficient in electron transport by auxotrophism to hemin / 
menadione, thiamine or thymidine. Their colonies are non-pigmented on agar plates and 
reduced coagulase production increases resistance to aminoglycosides and cell-wall active 
antibiotics. The specific role of the SCVs of S. aureus resistance to antibiotics in biofilms is 
still unknown (Proctor & Peters, 1998) although its presence in mixed biofilms with 
Pseudomonas has proven to be a survival mechanism against the attack of the exotoxins of 
Pseudomonas for which its wild form is sensitive (Biswas et al., 2009). 

In staphylococcal biofilm formation requires intercellular adhesin (PIA) is a polymer whose 
main component is N-acetylglucosamine and is synthesized by several enzymes encoded by 
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intercellular adhesion cluster (ica), the presence of these genes correlated with the 
morphology colonial and the ability to form biofilms, so the net growth in Congo red agar 
form black colonies when the adhesin is present and red in its absence (Ziebuhr et al., 1997). 
The ica operon is constituted by a group of four structural genes icaA, icaB, icaC and a 
regulatory component icaR (Diemond & Miranda, 2007). Adhesin negative mutants do not 
produce biofilms due to an IS256 transposon in the gene icaC (Cho et al., 2002). 

It has recently been reported in strains of methicillin resistant Staphylococcus aureus (MRSA) 
that the presence of ica locus does not guarantee that its expression and does not directly 
reflect the ability of biofilm formation. Has been evaluated the participation of three regulatory 
genes agr and sarA and as well as the alternative transcription sigma factor sigB latter being 
responsible for the variation of biofilm (Jong-Hyun et al., 2008, Eftekhar & Dadaei T, 2011). 

In S. pneumoniae have described two variants of colonial morphology between colonies 
spontaneously switched between transparent and opaque, the latter capable of forming two 
to six times the capsule, with limited bonding capacity and the possibility of evasion of host 
immune system, this variation observed both in planktonic growth conditions and in 
biofilm. Other variants described in aged biofilms are small and not mucoid without capsule 
(SCVs) with capacity to form hyperadherent biofilms, in contrast to the large and mucoid 
variants that appear late in the biofilm adhere poorly to surfaces forming flat structures 
unable to form biofilms. The SCVs of S. pneumoniae correlated with reduced capsule 
production and an increase in initial attachment instead to the opaque and transparent 
colonies, the SCV non capsule cells are not reversible due to a deletion in the capsule operon 
cps3DSU (Allegrucci & Sauer, 2007). 

In Candida parapsilosis was previously thought that it was not able to form true filaments and 
biofilms, we now know they are not as large as those of Candida albicans and concentric 
phenotype forms quantitatively more biofilm in contrast to the smooth phenotype as it does 
in lesser extent and does not invade the agar (Laffey & Butler, 2005). 

The coexistence of microorganisms in biofilms may lead to the emergence of phenotypic 
variants as in the case of Pseudomonas putida and Acinetobacter strain C6 where the excretion 
of benzoate by Acinetobacter as a result of the metabolism of benzyl alcohol, induces phase 
variation in Pseudomonas as rough colony (Kirkelund et al., 2007). 

The importance of knowledge and isolation of these slow-growing variants (SCVs) are often 
misdiagnosed by routine microbiological analysis due to its unusual morphology and 
biochemical reactions which complicates eradication by failures in the antibiotic treatment 

7. Biofilm control 
Biofilms can be reformed if: a) there is growth of fragments, followed by debridement and 
cleaning, b) planktonic bacteria is spread, released from the biofilm residual, c) there is new 
growth of microorganisms in the biofilm (Cooper & Okhiria, 2010) . 

Antibiofilms actions can be divided in two: 1) Prevention of formation. and 2) removal or 
destruction of biofilms. Among the prevention strategies for catheter-related infections that 
have developed protocols aqre aseptic filtered air in operating rooms which has reduced the 
incidence of these infections and are based on the correct implementation of the measures of 
asepsis during insertion and maintenance of vascular pathways. The formation and training 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

170 

The genes encoding porins are differentially expressed in biofilms and may contribute to 
antibiotic resistance. The expression of ompC and three other osmotically regulated genes 
are increased when the bacteria grow as biofilms in the environment a protective 
mechanism (Mah & O'Toole 2001). 

6.6.3 Phase variation 

In biofilm there is capacity development of subpopulations of bacteria or fungi to switch to 
the dormant metabolic state as small-colony known variants (SCVs) in which they are less 
susceptible to growth-dependent antibiotic killing, have a defective catalase activity 
interfere with oxidative metabolism and uptake of aminoglycoside modifying its minimum 
inhibitory concentration of 8 to 16 times compared with large colonies and normal as in the 
case of Enterobacter aerogenes (Neut et al., 2007, Rusthoven al., 1979). 

The phase variation plays an integral role in the formation of diverse phenotypes within 
biofilms and is largely responsible for the recalcitrance of infections caused by biofilms, the 
increase in the reversal phase coincides with the antibiotic treatment. This phenomenon has 
been reported for several genera and species, including Staphylococcus and Pseudomonas 
genus, and certain species of Enterobacteriaceae and fungi. (Costerton et al., 1999).  

The phase variation causes detectable changes in colonial morphology, the small colony 
variants of phase variant (SCVs) in biofilms develop properties hyperadherence, 
autoaggregation, increased hydrophobicity and reduced motility, it has been suggested that 
tolerate a wide variety of aggressive environmental conditions so that this process is 
considered a survival mechanism. 

It was considered that the phase variation is a process of cellular internal rearrangement, 
however recently it has been considered to occur by interactions with genetic elements 
outside the cell as an internal bacteriophage genetic rearrangement by suggesting a model 
where mobile genetic elements generate the phase variation through a collective mechanism 
(Chia et al., 2008). 

In Pseudomonas aeruginosa has shown that under different environmental pressures will 
favor the appearance of morphological variants that relate to the phenotype of biofilm 
among which are the small-colony variants (SCVs), rough small-colony variant (RSCVs), 
wrinkled variants, and rugose colonies autoaggregating cells. The phenotypes RSCVs and 
SCVs play a critical role in the colonization in cystic fibrosis and mutations in the psl locus in 
variants RSCVs lose their hyperadherence and autoaggregation abilities ( Häubler et al, 
2003, Kirisits et al., 2005). 

The SCVs of S. aureus differ from normal phenotype in size as they are ten times smaller 
than the wild colonies and are deficient in electron transport by auxotrophism to hemin / 
menadione, thiamine or thymidine. Their colonies are non-pigmented on agar plates and 
reduced coagulase production increases resistance to aminoglycosides and cell-wall active 
antibiotics. The specific role of the SCVs of S. aureus resistance to antibiotics in biofilms is 
still unknown (Proctor & Peters, 1998) although its presence in mixed biofilms with 
Pseudomonas has proven to be a survival mechanism against the attack of the exotoxins of 
Pseudomonas for which its wild form is sensitive (Biswas et al., 2009). 

In staphylococcal biofilm formation requires intercellular adhesin (PIA) is a polymer whose 
main component is N-acetylglucosamine and is synthesized by several enzymes encoded by 

 
Biofilms: A Survival and Resistance Mechanism of Microorganisms 

 

171 

intercellular adhesion cluster (ica), the presence of these genes correlated with the 
morphology colonial and the ability to form biofilms, so the net growth in Congo red agar 
form black colonies when the adhesin is present and red in its absence (Ziebuhr et al., 1997). 
The ica operon is constituted by a group of four structural genes icaA, icaB, icaC and a 
regulatory component icaR (Diemond & Miranda, 2007). Adhesin negative mutants do not 
produce biofilms due to an IS256 transposon in the gene icaC (Cho et al., 2002). 

It has recently been reported in strains of methicillin resistant Staphylococcus aureus (MRSA) 
that the presence of ica locus does not guarantee that its expression and does not directly 
reflect the ability of biofilm formation. Has been evaluated the participation of three regulatory 
genes agr and sarA and as well as the alternative transcription sigma factor sigB latter being 
responsible for the variation of biofilm (Jong-Hyun et al., 2008, Eftekhar & Dadaei T, 2011). 

In S. pneumoniae have described two variants of colonial morphology between colonies 
spontaneously switched between transparent and opaque, the latter capable of forming two 
to six times the capsule, with limited bonding capacity and the possibility of evasion of host 
immune system, this variation observed both in planktonic growth conditions and in 
biofilm. Other variants described in aged biofilms are small and not mucoid without capsule 
(SCVs) with capacity to form hyperadherent biofilms, in contrast to the large and mucoid 
variants that appear late in the biofilm adhere poorly to surfaces forming flat structures 
unable to form biofilms. The SCVs of S. pneumoniae correlated with reduced capsule 
production and an increase in initial attachment instead to the opaque and transparent 
colonies, the SCV non capsule cells are not reversible due to a deletion in the capsule operon 
cps3DSU (Allegrucci & Sauer, 2007). 

In Candida parapsilosis was previously thought that it was not able to form true filaments and 
biofilms, we now know they are not as large as those of Candida albicans and concentric 
phenotype forms quantitatively more biofilm in contrast to the smooth phenotype as it does 
in lesser extent and does not invade the agar (Laffey & Butler, 2005). 

The coexistence of microorganisms in biofilms may lead to the emergence of phenotypic 
variants as in the case of Pseudomonas putida and Acinetobacter strain C6 where the excretion 
of benzoate by Acinetobacter as a result of the metabolism of benzyl alcohol, induces phase 
variation in Pseudomonas as rough colony (Kirkelund et al., 2007). 

The importance of knowledge and isolation of these slow-growing variants (SCVs) are often 
misdiagnosed by routine microbiological analysis due to its unusual morphology and 
biochemical reactions which complicates eradication by failures in the antibiotic treatment 

7. Biofilm control 
Biofilms can be reformed if: a) there is growth of fragments, followed by debridement and 
cleaning, b) planktonic bacteria is spread, released from the biofilm residual, c) there is new 
growth of microorganisms in the biofilm (Cooper & Okhiria, 2010) . 

Antibiofilms actions can be divided in two: 1) Prevention of formation. and 2) removal or 
destruction of biofilms. Among the prevention strategies for catheter-related infections that 
have developed protocols aqre aseptic filtered air in operating rooms which has reduced the 
incidence of these infections and are based on the correct implementation of the measures of 
asepsis during insertion and maintenance of vascular pathways. The formation and training 
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of staff on the recommendations of the indication, insertion and maintenance of 
intravascular devices are the backbone of the prevention of catheter-associated infections. 

The methods for controlling biofilms are basically: prevent adhesion (material handling, use 
of antibiotics or anticoagulants) to prevent bacterial differentiation and congregation 
(quorum sensing antagonists or use of lactoferrin), matrix elimination (enzymes) and 
recently the administration of specific bacteriophages (Figure 1). 

Many of catheter-related infections due to microorganisms present in the skin are acquired 
when the catheters are inserted so that alternative strategies anti-colonization are being 
explored. Other alternatives would be to coat catheters or medical devices with antimicrobial 
agents (antibiotics, antiseptics and silver) incorporated into the implant material, with limited 
success. This is due to several reasons among which are the fact that biofilm infections are 
chronic and the half-life of these substances is shorter on the other hand the incorporation of 
these drugs can damage the implanted material or incompatibility with the host. 

The coating of catheters with antibiotics or biocides such as rifampin and minocycline or 
cefazolin, chlorex, silver sulfadiazine and silver impregnation decreases the possibility of 
colonization, has also proved successful when the catheter is used for short periods and as a 
prophylactic measure, but counterproductive in the long term the huge problem of 
resistance (Lewis, 2001, Raad & Hanna, 1999). 

The coating material with enzymes may be another option to prevent infections resulting 
from medical devices, recently reported peroxidase titanium coating which can generate 
antimicrobial hypothiocyanite hypoiodite or to form hydrogen peroxide or thiocyanate. This 
coated material and a liquid environment with substrates of the enzyme has been shown to 
limit the formation of biofilms of Candida albicans (Ahariz & Courtois, 2010). 

Recently have proposed new alternatives for delivery of antibiotics into the biofilm with the 
use of liposomes or biodegradable complexes that allow the drug concentration at the 
interfaces of the biofilm (Smith, 2005). 

The discovery of bacterial communication systems (quorum sensing) as a temporary facility 
during the infectious process has given an opportunity to decrease the bacterial infection by 
means other than growth inhibition. Because many bacteria use this communication system 
and control of virulence, quorum sensing mediators are the new targets for drug design 
(Hentzer & Givskov, 2003). These substances are known as quorum sensing inhibitors (QSI), 
which have been identified in nature and analogs have been synthesized by modifying its 
structure and assessed its activity in experimental systems in vivo and in vitro. QSI resistance 
occurs only in bacterial mutations. 

In the case of gram-negative bacteria depends on the communication mechanism of the 
synthesis of N-acyl homoserinlactones (AHL), so they have developed analogs of this 
substance that are aimed at inhibiting biofilm formation by several mechanisms: a) 
inhibition of AHL signal generation, b) inhibiting the spread of the intracellular signal and 
c) inhibiting the reception of AHL. In Gram-positive bacteria that use peptides as signaling 
molecules of quorum sensing. A synthetic peptide called RIP interferes with the reception of 
these signals in Staphylococcus aureus, is active in its ability to inhibit biofilm formation in 
animal models (Balaban et al., 2007). 

Substances that interfere in the formation of exopolysaccharide as xylitol and gallium have 
been used in formulations of oral biofilms management and iron chelating agents such as 
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lactoferrin, deferoxamine and EDTA are candidates for use in controlling biofilms. Recently 
it was shown that lactoferrin, a ubiquitous and abundant substance in secretions, stimulates 
the disintegration of biofilms depends on its ability chelator of iron, essential for bacterial 
growth, and stability of the links necessary for the extracellular matrix biofilms. Their use 
encourages the release of planktonic cells rather than their aggregation and biofilm 
(Castrillón 2010, Rodríguez-Franco et al., 2005). 

Endogenous production of enzymes allows degradation of exopolysaccharides of the 
biofilm to achieve dispersion of microorganisms for the generation of a new colony once the 
biofilm is mature and begin a new cycle of development, this allows us to propose the use of 
different enzymes for removal, however, due to the heterogeneity of extracellular 
polysaccharide, it is necessary to use a mixture enzymes for degradation. Among the most 
commonly used are dispersin D alginase, phage depolimerase, proteases, glycosidases: 
pectinase arabanase, cellulase, hemicellulase, beta-glucanase, xylanase, glucose oxidase and 
lactoperoxidase (Johansen et al., 1997, White, 2006, Kaplan et al., 2004). 

A different approach for the treatment of biofilms is the use of bacteriophages, viruses that 
are specific for the bacteria to replicate inside and kill them. It has been demonstrating its 
effectiveness with the use of bacteriophage T4, which can infect and replicate in Escherichia 
coli breaking up the morphology of the biofilm and killing the bacteria, or in the case of 
phage 456 on S. epidermidis. (Curtin & Donlan, 2006). A bacteriophage expressing enzymes 
that degrade the biofilm matrix has been designed and simultaneously attack the bacterial 
cells of Escherichia coli. This design eliminates the need to express, purify and deliver large 
doses of enzymes to specific sites of infection that impede access by the presence of the 
extracellular matrix (Lu & Collins, 2007). 

Pretreatment of catheters with hydrogel with a hydrolyzate of bacteriophage P. aeruginosa 
M4 reached lower cell density in biofilms after bacterial inoculation suggesting its potential 
use to prevent biofilm formation (Fu et al., 2010). 

8. Conclusions and perspectives 
The organization of the microorganisms to grow as a biofilm has been shown to have their 
own intrinsic mechanisms of resistance differ from those described stop the growth of 
microorganisms in free form. Therefore, these strategies should be considered resistance to 
explain therapeutic failure in the treatment of patients for whom laboratory results provide 
suitable sensitivity patterns. 

Growth as a biofilm is a risk factor for the spread of resistance to antibiotics and biocides as 
a long-term treatment with a microorganism determines their survival by developing a 
biofilm phenotype. 

Therapy in the future against biofilm-related infections should be considered as a priority to 
have standardized methods of diagnosis (still non-existent at the routine level) to determine 
differential management strategies of these infections. 

As biofilms are heterogeneous in nature, antibiotics are useful to control those who are 
active in cells with low metabolic activity or non-actively growing cells so requires the 
search for new antibiotics that fit this profile. 

The main strategy for controlling these infections is the use of agents that prevent biofilm 
formation as (quorum sensing inhibitors, inhibitors of synthesis of exopolysaccharides or 
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of staff on the recommendations of the indication, insertion and maintenance of 
intravascular devices are the backbone of the prevention of catheter-associated infections. 

The methods for controlling biofilms are basically: prevent adhesion (material handling, use 
of antibiotics or anticoagulants) to prevent bacterial differentiation and congregation 
(quorum sensing antagonists or use of lactoferrin), matrix elimination (enzymes) and 
recently the administration of specific bacteriophages (Figure 1). 

Many of catheter-related infections due to microorganisms present in the skin are acquired 
when the catheters are inserted so that alternative strategies anti-colonization are being 
explored. Other alternatives would be to coat catheters or medical devices with antimicrobial 
agents (antibiotics, antiseptics and silver) incorporated into the implant material, with limited 
success. This is due to several reasons among which are the fact that biofilm infections are 
chronic and the half-life of these substances is shorter on the other hand the incorporation of 
these drugs can damage the implanted material or incompatibility with the host. 

The coating of catheters with antibiotics or biocides such as rifampin and minocycline or 
cefazolin, chlorex, silver sulfadiazine and silver impregnation decreases the possibility of 
colonization, has also proved successful when the catheter is used for short periods and as a 
prophylactic measure, but counterproductive in the long term the huge problem of 
resistance (Lewis, 2001, Raad & Hanna, 1999). 

The coating material with enzymes may be another option to prevent infections resulting 
from medical devices, recently reported peroxidase titanium coating which can generate 
antimicrobial hypothiocyanite hypoiodite or to form hydrogen peroxide or thiocyanate. This 
coated material and a liquid environment with substrates of the enzyme has been shown to 
limit the formation of biofilms of Candida albicans (Ahariz & Courtois, 2010). 

Recently have proposed new alternatives for delivery of antibiotics into the biofilm with the 
use of liposomes or biodegradable complexes that allow the drug concentration at the 
interfaces of the biofilm (Smith, 2005). 

The discovery of bacterial communication systems (quorum sensing) as a temporary facility 
during the infectious process has given an opportunity to decrease the bacterial infection by 
means other than growth inhibition. Because many bacteria use this communication system 
and control of virulence, quorum sensing mediators are the new targets for drug design 
(Hentzer & Givskov, 2003). These substances are known as quorum sensing inhibitors (QSI), 
which have been identified in nature and analogs have been synthesized by modifying its 
structure and assessed its activity in experimental systems in vivo and in vitro. QSI resistance 
occurs only in bacterial mutations. 

In the case of gram-negative bacteria depends on the communication mechanism of the 
synthesis of N-acyl homoserinlactones (AHL), so they have developed analogs of this 
substance that are aimed at inhibiting biofilm formation by several mechanisms: a) 
inhibition of AHL signal generation, b) inhibiting the spread of the intracellular signal and 
c) inhibiting the reception of AHL. In Gram-positive bacteria that use peptides as signaling 
molecules of quorum sensing. A synthetic peptide called RIP interferes with the reception of 
these signals in Staphylococcus aureus, is active in its ability to inhibit biofilm formation in 
animal models (Balaban et al., 2007). 

Substances that interfere in the formation of exopolysaccharide as xylitol and gallium have 
been used in formulations of oral biofilms management and iron chelating agents such as 
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lactoferrin, deferoxamine and EDTA are candidates for use in controlling biofilms. Recently 
it was shown that lactoferrin, a ubiquitous and abundant substance in secretions, stimulates 
the disintegration of biofilms depends on its ability chelator of iron, essential for bacterial 
growth, and stability of the links necessary for the extracellular matrix biofilms. Their use 
encourages the release of planktonic cells rather than their aggregation and biofilm 
(Castrillón 2010, Rodríguez-Franco et al., 2005). 

Endogenous production of enzymes allows degradation of exopolysaccharides of the 
biofilm to achieve dispersion of microorganisms for the generation of a new colony once the 
biofilm is mature and begin a new cycle of development, this allows us to propose the use of 
different enzymes for removal, however, due to the heterogeneity of extracellular 
polysaccharide, it is necessary to use a mixture enzymes for degradation. Among the most 
commonly used are dispersin D alginase, phage depolimerase, proteases, glycosidases: 
pectinase arabanase, cellulase, hemicellulase, beta-glucanase, xylanase, glucose oxidase and 
lactoperoxidase (Johansen et al., 1997, White, 2006, Kaplan et al., 2004). 

A different approach for the treatment of biofilms is the use of bacteriophages, viruses that 
are specific for the bacteria to replicate inside and kill them. It has been demonstrating its 
effectiveness with the use of bacteriophage T4, which can infect and replicate in Escherichia 
coli breaking up the morphology of the biofilm and killing the bacteria, or in the case of 
phage 456 on S. epidermidis. (Curtin & Donlan, 2006). A bacteriophage expressing enzymes 
that degrade the biofilm matrix has been designed and simultaneously attack the bacterial 
cells of Escherichia coli. This design eliminates the need to express, purify and deliver large 
doses of enzymes to specific sites of infection that impede access by the presence of the 
extracellular matrix (Lu & Collins, 2007). 

Pretreatment of catheters with hydrogel with a hydrolyzate of bacteriophage P. aeruginosa 
M4 reached lower cell density in biofilms after bacterial inoculation suggesting its potential 
use to prevent biofilm formation (Fu et al., 2010). 

8. Conclusions and perspectives 
The organization of the microorganisms to grow as a biofilm has been shown to have their 
own intrinsic mechanisms of resistance differ from those described stop the growth of 
microorganisms in free form. Therefore, these strategies should be considered resistance to 
explain therapeutic failure in the treatment of patients for whom laboratory results provide 
suitable sensitivity patterns. 

Growth as a biofilm is a risk factor for the spread of resistance to antibiotics and biocides as 
a long-term treatment with a microorganism determines their survival by developing a 
biofilm phenotype. 

Therapy in the future against biofilm-related infections should be considered as a priority to 
have standardized methods of diagnosis (still non-existent at the routine level) to determine 
differential management strategies of these infections. 

As biofilms are heterogeneous in nature, antibiotics are useful to control those who are 
active in cells with low metabolic activity or non-actively growing cells so requires the 
search for new antibiotics that fit this profile. 

The main strategy for controlling these infections is the use of agents that prevent biofilm 
formation as (quorum sensing inhibitors, inhibitors of synthesis of exopolysaccharides or 
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material handling to prevent sticking) and its growth has been kept as planktonic cells to be 
susceptible to the action of antibiotics and host immune system. Other possible control 
strategies for mature biofilm consisting of dispersal of the organism by specific enzymes 
responsible or bacteriophage that allow differential lysis. 

In conclusion, biofilm growth as a major advantage for microorganisms because of the 
variety of strategies developed by them not only to ensure their survival in hostile 
environments but to evade the antibiotics, so knowledge of the process and the mediators 
involved will allow us to direct them to our benefit. 
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1. Introduction  
Acinetobacter is a Gram-negative coccobacillus that is strictly aerobic, nonmotile, catalase 
positive and oxidase negative. It is ubiquitous in nature, being found in soil and water. 
Members of the genus Acinetobacter have now clearly emerged as opportunistic nosocomial 
pathogens (Forster et al., 1998). Bacteremia, pneumonia, meningitis, urinary tract and 
surgical wound infections are the most common infections caused by this organism 
(Cisneros et al., 2002; Dijkshoorn et al., 2007). The taxonomy of the genus Acinetobacter has 
undergone extensive revision during the last two decades, and at least 31 named and 
unnamed species have now been described (Dijkshoorn et al., 2007). Of these, Acinetobacter 
baumannii and the closely related unnamed genomic species 3 and 13 sensu Tjernberg and 
Ursing (13TU) species were the most clinically relevant. In recent years, multidrug-resistant 
(MDR) A. baumannii are increasingly held responsible for nosocomial infections and MDR A. 
baumannii clones are spreading into new geographic areas with increasing number of strains 
acquiring many resistance genes (Navon venezia et al., 2005). Unfortunately, newer 
extended-spectrum β-lactamases and different carbapenemases are emerging fast, leading to 
pan-resistant strains of A. baumannii.  

A. baumannii appears to have the propensity for developing multiple antimicrobial 
resistances extremely rapidly. This bacterium has shown a remarkable tendency to develop 
resistance to virtually every antibiotic class (Henwood et al., 2002). The emergence and 
quick dissemination of multiple drug resistant (MDR) A. baumannii and its genetic potential 
to carry and transfer diverse antibiotic resistance determinants pose a major threat in 
hospitals world-wide. The complex interplay of MDR clones, its rapid spread, their 
persistence through biofilm formation, their regulation by quorum sensing (QS), transfer of 
resistance elements and other interactions are contributing to the increasing woes and 
creating additional difficulties in treating infections caused by these organisms. This review 
article mainly focus on antibiotic resistance in Acinetobacter, the current understanding of 
biofilm production and its correlation with antibiotic resistance as well the quorum sensing 
mechanisms in Acinetobacter species.  
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1. Introduction  
Acinetobacter is a Gram-negative coccobacillus that is strictly aerobic, nonmotile, catalase 
positive and oxidase negative. It is ubiquitous in nature, being found in soil and water. 
Members of the genus Acinetobacter have now clearly emerged as opportunistic nosocomial 
pathogens (Forster et al., 1998). Bacteremia, pneumonia, meningitis, urinary tract and 
surgical wound infections are the most common infections caused by this organism 
(Cisneros et al., 2002; Dijkshoorn et al., 2007). The taxonomy of the genus Acinetobacter has 
undergone extensive revision during the last two decades, and at least 31 named and 
unnamed species have now been described (Dijkshoorn et al., 2007). Of these, Acinetobacter 
baumannii and the closely related unnamed genomic species 3 and 13 sensu Tjernberg and 
Ursing (13TU) species were the most clinically relevant. In recent years, multidrug-resistant 
(MDR) A. baumannii are increasingly held responsible for nosocomial infections and MDR A. 
baumannii clones are spreading into new geographic areas with increasing number of strains 
acquiring many resistance genes (Navon venezia et al., 2005). Unfortunately, newer 
extended-spectrum β-lactamases and different carbapenemases are emerging fast, leading to 
pan-resistant strains of A. baumannii.  

A. baumannii appears to have the propensity for developing multiple antimicrobial 
resistances extremely rapidly. This bacterium has shown a remarkable tendency to develop 
resistance to virtually every antibiotic class (Henwood et al., 2002). The emergence and 
quick dissemination of multiple drug resistant (MDR) A. baumannii and its genetic potential 
to carry and transfer diverse antibiotic resistance determinants pose a major threat in 
hospitals world-wide. The complex interplay of MDR clones, its rapid spread, their 
persistence through biofilm formation, their regulation by quorum sensing (QS), transfer of 
resistance elements and other interactions are contributing to the increasing woes and 
creating additional difficulties in treating infections caused by these organisms. This review 
article mainly focus on antibiotic resistance in Acinetobacter, the current understanding of 
biofilm production and its correlation with antibiotic resistance as well the quorum sensing 
mechanisms in Acinetobacter species.  
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2. Antibiotic resistance in Acinetobacter spp.  
A. baumannii is considered the paradigm of multi-resistant bacteria as the organism has an 
ever-increasing list of resistance determinants that can rapidly nullify most of the therapeutic 
armamentarium. Both acquired and intrinsic resistance mechanisms can contribute this multi-
resistance. The ability to acquire such resistance for multiple drugs may be due to either the 
acquisition of genetic elements carrying multiple resistant determinants or mutations affecting 
the expression of porins and/or efflux pump(s), which can minimize the activity of unrelated 
antimicrobial agents (Vila, 2007). It is also indicated that the outer membrane of Acinetobacter 
spp. acts as a substantial barrier against the penetration of these antibiotics. The results of one 
of the earliest studies suggest that one of the causes for the high antibiotic resistance of 
Acinetobacter is attributable to the presence of a small number of small-sized porins (Sato et al., 
1991). Apart from this, it was also shown earlier that the amount of Acinetobacter porin was less 
than 5% of the Total outer membrane proteins (OMP), while that of E. coli it was reported to be 
about 60% (Rosenbusch, 1974) that contributes to reduced permeability. The most widespread 
β-lactamases with carbapenemase activity in A. baumannii are carbapenem hydrolysing class D 
β-lactamases mediated by OXA genes that are most specific for this species. In addition, 
metallo-β-lactamases have now been reported worldwide that confer resistance to all β-
lactams except aztreonam (Dijkshoorn et al., 2007). Resistance to aminoglycosides in A. 
baumannii is mediated principally by aminoglycoside-modifying enzymes (AME’s). Further, 
multidrug efflux pump such as AdeABC may have a role in aminoglycoside resistance 
(Wieczorek et al., 2008). Quinolone resistance is often caused by modifications in the structure 
of DNA gyrase secondary to mutations in the quinolone resistance determining regions of the 
gyrA and parC genes.  

The main underlying resistance mechanisms to multiple antibiotics in Acinetobacter sp. can 
be summarily outlined as follows (i) production of hydrolysing enzymes for e.g. β-lactam 
hydrolysis by different kinds of β-lactamases (Class A to D β-lactamases), (ii) changes in 
penicillin-binding proteins (PBPs) that prevent action of β-lactams, (iii) alterations in the 
structure and number of porin proteins that result in decreased permeability to antibiotics 
through the outer membrane of the bacterial cell and (iv) the activity of efflux pumps that 
further decrease the concentration of antibiotics within the bacterial cell. But, among these β-
lactamases, OXA- and metallo-carbapenemases seem to be more significant with their 
increasing incidence when compared to other β-lactamases (Livermore et al., 2006). 

2.1 Resistance to β-lactam antibiotics  

Resistance for β-lactams in Acinetobacter is been associated with the production of β-
lactamases.  

2.1.1 β-lactamases  

Resistance due to the expression of hydrolysing enzymes such as cephalophorinases and 
amber class A–D β-lactamases remains as one of the extensively studied and skilful 
resistance mechanism among the species of Acinetobacter. These enzymes to some extent 
hydrolyze carbapenems along with other β-lactams. The most common carbapenemases 
detected in A. baumannii were either Class B β- lactamases such as metallo β- lactamases 
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(MBL) or class D β- lactamases (also referred as carbapenem hydrolyzing oxicillinases 
(CHDLs)) (Livermore, 2007). While class A carbapenemases have been frequently detected 
in bacteria belonging to Enterobacteraceae family, they were not usually found in Acinetobacter 
spp. However, A. baumannii producing extended-spectrum β-lactamases (ESBLs) have been 
reported, though it is not a common phenomenon (Livermore & Woodford, 2006). As there 
are emerging reports of arrival of newer broad spectrum β- lactamases such as New Delhi 
metallo-beta lactamase -1 (NDM-1) (Karthikeyan et al., 2010) among Gram-negative 
pathogens including Acinetobacter and their progressing hydrolysing abilities makes this 
group of Gram-negative bacterial pathogens as superbugs by assisting them to survive in 
extreme conditions. The genes that code for multiple resistances are reported to be plasmid 
as well as chromosomally encoded.  

2.1.2 A- Class  

A. baumannii, like Pseudomonas aeruginosa, produces a naturally occurring AmpC β-
lactamase, together with a naturally occurring oxacillinase with carbapenemase properties. 
ESBLs are plasmid-mediated β-lactamases of predominant class A. ESBLs are capable of 
efficiently hydrolyzing penicillin, cephalosporin, the oxyimino group containing 
cephalosporins (cefotaxime, ceftazidime) and monobactams (aztreonam). β-lactamase 
inhibitors (clavulanic acid, sulbactam and tazobactam) generally inhibit ESBL producing 
strains. A wide range of class A ESBLs have been reported in Acinetobacter sp. such as TEM, 
SHV, CTX-M, GES, SCO, PER and VEB. However, these resistant determinants are not 
universally present in Acinetobacter, as there are only isolated reports of them. Some of the 
documented ESBLs world-wide are PER-1 from Turkey, Korea, Russia, Romania, Belgium 
and France; VEB-1 from France and Belgium; TEM-116 and SHV-12 from China and The 
Netherlands; CTX-M-2 from Korea; bla Shv-5 –EBSL, TEM -92 from Italy and VEB -1 from 
Northern France and Belgium (Naiemi et al., 2005; Nass et al., 2006, 2007; Endimiani et al., 
2007). Nevertheless, they were not as common as MBL and CHDL in Acinetobacter species. 

2.1.3 B- Class  

Carbapenemases are the most versatile of all β-lactamases and many of them recognize 
almost all hydrolysable β-lactams. The most common hydrolyzing enzyme carbapenemases 
found in A. baumannii belong to either the class B family of beta-lactamases such as MBLs 
(IMP/VIM) or the OXA class D family of serine β-lactamases (Poirel, 2006). Class B β-
lactamases are also referred as MBLs has the highest level of carbapenem-hydrolyzing 
activity among the three classes of carbapenemases. MBLs have been identified in many 
Gram-negative bacteria including Acinetobacter genomic species 13 TU and A. baumannii and 
are resistant to the commercially available β-lactamase inhibitors but susceptible to 
inhibition by metal ion chelators. Potent class B metallo-carbapenemases of the IMP, VIM, 
SIM and NDM type have been found in A. baumannii.  

There are numerous existing reports on IMP type of MBL in Acinetobacter spp (Lee et al., 
2003; Livermore, 2007). In A. baumannii, six IMP variants belonging to three different 
phylogroups have been identified and reported namely IMP-1 in Italy, Japan and South 
Korea; IMP-2 in Italy and Japan; IMP-4 in Hong Kong; IMP-5 in Portugal; IMP-6 in Brazil 
and IMP-11 in Japan (Poirel and Nordmann, 2006). In addition, IMP-4 has been identified in 
clinical isolates of Acinetobacter junii in Australia (Peleg et al., 2006). On the contrary, there 
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are only few studies that have documented MBL VIM type in Acinetobacter. In fact more 
than 100 clinical isolates screened by our group showed non-existence of VIM in this part of 
world. Surprisingly, P. aeruginosa isolates collected from the same hospital in our region 
showed the presence of VIM type of MBL and there was no cross transmission observed 
(Unpublished data). VIM-2-producing Acinetobacter spp. have been isolated in the Far East 
(Lee, et al., 2003) and in Germany (Toleman, 2004), while the VIM-1 determinant has been 
reported only in Greece (Tsakris 2006). One study recently identified VIM-4, which is 
nothing but a point mutant of VIM-1 and that has been previously identified only in 
Enterobacteriaceae (Luzzaro et al., 2008) and Pseudomonas spp. (Pournaras et al., 2003). This 
report on MBL VIM-4 determinant in Acinetobacter spp., emphasizes the fact that CHDLs are 
not the solitary factor for emergence of resistance to carbapenems in this genus. 
Interestingly, blaVIM-4 was identified in a non-A. baumannii isolate, thereby indicating that 
clinically insignificant Gram-negative bacterial species may also be reservoirs for MBL-
encoding genes. It is also noteworthy that the occurrence of VIM-4 in Acinetobacter in a country 
that has reported VIM-4 in P. aeruginosa previously (Pournaras et al., 2003). Concurrently, it 
was also observed in Greece that blaVIM-1 which is widespread in P. aeruginosa had 
apparently crossed the species barrier to reach Acinetobacter spp. Such examples might be yet 
another example of resistance genes crossing genus barrier (Tsakris et al., 2006).  

A small number of reports are available on other MBL types such as SIM-1, NDM-1 
encountered in Acinetobacter spp (Lee et al., 2005, Karthikeyan et al., 2010). Recently, a novel 
acquired MBL gene namely blaSIM-1 was detected in clinical isolates of A. baumannii from 
Korea (Lee et al., 2005). This SIM-1 is encoded by a class 1 integron-borne gene cassette and 
is more closely related to IMP-type enzymes than to other MBLs. Very recently new β–
lactamase such as NDM-1 has been reported in A. baumannii (Karthikeyan et al., 2010). 
Interestingly, in this report NDM-1–positive isolate was also positive for both OXA-23 and 
IMP. The blaNDM-1– positive strain was more resistant to antibiotics than the strains that 
were harbouring both OXA-23 and IMP. Fortunately, it was found that this blaNDM-1–
positive A. baumannii strain was susceptible to several fluoroquinolone antibiotics and to 
polymyxin B (Chen et al., 2011). 

2.1.4 D- Class  

The most common carbapenemases detected in Acinetobacter are CHDLs that are also 
referred as Class-D oxacillinases. Among the nine clusters of carbapenem hydrolysing 
oxacillinases, four have been identified to date in A. baumannii. These included members of 
OXA-23, -24, -51, and -58 families. In addition, recently a novel class D enzyme named OXA-
143 has been reported from Germany. OXA-58 oxacillinase was the first enzyme to be 
identified in an A. baumannii isolate in France and subsequently this has been reported 
among A. baumannii isolates in several countries (Coelo et al., 2006). Contrary to many 
workers, one investigation opined that the carriage of OXA-58 but not of OXA-51 β-
lactamase gene correlates with carbapenem resistance in A. baumannii (Tsakris, 2007). In one 
of the studies, epidemiologically unrelated Acinetobacter isolates that were positive for the 
presence blaOXA-51- and blaOXA-58-like carbapenemase genes was also shown to carry the 
blaVIM-1 in a class 1 integron, which is of much concern (Tsakris, 2008).  

Recently, a new OXA class D β–lactamase Oxa-97 has been reported in Tunisia which 
belongs to Oxa58-like (subgroup) in Africa (Poirel et al., 2008). In one instance, a novel Oxa-
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143- CHDL in A. baumannii (Higgins et al., 2009) which is not associated with insertion 
sequence (IS) elements or integron features has been reported, which is bracketed by 2 
replicase genes and its incorporation was shown to be by homologous recombination. Oxa-
143 is a class D carbapenemase is similar to OXA-66/OXA-51-like enzyme that contributes 
to imipenem resistance, which was first reported from Taiwan. Off late, OXA-72 oxacillinase 
has been also reported in several carbapenem resistant A. baumannii isolates in Taiwan (Lu 
et al., 2009).  

It has also been discovered that blaOXA-51-like genes may be associated with carbapenem 
resistance in isolates with an adjacent copy of insertion sequence (IS) ISAbA1 (Turton et al., 
2006). IS elements presumed to enhance β-lactamase gene expression by providing 
additional promoters. Repeated observations such as ISAba1, ISAba2, ISAba3, ISAba4 IS 
elements being often found upstream of the different β- lactamases genes in A. baumannii 
can be taken as evidence for such assumption (Chen et al., 2008; Poirel 2006a. 2006b & 2008). 
In addition, one recent work demonstrated that a plasmid-borne CHDL with appropriate 
upstream ISs was enough to confer a high level of carbapenem resistance in A. baumannii. 
Moreover, a blaOXA-58 gene with an upstream insertion of a truncated ISAba3 and IS1008 
was detected on a plasmid obtained from a clinical carbapenem resistant isolate in one of the 
studies (Chen et al., 2008). Acquisition of a plasmid-borne blaOXA-58 gene with an upstream 
IS1008 insertion is also shown to confer a high level of carbapenem resistance to A. 
baumannii (Chen et al., 2008). Therefore, as observed for the natural blaAmpC gene of A. 
baumannii, ISAba1 might provide promoter sequences that enhance expression of associated 
genes. These promoter sequences are probably extremely efficient in A. baumannii, so that 
insertion of ISAba1 upstream of blaOXA-51-like genes might represent a true mechanism of 
carbapenem resistance, or at least decreased susceptibility. Hence, it is sensible to believe 
that the association of blaOXA -51 like genes with IS elements may have a role in increasing 
carbapenem resistance. At least in one instance, it was conclusively shown that the reduced 
susceptibility to carbapenems was related to selection of the ISAba1-related overexpression 
of blaOXA-66 that belongs to blaOXA-51 subgroup (Figueiredo et al., 2009). 

2.2 Modifications in target proteins  

2.2.1 Penicillin binding protein  

Carbapenem resistance in A. baumannii may be because of penicillin binding proteins (PBP) 
or porin modifications. The penicillin-binding domains of PBPs are transpeptidases or 
carboxypeptidases involved in peptidoglycan metabolism. Reduced expression level of PBP 
was observed in multidrug resistant strains in order to resist the activity of antibiotics. Some 
of the strategies adopted by A. baumannii, which have been uncovered, are the acquisition of 
an additional low-affinity PBP, overexpression of an endogenous low-affinity PBP and 
alterations in endogenous PBPs by point mutations or homologous recombination.  

One recent study strongly indicated an association between down-regulation of PBPs 
and/or alteration in PBPs for β-lactam resistance in A. baumannii (Vashist et al., 2011). In this 
study, it was shown that one of the PBP designated PBP-7/8 is critical for the survival of A. 
baumannii strain AB307–0294 in the rat soft tissue infection and pneumonia models. 
Furthermore, it was shown PBP-7/8 either directly or indirectly contributes to the resistance 
of this strain to complement-mediated bactericidal activity (Russo, 2009).  
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2.2.2 gyrA and parC  

Quinolone resistance is often caused by modifications in the structure of DNA gyrase 
secondary to mutations in the quinolone resistance determining regions (QRDR) of the gyrA 
and parC genes. DNA gyrase and DNA topoisomerase IV encoded by gyrA and parC genes 
respectively, are among the housekeeping genes involved in DNA replication and 
processing are the targets for ciprofloxacin and other fluoroquinones. A point mutation on 
the gyrA gene (Ser-83 to leu) was observed in MDR strains of A. baumannii which is 
consistent with fluoroquinolone resistant phenotype. Sequencing of the parC gene also 
indicated mutations in the parC gene that caused an amino acid change at either Ser-80 or 
Glu-84 (Deccache et al., 2011)  

2.3 Alternations in permeability  

2.3.1 Changes in OMPs & porins  

Reducing the transport of β-lactam into the periplasmic space via changes in porins or 
OMPs reduces the access to PBPs. The outer membrane in MDR A. baumannii is less 
permeable to antimicrobial agents than that in other susceptible ones. Alternations in 
permeability characteristics disturbs the β-lactam assimilation into the periplasmic space, 
resulting in the weak activity of antibiotics. Several porins, including the 33-kDa CarO 
protein, that constitute a pore channel for influx of carbapenems, might be involved in such 
resistance. Sometimes disruption of OMP genes by ISAba10 element may lead to the 
inactivation of the OMPs like CarO thereby reducing the extent of which the antibiotic 
enters the cell. When the chromosomal locus containing the carO gene was cloned from 
clinical isolates and characterised, it was shown that only a single copy of carO, present in a 
single transcriptional unit, was present in the A. baumannii genome. The carO gene encodes a 
polypeptide of 247 aminoacid residues, with a typical N-terminal signal sequence and a 
predicted trans-membrane β-barrel topology (Siroy et al., 2006). Remarkably, many recent 
studies have revealed that disruption of the carO gene by the IS elements such as ISAba1, 
ISAba125, or ISAba825 results in loss of activity of CarO OMP leading to carbapenem 
resistance in A. baumannii (Mussi et al., 2005; Poirel et al., 2006). Many recent reports of 
outbreaks caused by carbapenem resistant phenotypes and their characterization having 
revealed the loss or reduction of porins such as OMPs of 22-29 kDa, 47, 44, and 37kDa and 
one of 31 to 36 kDa substantiates the findings of many previous investigations on OMPs. 
Additional gene expression studies, along with phenotypic characterization, of these 
membrane proteins will conclusively clarify the role of membrane permeability in β-lactam 
resistance. 

2.4 Efflux pumps 

Efflux pumps are the ones among the well studied mechanisms of resistance in A. baumannii, 
by which the bacterial cells overcome the action of antibiotics by expelling them out. For 
example the 3.9-Mb genome of A. baumannii AYE is reported to harbour 46 open reading 
frames (ORFs) encoding putative efflux pumps of different families (Fournier et al., 2006). 
The over expression of efflux pump genes have been reported in the antibiotic resistant 
strains which provides the evidence for the role of efflux pumps in making the bacteria 
multi-drug resistant. To date, five classes of efflux pumps have been reported to be present 
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in A. baumannii such as ATP binding cassette (ABC), major facilitator superfamily (MFS), 
multidrug and toxic compound extrusion (MATE), resistance–nodulation–cell division 
(RND) and small multidrug resistance (SMR).  

The efflux systems in A. baumannii that are completely characterized functionally so far 
include AdeABC, AdeFGH and AdeIJK (RND type), AbeM (MATE type), and CraA (MFS 
type) (Peleg, 2008; Roca, 2009; Damier-Piolle, 2009). We have only partial knowledge on the 
functionality of ABC and SMR efflux pumps (Iacono et al., 2008; Srinivasan et al., 2009)  

2.4.1 RND type efflux pump 

The RND class efflux pumps that are commonly found in Gram-negative bacteria are 
usually tripartite in nature, i. e. they comprise of three protein components such as 
cytoplasmic, inter-membrane or membrane fusion protein (MFP) and peripalsmic or outer 
membrane protein which are encoded by three different genes present in a single operon. 
The cytoplasmic protein is otherwise termed as transporter protein which is involved in the 
export of substrates such as drugs or antibiotics from the cell, MFP and OMP help in export 
mechanisms. Different classes of RND family efflux pumps have been reported till date in 
Acinetobacter sp. Among these adeABC, adeFGH and adeIJK functions and specificities have 
been studied extensively and overexpression of all these efflux pumps is controlled by two-
component regulatory systems such as sensor and regulator kinase cascade.  

In A. baumannii, AdeABC is one of the common types of efflux pumps which are involved in 
posing resistance to antibiotics such as aminoglycosides, β-lactams, chloramphenicol, 
tetracyclin, trimethoprim, erythromycin and drugs such as ethidium bromide (Magnet et al., 
2001; Peleg et al., 2008). However, many studies seemed to indicate that the presence of 
adeABC and adeDE is species specific, wherein adeABC is being restricted to A. baumannii 
and adeDE to Acinetobacter genomespecies 3 (Chau et al., 2004). Contrastingly, one recent 
study for the first time showed the involvement of AdeABC pump in a non-A. baumannii 
strain and this study also described it in detail and characterized this pump. This 
investigation had also revealed that all three types of RND pumps coexist in non-A. 
baumannii strains (Roca et al., 2011). In AdeABC pump, AdeB is the multidrug transporter 
protein, AdeA is the membrane fusion protein and AdeC is the OMP. The efflux transporter 
AdeB captures the substrates either from within the phospholipid bilayer or the cytoplasm 
and then transports them out via OMP (AdeC). The periplasmic protein AdeA acts as an 
intermediate component which acts as an overpass between AdeB and AdeC components. 
AdeR-S two-component system is likely to control the expression of AdeABC type pumps. 
Further, point mutations in components of AdeABC and its regulatory proteins have been 
associated with overexpression of AdeABC leading to multidrug resistance (Marchand et 
al., 2004).  

One study supports the hypothesis that the increased expression of adeB is associated with 
increased MICs of tigecycline. However, in the absence of an adeB gene knockout 
experiments, it is difficult to ascertain the overall contribution of the AdeABC efflux 
pump to tigecycline nonsusceptibility (Peleg et al., 2007; Hornsey et al., 2010). But, one 
recent study demonstrated that overexpression of the adeABC efflux pump resulted in 
tigecycline nonsusceptibility by quantizing transcripts of the adeB gene and 
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Additional gene expression studies, along with phenotypic characterization, of these 
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in A. baumannii such as ATP binding cassette (ABC), major facilitator superfamily (MFS), 
multidrug and toxic compound extrusion (MATE), resistance–nodulation–cell division 
(RND) and small multidrug resistance (SMR).  

The efflux systems in A. baumannii that are completely characterized functionally so far 
include AdeABC, AdeFGH and AdeIJK (RND type), AbeM (MATE type), and CraA (MFS 
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The RND class efflux pumps that are commonly found in Gram-negative bacteria are 
usually tripartite in nature, i. e. they comprise of three protein components such as 
cytoplasmic, inter-membrane or membrane fusion protein (MFP) and peripalsmic or outer 
membrane protein which are encoded by three different genes present in a single operon. 
The cytoplasmic protein is otherwise termed as transporter protein which is involved in the 
export of substrates such as drugs or antibiotics from the cell, MFP and OMP help in export 
mechanisms. Different classes of RND family efflux pumps have been reported till date in 
Acinetobacter sp. Among these adeABC, adeFGH and adeIJK functions and specificities have 
been studied extensively and overexpression of all these efflux pumps is controlled by two-
component regulatory systems such as sensor and regulator kinase cascade.  

In A. baumannii, AdeABC is one of the common types of efflux pumps which are involved in 
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2001; Peleg et al., 2008). However, many studies seemed to indicate that the presence of 
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study for the first time showed the involvement of AdeABC pump in a non-A. baumannii 
strain and this study also described it in detail and characterized this pump. This 
investigation had also revealed that all three types of RND pumps coexist in non-A. 
baumannii strains (Roca et al., 2011). In AdeABC pump, AdeB is the multidrug transporter 
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One study supports the hypothesis that the increased expression of adeB is associated with 
increased MICs of tigecycline. However, in the absence of an adeB gene knockout 
experiments, it is difficult to ascertain the overall contribution of the AdeABC efflux 
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demonstrating conversion of the tigecycline resistance pattern in the presence of an efflux 
pump inhibitor without any previously known mutation (Sun et al., 2010). When the 
isolates were analysed separately, there was an association between a higher MIC and 
elevated adeABC expression, although more isolates would need to be investigated to 
confirm this observation.  

AdeIJK is the second RND type efflux pump reported in A. baumannii, in which adeI, adeJ, 
and adeK genes encode the MFP, transporter and outer membrane components of the pump, 
respectively. This type of pumps are found to be involved in exporting β-lactams, 
chloramphenicol, tetracycline, erythromycin, lincosamides, fluoroquinolones, fusidic acid, 
novobiocin, rifampin, trimethoprim, acridine, safranin, pyronine and sodium dodecyl 
sulphate (Piolle et al., 2008).  

The third RND type efflux pump is AdeFGH, which was found to be functional in the 
mutant in which AdeABC and AdeIJK were non-functional. In one clinically relevant study, 
it was shown that the increased expression of AdeFGH in A. baumannii is an additional 
mechanism for high-level resistance to fluoroquinolones and decreased susceptibility to 
tigecycline. The efficiency of AdeFGH pump is less when compared to the other type of 
efflux pumps because its overexpression was not reported during antibiotic stress and is 
found be constitutively expressed in the cells. AdeL, a LysR type regulator controls the 
expression of AdeFGH operon. The presence of the adeFGH operon in 90% of the strains was 
shown in one study (Coyne et al., 2010). This work also revealed that overexpression of 
adeFGH is likely due to point mutation in adeL, suggesting that this event may possibly 
occur in all clinical strains under selection pressure. More molecular and biochemical 
studies on the transcriptional regulator AdeL should allow better understanding of the 
mechanism of AdeFGH expression in A. baumannii (Coyne et al., 2010) 

2.4.2 MFS type efflux pump 

Major facilitator superfamily (MFS) acts as efflux pumps to decrease the intracellular 
concentrations of multiple toxic substrates and confer multidrug resistance. TetA and TetB 
efflux pumps from the MFS, involved in the tetracycline and minocycline resistance in A. 
baumannii. Many believe that MFS efflux pump is also responsible for the intrinsic 
chloramphenicol resistance described in A. baumannii strains, and therefore it was suggested 
that it can be named CraA, for chloramphenicol resistance Acinetobacter (Magnet et al., 2001; 
Peleg et al., 2008). Recently, a novel efflux pump AmvA (Methyl Viologen resistance) that 
mediates antimicrobial and disinfectant resistance in A. baumannii has been characterized 
(Rajamohan et al., 2010). AmvA is known to be responsible for the transport of toxic 
substances such as acridine orange, acriflavine, benzalkonium chloride, DAPI, deoxycholate, 
ethidium bromide, methyl viologen, SDS and tetraphenylphosphonium chloride(TPPCl). In 
yet another study, two different MFS type efflux pumps such as CmlA and CraA that are 
specific for chloramphenicol resistance have been reported (Roca et al., 2009). 

2.4.3 MATE type efflux pump 

The MATE (Multidrug and Toxic Compound Extrusion) family is the most recently 
categorized, one among the five multidrug efflux transporter families. There are almost 
twenty different types of MATE type transporters reported in bacteria. A proton driven 
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MATE family of efflux pump AbeM is reported in Acinetobacter which was characterized to 
be responsible for exerting resistance to kanamycin, erythromycin, chloramphenicol, 
tetraphenylphosphonium chloride (TPPCl), norfloxacin, ciprofloxacin and trimethoprim (Su 
et al., 2005) 

2.4.4 SMR type efflux pump 

One most recent study for the first time described the role of the SMR efflux pump in 
Acinetobacter spp (Srinivasan et al., 2009). The regulatory protein of this pump AbeS 
mediates resistance to various antibiotics, hydrophobic compounds, detergents, and 
disinfectants in A. baumannii strain AC0037 (Srinivasan et al., 2009). The SMR type pump is 
composed of four transmembrane α-helices of approximately 100–140 amino acids in length 
driven by H+ gradient. A related study concluded that the coupling ion in the AbeM pump 
is H+ and not Na+. It is worthwhile to note that some H + - norfloxacin antiport activity is 
seen earlier in vesicles of E. coli KAM32/pUC18 (Su et al., 2005). 

2.4.5 ABC transporters 

ATP Binding Cassette (ABC) transporters form a special family of membrane proteins, 
characterized by homologous ATP-binding and large, multispanning transmembrane 
domains. Several members of this family are primary active transporters. Whole cell 
proteome analysis of Acinetobacter has revealed the presence ABC transporters which are 
proposed to be responsible for the transport of ferric ion and drug resistance (Iacono et al., 
2008). 

2.5 Aminoglycoside-modifying enzymes (AMEs)  

Resistance to aminoglycosides by AMEs is also a major threatening feature which leads to 
resistant phenotypes which shows resistance to aminoglycoside antibiotics such as 
gentamycin, kanamycin and streptomycin in Acinetobacter spp. All three classes of 
aminoglycoside-modifying enzymes reported have been found in Acinetobacter. These 
enzymes are the O-nucleotidyltransferases (ANT) and O-phosphotransferases (APH) that 
catalyse the nucleotidylation (adenylation) and phosphorylation of the hydroxyl groups and 
finally the N-acetyltransferases (AAC) that catalyse acetylation of amino groups thereby 
rendering the antibiotics inactive. Studies have shown that the genes encoding all these 
enzymes to be present on plasmids, transposons or within integron-type structures.  

In summary, emergence of MDR A. baumannii isolates that are resistant to almost all 
available antibiotics are a serious problem in clinical settings. More ominously, pan drug-
resistant (PDR) and extremely drug-resistant (XDR) A. baumannii isolates that have been 
recently emerged (Park et al., 2009). As a consequence, colistin is now considered as a 
therapy of last resort against MDR Acinetobacter infections (Nation & Li, 2009). 
Unfortunately, colistin resistance has also been reported now (Adams et al., 2009). The 
overexpression of components of PmrAB two-component system such as pmrB and/or 
pmrA appear to be only partially responsible for colistin resistance as shown by Park et al 
(Park et al., 2011). All kinds of mechanisms of antimicrobial resistance in Acinetobacter 
species have been clearly illustrated in Figure – 1.  
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Fig. 1 Potential mechanisms of antimicrobial resistance in Acinetobacter species. General 
depiction of different kinds of antimicrobial resistance mechanisms operating in 
Acinetobacter spp. Five types resistance mechanisms are illustrated in the figure, which is of 
self explanatory 

Finally, more experiments are in need that elucidates the performance of gene knockout 
studies particularly, knockout of the genes for β-lactamases and efflux systems and 
restoration of the genetic support for deficient mechanisms (e.g., porins) will further define 
their roles in Acinetobacter clinical isolates. 

3. Biofilms and antibiotic resistance  
The ability of A. baumannii to adhere to and form biofilms on biotic and abiotic surfaces 
(inanimate objects) may explain its success in the hospital environment. Biofilms might 
contribute to the environmental persistence of Acinetobacter leading to host infection and 
colonization 

3.1 Bacterial biofilms  

The bacterial biofilm have been in nature since very long but, it was not until 1970s that 
science could decipher and appreciate the biofilm lifestyle of bacteria. Biofilm is a complex 
aggregation of microorganisms, wherein the cells are embedded in a self-produced matrix of 
extracellular polymeric substance (EPS). The new definition of a biofilm is a microbially 
derived sessile community characterized by cells that are irreversibly attached to a 
substratum or interface or to each other, are embedded in a matrix of extracellular polymeric 
substances that they have produced, and exhibit an altered phenotype with respect to 
growth rate and gene transcription (Donlan & Costerton, 2002). It is now becoming clear 
that aggregation of bacterial cells are natural assemblages of bacteria within the biofilm 
matrix and it functions as a cooperative consortium, in a relatively complex and coordinated 
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manner. Biofilm phenotype of a pathogen promotes increased colonization and persistence 
and therefore is the leading cause for device-related infections. The ability of these 
pathogens to adhere to human tissues and medical devices and produce biofilms is a major 
virulence factor that correlates with increase in antibiotic resistance, reduced phagocytosis, 
and overall persistence of the bacterial population. Moreover, these biofilms are notoriously 
difficult to eradicate and are a source of many recalcitrant infections. The medical 
importance of the scientific studies of biofilms and its architecture resides more in our 
ability to explain the characteristics of device-related infections and other chronic infections 
and to design strategies to counter their refractory nature. 

3.1.1 Biofilms and resistance  

The mechanisms by which biofilms contribute to reduced susceptibility still remain unclear, 
but a number of different explanations have been proposed. Biofilms are inherently resistant 
to the antimicrobial agents, reasons being failure of an agent to penetrate full depth to cells 
of biofilm or cells slow growing state due to the organism’s slow metabolism. For 
chemically reactive disinfectants such as chlorine, iodine and peroxygens, and for highly 
charged antibiotics, such as the glycopeptides, the glycocalyx does indeed greatly affect the 
ability of the antimicrobial agent to reach those cells that are deep within the biofilm. On the 
other hand, for relatively unreactive, uncharged agents, such as the β-lactams, such reaction-
diffusion limitation is unlikely to occur. The glycocalyx may however, contribute to reduced 
susceptibility to β-lactams, if the antibiotic is susceptible to inactivation by β–lactamases and 
if the β-lactamase is derepressed while the bacterium is in the biofilm mode of growth. In 
such cases, the enzyme is concentrated within the extracellular polymer matrix and 
hydrolyses the drug as it penetrates (Gilbert & Brown, 1998). Reduced susceptibility to β-
lactams amongst biofilm bacteria is more likely to be a function of a diminished growth rate 
within the deeper recesses of the biofilm which causes the expression of penicillin-binding 
proteins that are unrepresentative of those normally targeted by these antibiotics (Gilbert & 
Brown, 1998). Retarded growth also affects the bactericidal action of the β-lactams because 
transpeptidase inhibition, which induces cellular injury, is directly related to growth rate. 
One investigation revealed that gene transfer in biofilms occurs far more frequently than 
previously noticed (Hausner & Wuertz, 1999) and horizontal gene transfer inside a biofilm 
matrix offers a great advantage in terms of both frequency and stability (Hausner & Wuertz, 
1999). The knowledge that attached cells of the same species differ in their ability to 
maintain incoming plasmids hints at specific physiological conditions in biofilms which lead 
to individual cells experiencing different environmental pressures. 

3.1.2 Biofilm cycle – a multistep process  

Attachment to abiotic surface is mainly dependent on cell surface hydrophobicity, whereas 
surface proteins mediate adhesion to host matrix-covered implants. After adhesion to the 
surface, exopolysaccharide, specific proteins and accessory macromolecules aid in 
intercellular aggregation (Otto, 2009). At critical cell density, cells co-ordinate through a 
communication pathway involving signalling molecules, termed quorum sensing (QS), 
resulting in biofilm formation (Costerton et al., 1999). Further, at a later stage, due to 
physical forces or intercellular signalling, the cells detach and disperse to colonize new areas 
(Costerton et al., 1999). 
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Fig. 1 Potential mechanisms of antimicrobial resistance in Acinetobacter species. General 
depiction of different kinds of antimicrobial resistance mechanisms operating in 
Acinetobacter spp. Five types resistance mechanisms are illustrated in the figure, which is of 
self explanatory 
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manner. Biofilm phenotype of a pathogen promotes increased colonization and persistence 
and therefore is the leading cause for device-related infections. The ability of these 
pathogens to adhere to human tissues and medical devices and produce biofilms is a major 
virulence factor that correlates with increase in antibiotic resistance, reduced phagocytosis, 
and overall persistence of the bacterial population. Moreover, these biofilms are notoriously 
difficult to eradicate and are a source of many recalcitrant infections. The medical 
importance of the scientific studies of biofilms and its architecture resides more in our 
ability to explain the characteristics of device-related infections and other chronic infections 
and to design strategies to counter their refractory nature. 

3.1.1 Biofilms and resistance  

The mechanisms by which biofilms contribute to reduced susceptibility still remain unclear, 
but a number of different explanations have been proposed. Biofilms are inherently resistant 
to the antimicrobial agents, reasons being failure of an agent to penetrate full depth to cells 
of biofilm or cells slow growing state due to the organism’s slow metabolism. For 
chemically reactive disinfectants such as chlorine, iodine and peroxygens, and for highly 
charged antibiotics, such as the glycopeptides, the glycocalyx does indeed greatly affect the 
ability of the antimicrobial agent to reach those cells that are deep within the biofilm. On the 
other hand, for relatively unreactive, uncharged agents, such as the β-lactams, such reaction-
diffusion limitation is unlikely to occur. The glycocalyx may however, contribute to reduced 
susceptibility to β-lactams, if the antibiotic is susceptible to inactivation by β–lactamases and 
if the β-lactamase is derepressed while the bacterium is in the biofilm mode of growth. In 
such cases, the enzyme is concentrated within the extracellular polymer matrix and 
hydrolyses the drug as it penetrates (Gilbert & Brown, 1998). Reduced susceptibility to β-
lactams amongst biofilm bacteria is more likely to be a function of a diminished growth rate 
within the deeper recesses of the biofilm which causes the expression of penicillin-binding 
proteins that are unrepresentative of those normally targeted by these antibiotics (Gilbert & 
Brown, 1998). Retarded growth also affects the bactericidal action of the β-lactams because 
transpeptidase inhibition, which induces cellular injury, is directly related to growth rate. 
One investigation revealed that gene transfer in biofilms occurs far more frequently than 
previously noticed (Hausner & Wuertz, 1999) and horizontal gene transfer inside a biofilm 
matrix offers a great advantage in terms of both frequency and stability (Hausner & Wuertz, 
1999). The knowledge that attached cells of the same species differ in their ability to 
maintain incoming plasmids hints at specific physiological conditions in biofilms which lead 
to individual cells experiencing different environmental pressures. 

3.1.2 Biofilm cycle – a multistep process  

Attachment to abiotic surface is mainly dependent on cell surface hydrophobicity, whereas 
surface proteins mediate adhesion to host matrix-covered implants. After adhesion to the 
surface, exopolysaccharide, specific proteins and accessory macromolecules aid in 
intercellular aggregation (Otto, 2009). At critical cell density, cells co-ordinate through a 
communication pathway involving signalling molecules, termed quorum sensing (QS), 
resulting in biofilm formation (Costerton et al., 1999). Further, at a later stage, due to 
physical forces or intercellular signalling, the cells detach and disperse to colonize new areas 
(Costerton et al., 1999). 
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3.1.3 Biofilm and disease  

While many biofilm infections are “stealthy,” in that they develop slowly and initially 
produce few symptoms, they may be very damaging because they promote immune 
complex sequelae and act as reservoirs for acute exacerbations in hosts. Many a times host 
immune response products of oxidative bursts rarely penetrate the biofilm matrix 
accounting for the inability of phagocytes to destroy the pathogen (Costerton et al., 1999). 
The exact processes by which biofilm associated organisms elicit disease in the human host 
are poorly understood. However, suggested mechanisms include: (i) detachment of cells or 
cell aggregates from indwelling medical device biofilms, resulting in bloodstream or urinary 
tract infections, (ii) production of endotoxins and (iii) resistance to the host immune system 
(Peleg et al., 2008). One should begin to examine any infection that is refractory to antibiotic 
therapy and to host defences in terms of the genes that are expressed to produce the 
refractory bacterial phenotype. Furthermore, one must begin to use the biofilm phenotype of 
each chronic pathogen in the development of new vaccines and antibiotics aimed at biofilm-
specific targets that can be the means of controlling burgeoning group of diseases caused by 
biofilm phenotype. 

3.2 Biofilm development mechanisms in A. baumannii  

There are three important factors which contribute to the persistence of A. baumannii in the 
hospital environment, namely: resistance to major antimicrobial drugs, resistance to 
desiccation and resistance to disinfectants. This survival property is most likely to play a 
significant role in the outbreaks caused by this pathogen (Tomaras et al., 2003). The potential 
ability of Acinetobacter to form biofilms may explain its outstanding antibiotic resistance 
against a wide range of antibiotics (Rao et al., 2008; Dijkshoorn et al., 2007; Donlan & 
Costerton, 2002). A. baumannii has the ability to colonize both abiotic and medical devices 
(Tomoras et al., 2003) and form biofilms that display decreased susceptibility to multiple 
antibiotics (Uma Karthika et al., 2008). Adherence of A. baumannii to human bronchial 
epithelial cells and erythrocytes has already been demonstrated, with pilus like structures 
appear to be important for adherence (Gospodarek et al., 1998, Lee et al., 2006). This process 
is considered to be a first step in the colonization process of A. baumannii. Survival and 
growth on host skin and mucosal surfaces requires the clones that can resist inhibitory 
agents and the conditions that are exerted by these surfaces. Outgrowth on mucosal surfaces 
and medical devices, such as intravascular catheters and endotracheal tubes can result in A. 
baumannii biofilm formation, which enhances the risk of infection of the bloodstream and 
airways (Tomoras et al., 2003). One of the studies had showed that the common source of 
Acinetobacter bacteremia is intravascular catheters and the colonization of respiratory tract 
(Cisneros et al., 2002). Interestingly, it has also been demonstrated that biofilm formation in 
Acinetobacter is phenotypically associated with exopolysaccharide (EPS) production and 
pilus formation (Tomoras et al., 2004). The protein equivalent to CsuE of Vibrio 
parahaemolyticus, a chaperone has been identified as a key factor in pilus and biofilm 
formation in a pioneer study (Tomoras et al., 2004). Surprisingly, considerable variation in 
quantitative adherence was observed among different strains of A. baumannii isolated from 
the same geographical region (Lee et al., 2006). This observation of varying degree of 
adherence among the strains is in concordance with our studies (unpublished data). Our 
earlier investigation also demonstrated a high propensity among the clinical isolates of A. 
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baumannii to form biofilm and a significant association of biofilms with multiple drug 
resistance (Rao et al., 2008). Thus, biofilm production by A. baumannii promotes increased 
colonization and persistence leading to higher rates of device related infections. 
Identification of new genes involved in biofilm formation is required for better 
understanding of molecular basis of strain variation and various pathogenic mechanisms 
implicated in chronic Acinetobacter infections. 

3.2.1 Factors associated with A. baumannii biofilm formation  

3.2.2 Poly-β-(1, 6)-N-acetlyglucosamine (PNAG) 

One of the important polysaccharides is poly-β-(1, 6)-N-acetlyglucosamine (PNAG), which 
has been now portrayed as a major component of biofilms of bacteria was first described in 
the genus Staphylococci (Maira-Litran et al., 2002). PNAG seems to be having profound 
effects on host-microbe interactions. PNAG affects colonization, virulence, and immune 
evasion in infections caused by both Gram-positive and Gram-negative species (Itoh et al., 
2008). Apart from its role in surface and cell-to-cell adherence (Cramton et al., 1999), PNAG 
is described as an important virulence factor (Kropec et al., 2005) and provides protection 
against the antibiotics and shown to protect Staphylococci against innate host defences (Lewis 
2001 and Voung et al., 2004). Pga locus encodes for the proteins involved in the synthesis 
and translocation of PNAG on to the bacterial surface (Kropec et al., 2005; Shiro et al., 1995; 
Vuong et al., 2004). In S. aureus, PNAG confers resistance to killing mediated by innate host 
immune mediators. Overall, PNAG production by S. aureus appears to be a critical virulence 
factor as assessed in murine models of systemic infection (Kropec et al., 2005). PgaB and 
IcaB (from Staphylococci) contain polysaccharide N-deacetylase domains belonging to 
carbohydrate esterase family 4. PNAG is also shown to be essential for the formation of the 
nonrandom or periodic cellular architecture in E. coli biofilm microstructure and for 
conversion from temporary polar cell surface attachment to permanent lateral attachment 
during the initial stages of biofilm development (Itoh et al., 2008). PgaB of pgaABCD peron 
of E. coli is predicted to be an outer membrane lipoprotein. The hms locus in Yersinia pestis, 
which is equivalent to PNAG operon apparently promotes the transmission of the plague 
bacillus Y. pestis from the flea vector to the mammalian host (Jarrett et al., 2004). PgaB 
ortholog in Y. pestis designated as HmsF, co-purifies with the outer membrane fraction in 
this bacterium.  

PNAG, the most important EPS secreted by the bacterial population also forms the major 
component of the biofilms in Acinetobacter spp. (Choi et al., 2009). Recent study on pgaABCD 
of Gram-negative bacteria with the typical reference strain of A. baumannii showed that the 
four gene loci share a high degree of similarity with E. coli and Y. pestis (Choi et al., 2009). A. 
baumannii pgaA encodes for a predicted 812-amino-acid OMP and it contains a porin domain 
suggesting that it facilitates PNAG translocation across the outer membrane and a 
superhelical periplasmic domain that is thought to play a role in protein-protein interaction 
(Itoh et al., 2008). PgaB is made up of 510 amino acids with a putative polysaccharide 
deacetylase domain. PgaB is an outer membrane lipoprotein that along with PgaA, is 
necessary for PNAG export (Itoh et al., 2008). pgaC encodes for a 392-amino-acid N-
glycosyltransferase that belongs to the glycosyltransferase 2 family. Gene pgaD encodes for a 
150 amino acid protein which localizes in the cytoplasm and assists PgaC in the synthesis of 
PNAG (Itoh et al., 2008). One recent investigation speculated that in a more dynamic 
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3.1.3 Biofilm and disease  

While many biofilm infections are “stealthy,” in that they develop slowly and initially 
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specific targets that can be the means of controlling burgeoning group of diseases caused by 
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baumannii to form biofilm and a significant association of biofilms with multiple drug 
resistance (Rao et al., 2008). Thus, biofilm production by A. baumannii promotes increased 
colonization and persistence leading to higher rates of device related infections. 
Identification of new genes involved in biofilm formation is required for better 
understanding of molecular basis of strain variation and various pathogenic mechanisms 
implicated in chronic Acinetobacter infections. 

3.2.1 Factors associated with A. baumannii biofilm formation  

3.2.2 Poly-β-(1, 6)-N-acetlyglucosamine (PNAG) 

One of the important polysaccharides is poly-β-(1, 6)-N-acetlyglucosamine (PNAG), which 
has been now portrayed as a major component of biofilms of bacteria was first described in 
the genus Staphylococci (Maira-Litran et al., 2002). PNAG seems to be having profound 
effects on host-microbe interactions. PNAG affects colonization, virulence, and immune 
evasion in infections caused by both Gram-positive and Gram-negative species (Itoh et al., 
2008). Apart from its role in surface and cell-to-cell adherence (Cramton et al., 1999), PNAG 
is described as an important virulence factor (Kropec et al., 2005) and provides protection 
against the antibiotics and shown to protect Staphylococci against innate host defences (Lewis 
2001 and Voung et al., 2004). Pga locus encodes for the proteins involved in the synthesis 
and translocation of PNAG on to the bacterial surface (Kropec et al., 2005; Shiro et al., 1995; 
Vuong et al., 2004). In S. aureus, PNAG confers resistance to killing mediated by innate host 
immune mediators. Overall, PNAG production by S. aureus appears to be a critical virulence 
factor as assessed in murine models of systemic infection (Kropec et al., 2005). PgaB and 
IcaB (from Staphylococci) contain polysaccharide N-deacetylase domains belonging to 
carbohydrate esterase family 4. PNAG is also shown to be essential for the formation of the 
nonrandom or periodic cellular architecture in E. coli biofilm microstructure and for 
conversion from temporary polar cell surface attachment to permanent lateral attachment 
during the initial stages of biofilm development (Itoh et al., 2008). PgaB of pgaABCD peron 
of E. coli is predicted to be an outer membrane lipoprotein. The hms locus in Yersinia pestis, 
which is equivalent to PNAG operon apparently promotes the transmission of the plague 
bacillus Y. pestis from the flea vector to the mammalian host (Jarrett et al., 2004). PgaB 
ortholog in Y. pestis designated as HmsF, co-purifies with the outer membrane fraction in 
this bacterium.  

PNAG, the most important EPS secreted by the bacterial population also forms the major 
component of the biofilms in Acinetobacter spp. (Choi et al., 2009). Recent study on pgaABCD 
of Gram-negative bacteria with the typical reference strain of A. baumannii showed that the 
four gene loci share a high degree of similarity with E. coli and Y. pestis (Choi et al., 2009). A. 
baumannii pgaA encodes for a predicted 812-amino-acid OMP and it contains a porin domain 
suggesting that it facilitates PNAG translocation across the outer membrane and a 
superhelical periplasmic domain that is thought to play a role in protein-protein interaction 
(Itoh et al., 2008). PgaB is made up of 510 amino acids with a putative polysaccharide 
deacetylase domain. PgaB is an outer membrane lipoprotein that along with PgaA, is 
necessary for PNAG export (Itoh et al., 2008). pgaC encodes for a 392-amino-acid N-
glycosyltransferase that belongs to the glycosyltransferase 2 family. Gene pgaD encodes for a 
150 amino acid protein which localizes in the cytoplasm and assists PgaC in the synthesis of 
PNAG (Itoh et al., 2008). One recent investigation speculated that in a more dynamic 
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environment with higher shear forces, PNAG is more essential for maintaining the integrity 
of A. baumannii biofilms (Choi et al., 2009). 

3.2.3 Biofilm-associated protein (Bap) 

Biofilm-associated proteins (Bap) were first characterized in S. aureus (Cucarella et al 2001) 
and recent research findings indicated that Acinetobacter has a homologue of Bap protein of 
Staphylococcus. Bap family members are high-molecular weight proteins present on the 
bacterial surface, contain a core domain of tandem repeats, and play a critical role in cell-cell 
interactions and biofilm maturation (Loehfelm et al., 2008; Lasa & Penades, 2006). Bap is 
made up of 8620 amino acids, arranged in tandemly repeated modules A-E (Rahbar et al 
2010). It has a higher proportion of negatively charged amino acids in the tandem repeats 
compared to non-tandem repeat parts (Loehfelm et al., 2008). As it has no transmembrane 
anchoring domain, its interaction with the cell wall is unclear and yet to be investigated.  

The mechanism by which the Bap contributes to biofilm development is unknown, though 
their large size and the presence of a high number of repeats suggest that these proteins 
could mediate homophilic or heterophilic intercellular interactions (Lasa & Penades, 2006). 
Structural studies suggest that the main target for Bap is carbohydrates, for maintenance of 
biofilm complex (Rahbar et al., 2010). Time course confocal laser scanning microscopy and 
three-dimensional image analysis of actively growing biofilms demonstrate that Bap mutant 
is unable to sustain biofilm thickness and volume, suggesting a role for Bap in supporting 
the development of the mature biofilm structure. In A. baumannii, Bap is identified as a 
specific cell surface protein and is involved in intercellular adhesion within the mature 
biofilm. Future studies in A. baumannii must explore Bap-mediated interactions like direct 
mediation of intercellular adhesion from one bacterium to a surface receptor on a 
neighboring bacterium, autoadhesion between Bap molecules on adjacent bacteria and/or 
whether cells may be linked indirectly via shared interactions with some extracellular 
biofilm matrix component. However, one can hope that Bap can be a potential target to 
develop a novel vaccine that can abolish biofilm development (Rahbar et al., 2010). 

3.2.4 Chaperone-usher secretion system 

A. baumannii require chaperone-usher pili assembly for the production of biofilm on inanimate 
surfaces as revealed from the study of Tomaras et al (2003). This secretion system encodes for a 
putative pili-like structure/adhesion protein essential for the initiation of biofilm formation. 
The csu operon expressing chaperone-usher pili assembly comprised of a gene cluster that 
encompasses six ORFs: csuAB-A-B-C-D-E and is polycistronic in nature (Tomaras et al., 2003). 
The translational products of the csuD and csuE are highly related to chaperone and usher 
bacterial proteins, respectively, the four remaining ORFs encode hypothetical proteins 
potentially involved in pili assembly (Tomaras et al., 2003). The csu operon is regulated by a 
two-component system, bfmRS. BfmS is a sensor kinase, which senses environmental 
conditions and activates a response regulator encoded by bfmR. Over-expression of the csuAB 
operon is caused by higher BfmR intracellular concentration (Tomaras et al., 2003). Current 
models on biofilm formation clearly implicate the participation of bacterial surface related 
flagella and pili (O’ Toole & Kolter, 1998) and cellular appendages (Tolker-Nielson et al., 2000). 
Bacterial cells in the biofilm community are linked to each other through extracellular 
appendages that resemble pili structures (Tomaras et al., 2003). 
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All the above data suggest that there may be an overlap in factors required for the initiation 
and maturation of biofilms on abiotic and biotic surfaces, bacterial attachment and 
pathogenesis in vivo. Though one can articulate that quorum sensing may be a central 
mechanism for autoinduction of multiple virulence factors such as genes those involved in 
the cell envelope, EPS production, pilus biogenesis, iron uptake and metabolism (Smith, 
2007) and type IV virulence/secretion systems. 

4. Quorum sensing in bacteria 
Many bacteria use cell to cell communication to monitor their population density, 
synchronize their behavior and socially interact. Such communication used by the bacteria is 
chemical in nature and generally designated as quorum sensing (QS) which is nothing but a 
coordinated gene regulation and is generally termed as QS. Small diffusible molecules 
produced by bacteria are ‘signals’ which can reach other cells and elicit ‘answers’. This 
phenomenon relies mainly on cell density and with the increase in cell density, a critical 
concentration of signaling molecule will be reached that allows sensing of the signalling 
molecule and enables the other bacteria to respond. QS is a type of community behaviour 
prevalent among a diverse group of bacteria to switch between planktonic phenotype to 
high cell density biofilm phenotype. Irrespective of either Gram-negative or Gram-positive 
bacteria, the process of QS is analogous in both the groups. The stepwise process involving 
intracellular synthesis of low molecular weight molecules and secrete them to the 
extracellular milieu. When the number of cells in a population increases, the concentration 
of QS molecules also increases and once the minimal threshold level crosses, the molecules 
are recognised by the receptors that trigger signal transduction cascades that result in a 
population wide change in gene expression. Such molecular cascades enable the population 
to function in harmony to survive and proliferate. Depending upon the bacterial species, the 
physiological processes regulated by QS are extremely diverse, ranging from maintaining 
the biofilms to regulating the antibiotic resistance. A flurry of research over the past decade 
has led to significant understanding of many aspects of QS molecules including their 
synthesis, the receptors that recognize the signal and transduce this information to the level 
of gene expression and the interaction of these receptors with the transcriptional machinery. 
Recent studies have begun to integrate QS into global regulatory networks and establish its 
role in developing and maintaining the structure of bacterial communities. 

QS network in Gram-negative bacteria regulate the expression of specific sets of genes in a 
cell density-dependent fashion (Ng & Bassler, 2009). Pathogenic bacteria typically use QS in 
the regulation of genes encoding extracellular virulence factors. Gram-positive bacteria like 
S. aureus secrete small peptides for cell to cell communication. On the other hand Gram-
negatives like A. baumannii predominantly produce small molecules like acylated 
homoserine lactones (Acyl-HSL) as QS entities. Sometimes other signalling molecules such 
as 2-heptyl-3-hydroxy-4-quinolone and diketopiperazines are also produced by Gram-
negative bacteria (Holden et al., 2000) 

4.1 Quorum sensing molecules  
Acyl homoserine lactones (AHLs) are a major class of autoinducer signals used by Gram-
negative proteobacteria for intraspecies communication that are best characterised till date. 
AHLs of QS signalling system seem to control diverse physiological functions such as 
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environment with higher shear forces, PNAG is more essential for maintaining the integrity 
of A. baumannii biofilms (Choi et al., 2009). 

3.2.3 Biofilm-associated protein (Bap) 

Biofilm-associated proteins (Bap) were first characterized in S. aureus (Cucarella et al 2001) 
and recent research findings indicated that Acinetobacter has a homologue of Bap protein of 
Staphylococcus. Bap family members are high-molecular weight proteins present on the 
bacterial surface, contain a core domain of tandem repeats, and play a critical role in cell-cell 
interactions and biofilm maturation (Loehfelm et al., 2008; Lasa & Penades, 2006). Bap is 
made up of 8620 amino acids, arranged in tandemly repeated modules A-E (Rahbar et al 
2010). It has a higher proportion of negatively charged amino acids in the tandem repeats 
compared to non-tandem repeat parts (Loehfelm et al., 2008). As it has no transmembrane 
anchoring domain, its interaction with the cell wall is unclear and yet to be investigated.  
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All the above data suggest that there may be an overlap in factors required for the initiation 
and maturation of biofilms on abiotic and biotic surfaces, bacterial attachment and 
pathogenesis in vivo. Though one can articulate that quorum sensing may be a central 
mechanism for autoinduction of multiple virulence factors such as genes those involved in 
the cell envelope, EPS production, pilus biogenesis, iron uptake and metabolism (Smith, 
2007) and type IV virulence/secretion systems. 
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molecule and enables the other bacteria to respond. QS is a type of community behaviour 
prevalent among a diverse group of bacteria to switch between planktonic phenotype to 
high cell density biofilm phenotype. Irrespective of either Gram-negative or Gram-positive 
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of QS molecules also increases and once the minimal threshold level crosses, the molecules 
are recognised by the receptors that trigger signal transduction cascades that result in a 
population wide change in gene expression. Such molecular cascades enable the population 
to function in harmony to survive and proliferate. Depending upon the bacterial species, the 
physiological processes regulated by QS are extremely diverse, ranging from maintaining 
the biofilms to regulating the antibiotic resistance. A flurry of research over the past decade 
has led to significant understanding of many aspects of QS molecules including their 
synthesis, the receptors that recognize the signal and transduce this information to the level 
of gene expression and the interaction of these receptors with the transcriptional machinery. 
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QS network in Gram-negative bacteria regulate the expression of specific sets of genes in a 
cell density-dependent fashion (Ng & Bassler, 2009). Pathogenic bacteria typically use QS in 
the regulation of genes encoding extracellular virulence factors. Gram-positive bacteria like 
S. aureus secrete small peptides for cell to cell communication. On the other hand Gram-
negatives like A. baumannii predominantly produce small molecules like acylated 
homoserine lactones (Acyl-HSL) as QS entities. Sometimes other signalling molecules such 
as 2-heptyl-3-hydroxy-4-quinolone and diketopiperazines are also produced by Gram-
negative bacteria (Holden et al., 2000) 

4.1 Quorum sensing molecules  
Acyl homoserine lactones (AHLs) are a major class of autoinducer signals used by Gram-
negative proteobacteria for intraspecies communication that are best characterised till date. 
AHLs of QS signalling system seem to control diverse physiological functions such as 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

194 

biofilm formation, Ti plasmid conjugation, production of antibiotics, and competence in 
certain bacteria (Fuqua et al., 2001; Antunes et al., 2010). AHLs are composed of HSL rings 
carrying acyl chains of C4 to C18 in length. These side chains harbour occasional 
modification, notably at the C3 position or unsaturated double bonds. The first AHL 
autoinducer and its cognate regulatory circuit has been first discovered in the 
bioluminescent marine bacterium Vibrio fischeri. Two proteins, LuxI and LuxR, are essential 
for QS control of bioluminescence in V. fischeri. The LuxI/LuxR regulatory system of V. 
fischeri is considered the paradigm for the control of gene expression by QS in Gram-
negative bacteria. Homologs of luxI and luxR have been identified in a large number of 
bacterial genomes and these other LuxIR-type QS systems control global cell density 
dependent gene expression. In V. fischeri, LuxI is the synthase of the QS autoinducer N-3-
(oxo-hexanoyl)-homoserine lactone (3OC6HSL). LuxI catalyzes acylation and lactonization 
reactions between the substrates S-adenosylmethionine (SAM) and hexanoyl-ACP. 
Following synthesis, 3OC6HSL diffuses freely in and out of the cell and its concentration 
increases as the cell density of the population increases (Stevens et al., 1994). LuxR is the 
cytoplasmic receptor for 3OC6HSL as well as the transcriptional activator of the luciferase 
operon. Without the 3OC6HSL ligand, the LuxR protein is unstable and is rapidly 
degraded. When 3OC6HSL accumulates, it is bound by LuxR and the LuxR-AHL complex 
recognizes a consensus binding sequence (lux box) upstream of the luciferase operon and 
activates its expression. Because expression of luxI is also activated by 3OC6HSL-bound 
LuxR, when the QS circuit engages, autoinducer production is induced, and the 
surrounding environment is flooded with the signal molecule. This autoinduction positive 
feedback loop is presumed to enforce synchrony as the population of cells switches from 
low cell density mode to high cell density QS mode (Stevens et al., 1994; Schaefer et al., 
1996). 

The QS networks are increasingly gaining importance in clinical isolates as they function as 
global regulators. One of the well studied organisms in clinical context is P. aeruginosa, 
which uses AHL as a QS signaling molecule. In P. aeruginosa, the QS network is found to 
play a major role in maintaining biofilm, this biofilm matrix in turn helps the bacteria to 
survive hostile conditions by becoming resistance to bactericidal agents, resisting nutrition 
depleted conditions and thereby helps them to remain persistent in hospital environment 
that makes complete eradication of this organism a challenging quest. 

4.2 Quorum sensing in A. baumannii  
Quorum sensing (QS) in A. baumannii appears to have a regulatory role in biofilm formation 
(Smith et al., 2007). Environmental survival and growth require attributes such as resistance 
to desiccation and antibiotics, versatility in growth requirements, biofilm forming capacity 
and possibly, QS activity (Dijkshoorn et al., 2007; Smith, 2007). QS has been shown to 
regulate a wide array of virulence mechanisms in many Gram-negative organisms (Antunes 
et al., 2010) and Acinetobacter is no different. The presence of QS has been inferred from the 
detection of a gene that is involved in autoinducer production (Gaddy et al., 2009) that could 
control the various metabolic processes, production of virulence factors, including biofilm 
formation. QS network in Acinetobacter is mediated by acyl homoserine lactones (AHL). Up 
to five different QS signal molecules that are more detectable (produced abundantly) during 
the stationary phase have been identified in Acinetobacter, indicating that this may be a 
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central mechanism for autoinduction of multiple virulence factors (Gonzalez et al., 
2001;Joly-Guillou et al., 2005; Niu et al., 2008; Gonzalez et al., 2009). In one most recent 
study, different species of Acinetobacter were analyzed for the production of AHL and it was 
shown that QS sensors were not homogenously distributed among species, though one 
particular AHL was specifically present in most of the strains belonging to A. calcoaceticus-A. 
baumannii complex (Gonzalez et al., 2009). Furthermore, it was revealed that no distinction 
could be made between the QS signals secreted by typical opportunistic strains of the A. 
calcoaceticus-A. baumannii complex isolated from patients and strains belonging to other 
species of the genus (Gonzalez et al., 2009). In our investigation, we have also identified 
more than six different QS signal molecules in majority of the A. baumannii clinical isolates 
wherein chromatographic separation (Thin Layer Chromatography) of ethyl acetate 
extracts followed by β-galactosidase assay for determining QS activity using A. 
tumefaciens reporter strain NT1, containing plasmid pZLR4 carrying traR and a traG::lacZ 
reporter fusion was used. However, among these only one kind of QS molecule was 
produced abundantly (Figure – 2). 

 
A:- Biosensor overlay test using reporter strain (Agrobacterium tumefaciens pZLR4) for detection of 
quorum sensing (QS) molecules; 1A – Negative control; 2A A. tumefaciens Positive control 
NTL4(pTiC58∆accR); 3A - QS activity positive reaction produced ethyl acetate extract of A. baumannii 
clinical isolate confirming the production Acyl Homoserine lactone 
B:- 1B- Biofilm production in A. baumannii isolates detected through Tube method using 1% crystal 
violet stain. Thick violet ring was witnessed between liquid air interfaces; 2B - Thin layer 
chromatography (TLC) of crude ethyl acetate extract of A. baumannii culture supernatant; 3B - Ethyl 
acetate extracts obtained from A. baumannii culture supernatants were separated by TLC and over laid 
with A. tumefaciens (pZLR4). 

Fig. 2. Quorum sensing activity in A. baumannii  
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Another recent investigation on A. baumannii M2 strain characterized an AHL and one AHL 
synthase gene was identified, which was held responsible for predominant of kind QS 
molecule produced (Niu et al., 2008). Although additional AHLs were detected in this 
study, they were not able detect any other gene related to them. Hence, it appears that the 
auto inducer synthase that was discovered has low specificity and may be capable of 
synthesizing other QS signals as well. Some interesting questions arising out of above study 
are: do the diversity of QS signals observed respond only to particular synthase? or is there 
any existence of more than one AHL synthase?  

However, since AHL signals produced by acyltransferases do not have similarity to LuxI or 
LuxM/AinS, it cannot be ruled out that additional AHL signals are present in A. baumannii 
M2. The AbaI protein was similar to members of the LuxI family of autoinducer synthases 
and was predicted to be the only autoinducer synthase encoded by A. baumannii. The 
expression of abaI at the transcriptional level was activated by ethyl acetate extracts of A. 
baumannii culture supernatants or by synthetic 3-hydroxy-C12-HSL. Further an abaI mutant 
failed to produce any detectable AHL signals and was impaired in biofilm development 
indicting that there is direct role QS molecules in biofilm development (Niu et al., 2008). QS 
machinery in A. baumannii appear to be mediated by a two component system AbaIR (Niu et 
al., 2008). This two-component system is homologous to a typical LuxIR family of proteins 
found in Gram- negative bacteria. This system includes a sensor protein AbaI that functions 
as an enzyme synthesizing AHLs and AbaR that functions as receptor by recognizing the 
AHL and induces a cascade of signaling pathway(s). QS was found to play a major role in 
biofilm maintenance and maturation in Acinetobacter. Niu et al (2008) have revealed that in 
abaI null mutants, there is about 40% reduction of biofilm and this was restored when AHL 
supplied externally. Consistent with this study, scanning electron microscopy (SEM) 
analysis data from our laboratory has shown biofilm formation in biofilm-negative clinical 
isolates when AHL was provided exogenously, as well there was enhanced biofilm 
formation in weakly adherent clinical isolates after such supplementation (Figure– 3). A. 
baumannii was found to produce more than 5 types of AHLs with varying fatty acid chains 
(Gonzalez et al., 2001 & 2009; Niu et al., 2008). The abaI autoinducer synthase was found to 
produce N-(3-hydroxydodecanoyl)-L-HSL (3-hydroxy-C12-HSL) when cloned and 
expressed in E. coli. Genomic sequence analysis of A. baumannii ATCC 17978 has revealed 
that abaI and acyltransferase may be the core mediator for synthesis of AHLs with varying 
chemical nature. Such observations as whole underpin a positive correlation between QS 
and biofilm formation 

A comparative study using in silico tools have shown that the autoinducer synthase gene 
abaI is more than 45% identical to autoinducer synthase gene from environmental non-
pathogenic organisms like Halothiobacillus neapolitanus, Acidithiobacillus ferrooxidans 
ATCC23270 and less identical to RhlI and LasI system of pathogenic P. aeruginosa but about 
47.3% identical to autoinducer synthase genes of an environmental strain Pseudomonas sp 
RW10S (Bhargava et al., 2010). These similarities and dissimilarities between environmental 
and clinical isolates clearly demonstrates how Acinetobacter as evolved from an 
environmental form to a pathogenic individual. Further, in-depth analysis has revealed that 
A. baumannii has more similarity with Burkholderia ambifaria at organism level and in stark 
contrast, its abaI gene shares similarity with H. neapolitanus. Similarly, abaR was found to 
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share more similarity to H. neapolitanus but it is unrelated to B. ambifaria. This can raise 
another question that abaI and abaR are two different genes yet they share similarity with 
homologs of another organism and it is because abaR is present just 63 base pairs upstream 
of abaI and it can be easily transferred as a single unit from one organism to the other. 

 
1A- Growth of A. baumannii (biofilm-negative) on glass cover slip stained with 0.1% of crystal violet; 
2A- Effect of N-AHL (200µM) extracted from A. baumannii biofilm phenotype on growth of biofilm non-
producer; biofilm development can be observed. 3A - Effect of garlic extract on growth and biofilm 
formation; inhibition of biofilm was observed. 
1B & 2B - SEM images of preparations similar to 1A & 2A respectively (X 5000 magnification); 3B 
magnified images showing cell to cell adherence through pili-like appendages (X 15000 magnifiction). 

Fig. 3. A & B – Microscopic and scanning electron microscopic (SEM) analysis of effect of N-
Acyl homoserine lactone (AHL) and garlic extract (Quorum quenching agent) on biofilm-
negative strains of A. baumannii of clinical origin.  

The likely lateral gene transfer between two distinct bacteria can be attributed to the natural 
competence of A. baumannii that has made them to acquire genetic information from other 
organisms. Interestingly, QS sensing is well known to increase competence in bacteria which 
further illuminates the importance of these chemical mediators. 

A. baumannii being found to be a major threat in many hospitals, recent studies have clearly 
demonstrated the alarming need for an intense research on QS in A. baumannii. Pandrug 
resistance of A. baumannii is attributed to a number of antibiotic resistance mechanisms and 
biofilm formation. This biofilm formation is in turn regulated by QS networks, which make 
them to be considered as an important drug target to combat these multidrug resistant 
superbugs. 
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4.3 Quorum sensing and Antibiotic resistance  
Multiple drug resistance can be attributed to a number of mechanisms, which includes 
synthesis of enzymes that degrade the drugs, modified targets that does not respond to the 
drug and presence of efflux pumps that pumps out the bactericidal drugs from the bacterial 
system to the extracellular milieu. QS was found to be regulating multidrug resistance in 
two ways, one involves up regulation of biofilm associated EPS matrix and other by up 
regulation of efflux pump genes.  

The production of an EPS matrix is one of the distinguishing characteristics of biofilm and it 
has been suggested that EPS prevents the access of antibiotics into the bacterial community. 
Our investigations reveal that there is a strong association between multidrug resistance and 
biofilms wherein majority of our clinical isolates, which were strong biofilm producers were 
also exhibiting multidrug resistance (Rao et al., 2008). Compared to non-biofilm producers, 
biofilm producers showed a significantly higher resistance to cephotaxime, amikacin, 
ciprofloxacin and aztreonam. Thus, it is clear that clinical isolates of A. baumannii have a 
high propensity to form biofilm and there is a significant association of biofilms with 
multiple drug resistance. Further investigation showed that presence of antibiotic resistant 
determinant blaPER-1 is more critical for cell adherence, which is the first step in biofilm 
formation cycle. One of the success stories of Acinetobacter is its ability to withstand stress 
conditions like exposure to high dose of antibiotics. Previous studies on Pseudomonas have 
shown that exposure to the macrolide antibiotics found to enhance biofilm formation. Such 
responses suggest biofilm as a potential defence mechanism against antibiotics. Similar 
mechanism is seen in A. baumannii in which strong biofilm producers are commonly 
multidrug resistant. The role of QS molecule as a key player in antibiotic resistance can be 
understood from their mechanism of enhancing replication and transfer of plasmids, which 
are the major carriers of antibiotic resistant genes. Thus in a biofilm microstructure there is an 
increased possibility of gene transfer including genes for antibiotic resistance. Consequently, 
the biofilm forming capacity of A. baumannii combined with its multidrug resistance 
contributes to the organism’s survival and further dissemination in the hospital settings. 

Evidences for the role of QS in upregulating efflux pumps arise from studies in E. coli in 
which over expression of E. coli luxR homologue SdiA lead to the overexpression of AcrAB 
efflux pumps and its knockout lead to decrease in AcrAB efflux gene expression. This study 
clearly demonstrates how QS directly play an indispensable role in regulating efflux pump 
gene expression. SdiA as well regulates cell division in a cell density-dependent manner. It 
was also shown that SdiA controls multidrug resistance by positively regulating the MDR 
pump AcrAB and overproduction of SdiA confers multidrug resistance and increased levels 
of AcrAB. Conversely, sdiA null mutants are hypersensitive to drugs and have decreased 
levels of AcrB protein. These observations provide a direct link between QS and MDR 
achieved through efflux pump. Combined with earlier reports, this data support a model in 
which a role of drug efflux pumps is to mediate cell–cell communication in response to cell 
density (Rahmati et al., 2002). Now, it is clear that sdiA positively regulates the AcrAB efflux 
pump to mediate multiple drug resistance in E. coli. 

In P. aeruginosa, when the cells are in the logarithmic growth phase, the MexR repressor 
negatively regulates mexAB-oprM efflux pump expression by binding at the MexR-MexAB-
OprM operator-promoter region. As the cells enter the stationary growth phase, they sense a 
high population density and turn on a QS switch producing an autoinducer, C4-HSL, which 
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independently induces the expression of mexAB-oprM operon directly or it inactivates the 
MexR repressor, as a consequence it enhances the transcription of MexAB–OprM efflux 
pump (Maseda et al., 2004). This study also revealed that MexAB mutants accumulate 3O-
C12-HSL intracellularly, which shows how QS signals form a part of efflux pump networks. 
In A. baumannii, antibiotic resistance is also brought about by a number efflux pump genes 
and the RND efflux genes which are found to share about 47% similarity with MexAB 
pumps are the major efflux pumps in A. baumannii. A. baumannii also produces C12-HSL 
compounds as QS molecules, which shows that there may be an interconnecting role 
between efflux pumps and QS that imparts multiple drug resistance. 

To overcome stress, cells express various factors and one of them is RpoS which is regulated 
by the global regulator Hfq. In one of the studies conducted in P. aeruginosa, lasR knockout 
mutants showed decreased resistance to ofloxacin, whereas the resistance was restored 
when RpoS was over expressed in lasR knockouts. This finding suggests the strong role of 
stress regulators in multiple-drug resistance. As Hfq was found to regulate RpoS which in 
turn involved in orchestrating QS controlling antibiotic resistance, one can understand the 
pivotal role of stress regulators in QS and multidrug resistance. Acinetobacter genome 
analyses provide evidences for the presence of both Hfq and RpoS in A. baumannii though 
their interconnecting role is not yet elucidated. 

4.4 Biofilm associated gene expression and virulence factors  
Many recent investigations have revealed differential gene expression of genes during 
biofilm formation. Since biofilm helps in persistence of the organism in various stressful 
environments including survival in human hosts, many stress tolerating factors (can also 
termed as virulence factors) are produced to overcome a range of stress conditions. In this 
regard, our investigations have shown a positive correlation between biofilm and virulence 
factors. Our study which included majority of clinical isolates of A. baumannii that are 
biofilm producers were also found to be positive for production of virulence factors like 
protease, gelatinase, phospholipase, serum resistance and haemolysis (unpublished data). 
These factors are highly helpful for the pathogens survival in human hosts. Thus our 
observation sturdily supports a positive correlation between biofilm and virulence factors. 
Some cells in biofilm have slow growth rate, which is related to general stress response 
rather than nutrient limitations. To overcome stress, cells express various factors and one of 
them is RpoS which is regulated by the global regulator Hfq. As Hfq was found to regulate 
RpoS which in turn leads to QS controlled expression of virulence factors, one can 
understand the pivotal role of Hfq during harsh conditions. A general model of QS network 
with overall role of AHL in signal transduction regulated by AbaR, possible role of AbaI, 
Hfq, RpoS in Acinetobacter spp. is depicted in Figure – 4. 

In conclusion, QS sensing works as a global regulator in regulating a diversified network of 
signalling cascades which helps the organism to resist infinite hostile conditions that are yet 
to be unveiled. Bacterial virulence being shown as one of the functions regulated by QS may 
therefore be a right target for designing newer therapeutics. Consequently, interference with 
QS-based inter-cellular communication might become the basis of new therapeutic schemes. 
Moreover, understanding QS cascades apart from revealing the communal relationships 
between the cells may help in designing potential drugs which can tackle multidrug 
resistant superbug A. baumannii. 
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4.3 Quorum sensing and Antibiotic resistance  
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Fig. 4. A General model of acyl-homoserine lactone (AHL) signal transduction in 
Acinetobacter spp. by quorum sensing is shown. Tentative model for AHL synthesis (left side) 
and AHL interaction with AbaR-type regulatory proteins (right side) are depicted. Green 
solid arrows on the outer membrane indicate the potential two-way traffic of AHLs into and 
out of the cell. Putative regulatory role of AbaR and its interaction with AbaI or AbaI-type 
protein is shown at left side. Putative activation and overexpression of AdeABC efflux 
pump by AHL- AbaR complex is depicted by green dotted arrows at the right side. The 
presumed role of AHL- AbaR complex in up regulation of Hfq expression and putative 
regulation of RpoS by Hfq are shown. Finally, role of RpoS in antibiotic resistance and its 
probable role in biofilm development are illustrated.  

5. Future prospective  
Ironically, many have started believing that we are nearing the post antibiotic era as no new 
groups of antibiotics have been discovered after 1980s. As such, we are in a desperate need 
for searching new therapeutic solutions for infections caused pan-drug resistant bacteria. 
We might achieve this with respect to nosocomial pathogen A. baumannii after some careful 
studies of the genomics and proteome of Acinetobacter species looking for possible 
promising targets. In the following paragraphs, we describe one of the potential targets as 
an example, where we have tried to relate iron metabolism to biofilm production, which is 
based entirely on indirect evidences but strong correlation of A. baumannii with its other 
close relatives in a genomic perspective. 
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The remarkable similarities between the prokaryote and eukaryote iron transport systems 
underscore the importance of our analysis with respect to the host-bacteria interactions 
leading to disease. An increased knowledge of the molecular mechanisms of microbial 
pathogenicity mediated by iron and host resistance will undoubtedly help in finding 
potential drug targets. The iron-scarce environment of a vertebrate host generates a non-
specific defence mechanism as most iron is bound with host proteins such as haemoglobin, 
or complexed with high affinity ligands such as transferrin and lactoferrin (Neilands et al., 
1995). To overcome this, A. baumannii and other Gram-negatives secrete high affinity iron 
chelators, called siderophores that gather this micro- but essential nutrient (Neilands et al., 
1995; Crosa, 1989). Siderophores (from the Greek: “iron carriers”) are defined as relatively 
low molecular weight, ferric ion specific chelating agents elaborated by bacteria and fungi 
growing under low iron stress environment. The role of these compounds is to scavenge 
iron from the environment and to make the mineral and make it available to the cell. The 
ability to extract iron from these iron-scarce environments of the host often contributes to 
the virulence of a successful pathogen. 

5.1 Iron metabolism in Y. pestis and A. baumannii 

Indeed, there have been reports that iron deficient media suppress biofilm formation and 
hence decrease virulence (Weinberg, 2004; Yang et al., 2007). But, this would do nothing to 
hinder the growth of the pathogen as the siderophores perform superbly, the task of iron 
acquisition with their extremely high affinity for ferric ion (Neilands et al., 1995; Braun and 
Hantke, 2011). We certainly have a choice of targeting the iron acquisition system so as to 
abolish the virulence. Recent studies on human Gram-negative pathogen Y. pestis suggest 
that the HmsHFRS and HmsT operons regulating hemin-binding and storing system are 
also involved in biofilm formation (Perry et al., 1990; Kirillina et al., 2004). In fact, Y. pestis 
Hms+ phenotype, described by enormous adsorption of hemin or congo red to become red 
coloured, is a manifestation of biofilm formation during growth at 26–34 ºC (Perry et al., 
2004). A. baumannii has genes homologous to HmsH, HmsF and HmsR that occur end-to-
end and (may) constitute an operon having a pair of hypothetical genes and spanning about 
a 4.7 kb region along the complementary strand of the genome (Figure-5). 

 
Fig. 5. A comparison between (A) Y. pestis Hms operon and (B) a 4.7 kb region of A. 
baumannii genome (see text) having four genes. Matching colours except dark grey colour 
showing homologues. Dark grey segments do not match. Promotor and intergenic 
sequences are ignored for the sake of simplicity. 
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Y. pestis HmsH is an outer membrane protein with a predicted β-barrel domain (Wortham et 
al., 2010) and has a weak homology to A. baumannii poly-beta-1, 6-N-acetyl-D-glucosamine 
(PGA) synthesis protein. HmsF is also an outer membrane protein with a predicted 
deacetylase domain. HmsR and HmsS are inner membrane proteins (Wortham et al., 2010). 
HmsR has a putative glycosyl-transferase domain where as HmsS homologue Ica is linked 
to the Y. pestis biofilm PGA synthesis protein PgaD. Y. pestis HmsH, HmsF, HmsR and 
HmsS have 58.2%, 60.8%, 83% and 50% sequence similarities to E. coli PgaA, PgaB, PgaC, 
PgaD respectively (Forman et al., 2006). But, they have very weak similarities with their 
(predicted) A. baumannii counterparts. Yet, from some recent investigations, it is now 
becoming obvious that genes from Hms operon have corresponding counterparts in A. 
baumannii (Zhou and Yang, 2001). 

The above mentioned 4.7 kb region in genome of A. baumannii contains 4 genes in tandem, 
which consists of a pair of hypothetical proteins, bearing IDs YP_001085192 and 
YP_001085192 followed by a putative hemin storage signal peptide protein and hemin 
storage system protein HmsR. Neither the sequence nor the structural topology of 
YP_001085192 fits into any of the genes of Y. pestis HmsHFRS operon. Rather, according to 
UniProtKB annotations, it is a putative phosphotransferase, containing a nucleotide 
(possibly ATP) binding motif. There have been some evidences of phosphoenolpyruvate 
phosphotransferase (PTS) systems being involved in biofilm formation in Vibrio cholerae, E. 
coli and Streptococcus gordonii (Houot and Watnick, 2008; Lazazzera, 2010; Houot et al., 2010). 
YP_001085191, when searched against RefSeq (Pruitt et al., 2000) database, comes to be A. 
baumannii poly-beta-1, 6 N-acetyl-D-glucosamine export porin PgaA, which could be 
involved in the export of PGA to the cell exterior. The putative hemin storage signal peptide 
gene, as the name suggests, is involved in hemin storage. Searching results in the Conserved 
Domain Database (CDD) (Marchler- Bauer et al., 2011) suggested further that it has one each 
of polysaccharide deacetylase and poly-beta-1,6-N-acetyl-D-glucosamine N-deacetylase 
PgaB domains. The polysaccharide deacetylase domain is found in polysaccharide 
deacetylase. This family of polysaccharide deacetylases includes NodB (nodulation protein 
B from Rhizobium), which is a chito-oligosaccharide deacetylase. It also includes chitin 
deacetylase from yeast and endoxylanases which hydrolyses glucosidic bonds in xylan 
(Fukushima et al., 2004). Poly-beta-1, 6-N-acetyl-D-glucosamine N-deacetylase PgaB 
produces polysaccharides based on N-acetyl-D-glucosamine in straight chains with beta-1, 6 
linkages. Deacetylation by this protein appears necessary to allow export through the porin 
PgaA (Itoh et al., 2008). The last one in the order, HmsR, as resulted in the CDD search, 
belongs to the cellulose synthase superfamily (Roberts and Bushoven, 2007) and also 
contains a DXD motif which binds to a metal ion that is used to coordinate the phosphates a 
nucleotide-sugar at the active site. These features suggest that A. baumannii, like its near 
relatives, depends on hemin-adsorption and storage for biofilm formation. 

Neither the hemin acquisition (Zimbler et al., 2009) nor the biofilm function has remained 
uncharacterized in A. baumannii. But the above discussion correlates these two and suggests 
that they are not independent of each other. Even A. baumannii is able to survive without the 
help of iron chelators, if its Hms system is functional (Zimbler et al., 2009). On the contrary, 
an Hms negative almost does not develop biofilms (Figure-6) (Jarrett et al., 2004). One 
previous work (James et al., 2006) had revealed that genes coding for hemin and iron 
acquisition systems in Porphyromonas gingivalis are regulated by QS protein LuxS. Again QS 
is well known for inducing biofilm formation. 
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Fig. 6. Scanning electron microscopy of Hms-positive (A) and Hms-negative (B) Yersinia 
pestis grown on agar plates at 21C. Bar, 0.5 µm. Reproduced with the permission from Jarret 
et al., 2004.  

6. Conclusion  
This review attempted to give a glimpses of multiple mechanisms of antimicrobial resistance 
adopted by various species of Acinetobacter, described the current understanding of biofilm 
development and various factors regulating the biofilm formation in Acinetobacter. This 
write up also explained about the biofilm development and different virulence factors 
elaborated by Acinetobacter and its correlation with antibiotic resistance. Finally, quorum 
sensing has been elucidated in detail, which works as a global regulator in controlling and 
regulating diverse physiological functions such as biofilm formation, pilus biogenesis, 
production of multiple virulence factors, development of antibiotic resistance and increasing 
the competence of cells that helps in gene transfer. All the information discussed here will 
definitely help the future research in this area. 

In conclusion, all the available evidence implies that A. baumannii is very important human 
pathogen that is gradually gaining more attention as a major global public health problem. 
It is responsible for a significant proportion of nosocomial infections among patients who 
are critically-ill receiving intensive care in the ICUs. With this situation together with the 
fact that certain biofilm phenotypes of A. baumannii being highly refractile and recalcitrant 
that are highly resistant to multiple drugs due to intrinsic resistance properties and those 
that can acquire resistant determinants with increasing propensity, makes this pathogen one 
of the most difficult challenges of the present days.  
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relatives, depends on hemin-adsorption and storage for biofilm formation. 

Neither the hemin acquisition (Zimbler et al., 2009) nor the biofilm function has remained 
uncharacterized in A. baumannii. But the above discussion correlates these two and suggests 
that they are not independent of each other. Even A. baumannii is able to survive without the 
help of iron chelators, if its Hms system is functional (Zimbler et al., 2009). On the contrary, 
an Hms negative almost does not develop biofilms (Figure-6) (Jarrett et al., 2004). One 
previous work (James et al., 2006) had revealed that genes coding for hemin and iron 
acquisition systems in Porphyromonas gingivalis are regulated by QS protein LuxS. Again QS 
is well known for inducing biofilm formation. 

 
Antibiotic Resistance, Biofilms and Quorum Sensing in Acinetobacter Species 

 

203 

 
Fig. 6. Scanning electron microscopy of Hms-positive (A) and Hms-negative (B) Yersinia 
pestis grown on agar plates at 21C. Bar, 0.5 µm. Reproduced with the permission from Jarret 
et al., 2004.  

6. Conclusion  
This review attempted to give a glimpses of multiple mechanisms of antimicrobial resistance 
adopted by various species of Acinetobacter, described the current understanding of biofilm 
development and various factors regulating the biofilm formation in Acinetobacter. This 
write up also explained about the biofilm development and different virulence factors 
elaborated by Acinetobacter and its correlation with antibiotic resistance. Finally, quorum 
sensing has been elucidated in detail, which works as a global regulator in controlling and 
regulating diverse physiological functions such as biofilm formation, pilus biogenesis, 
production of multiple virulence factors, development of antibiotic resistance and increasing 
the competence of cells that helps in gene transfer. All the information discussed here will 
definitely help the future research in this area. 

In conclusion, all the available evidence implies that A. baumannii is very important human 
pathogen that is gradually gaining more attention as a major global public health problem. 
It is responsible for a significant proportion of nosocomial infections among patients who 
are critically-ill receiving intensive care in the ICUs. With this situation together with the 
fact that certain biofilm phenotypes of A. baumannii being highly refractile and recalcitrant 
that are highly resistant to multiple drugs due to intrinsic resistance properties and those 
that can acquire resistant determinants with increasing propensity, makes this pathogen one 
of the most difficult challenges of the present days.  
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 South Africa 

1. Introduction 
Acinetobacter baumannii (A. baumannii) is an important opportunistic pathogen and causes a 
variety of nosocominal infections especially in Intensive Care Units (ICU’s) (Bergogne-
Berezin & Towner, 1996; Villegas & Harstein, 2003). These infections include bacteraemia, 
surgical-site infections, secondary meningitis, urinary tract infections and ventilator 
associated pneumonia (Bergogne-Berezin & Towner, 1996; Villegas & Harstein, 2003). 
Acinetobacter baumannii has multiresistant phenotypes, including resistance to broad-
spectrum β-lactams, fluoroquinolones, aminoglycosides and carbapenems and therefore 
treatment of this pathogen is complicated (Coelho et al., 2004; Dalla-Costa et al., 2003; Jeon 
et al., 2005; Landman et al., 2002; Naas et al., 2005; Vahaboglu et al., 2006; Zarrilli et al., 
2004). The multiresistant phenotypes of A. baumannii also contributed to the emergence of 
multi drug resistant Acinetobacter baumannii (MDRAB), which have become more prevalent 
within the past decade (Coelho et al., 2004) and has also caused an increase in the number of 
nosocomial infections in the past decade (Joly-Guillou, 2005). 

Over the last 20 years, there has been an increase in the interest of the Acinetobacter species 
(Giamarellou et al., 2008). The increase in interest is due to i) worldwide expansion of ICU’s, 
leading to a change in the types of infections caused by Acinetobacter spp and ii) due to the 
emergence of MDRAB and cases of pan-drug resistant A. baumannii (PDRAB) have also been 
reported (Giamarellou et al., 2008). 

The acquired carbapenem resistance in A. baumannii is often associated with carbapenemase 
production; IMP, VIM and SIM-type metallo-β-lactamase production or the OXA-24, OXA-
23 and OXA-58 type class D carbapenemases (Brown & Amyes, 2006; Poirel & Nordmann, 
2006). Also associated with acquired carbapenem resistance in A. baumannii is the over 
production of natural oxacillinase (OXA-51) (Poirel & Nordmann, 2006). 

Carbapenemases are the most versatile of all β-lactamases and many of them recognize 
almost all hydrolysable β-lactams (Livermore & Woodford, 2006; Nordmann & Poirel 2002; 
Walther-Rasmussen & Hoiby, 2006). Most carbapenemases are resistant to commercial β-
lactamase inhibitors (Livermore & Woodford, 2006; Nordmann & Poirel, 2002; Walther-
Rasmussen & Hoiby, 2006). Carbapenemases are divided into three subclasses on the basis 
of their hydrolysis characteristics (Frere et al., 2005). The first carbapenemases described 
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1. Introduction 
Acinetobacter baumannii (A. baumannii) is an important opportunistic pathogen and causes a 
variety of nosocominal infections especially in Intensive Care Units (ICU’s) (Bergogne-
Berezin & Towner, 1996; Villegas & Harstein, 2003). These infections include bacteraemia, 
surgical-site infections, secondary meningitis, urinary tract infections and ventilator 
associated pneumonia (Bergogne-Berezin & Towner, 1996; Villegas & Harstein, 2003). 
Acinetobacter baumannii has multiresistant phenotypes, including resistance to broad-
spectrum β-lactams, fluoroquinolones, aminoglycosides and carbapenems and therefore 
treatment of this pathogen is complicated (Coelho et al., 2004; Dalla-Costa et al., 2003; Jeon 
et al., 2005; Landman et al., 2002; Naas et al., 2005; Vahaboglu et al., 2006; Zarrilli et al., 
2004). The multiresistant phenotypes of A. baumannii also contributed to the emergence of 
multi drug resistant Acinetobacter baumannii (MDRAB), which have become more prevalent 
within the past decade (Coelho et al., 2004) and has also caused an increase in the number of 
nosocomial infections in the past decade (Joly-Guillou, 2005). 

Over the last 20 years, there has been an increase in the interest of the Acinetobacter species 
(Giamarellou et al., 2008). The increase in interest is due to i) worldwide expansion of ICU’s, 
leading to a change in the types of infections caused by Acinetobacter spp and ii) due to the 
emergence of MDRAB and cases of pan-drug resistant A. baumannii (PDRAB) have also been 
reported (Giamarellou et al., 2008). 

The acquired carbapenem resistance in A. baumannii is often associated with carbapenemase 
production; IMP, VIM and SIM-type metallo-β-lactamase production or the OXA-24, OXA-
23 and OXA-58 type class D carbapenemases (Brown & Amyes, 2006; Poirel & Nordmann, 
2006). Also associated with acquired carbapenem resistance in A. baumannii is the over 
production of natural oxacillinase (OXA-51) (Poirel & Nordmann, 2006). 

Carbapenemases are the most versatile of all β-lactamases and many of them recognize 
almost all hydrolysable β-lactams (Livermore & Woodford, 2006; Nordmann & Poirel 2002; 
Walther-Rasmussen & Hoiby, 2006). Most carbapenemases are resistant to commercial β-
lactamase inhibitors (Livermore & Woodford, 2006; Nordmann & Poirel, 2002; Walther-
Rasmussen & Hoiby, 2006). Carbapenemases are divided into three subclasses on the basis 
of their hydrolysis characteristics (Frere et al., 2005). The first carbapenemases described 
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were from Gram-positive bacilli and were inhibited by EDTA (Frere et al., 2005). These 
carbapenemases were described as metalloenzymes and have one zinc atom in the active 
site (Frere et al., 2005). This zinc atom facilitates hydrolysis of a bicyclic β-lactam ring (Frere 
et al., 2005). The second form of carbapenemases use serine at the active sites and are 
inactivated by clavulanic acid and tazobactam (β-lactamase inhibitors) (Rasmussen et al., 
1996; Yang et al., 1990). Molecular classes A, C and D have serine in the active site and form 
part of the β-lactamases (Bush, 1988). The molecular class B of the β-lactamases are 
metalloenzymes and have zinc in the active site (Bush, 1988). The enzymes from the 
molecular classes A, B and D have the ability to hydrolyse carbapenems, which results in an 
elevated carbapenem minimum inhibitory concentration (Bush, 1988).  

The aim of this study was to optimise and evaluate multiplex polymerase chain reaction 
(PCR) assays to rapidly differentiate the four subgroups of the oxacillinase (OXA) genes and 
the five subgroups of the metallo-β-lactamase (MBL) antibiotic resistant genes. The PCR 
assays results were compared to the phenotypic tests i) Hodge test and ii) Double disk 
synergy test. Antibiotic resistance testing is important to decrease the spread of antibiotic 
resistant strains of A. baumannii in clinical settings. 

2. History of Acinetobacter baumannii 
Acinetobacter baumannii (Figure 1) was first isolated in 1911 from a soil sample by MW 
Beijerink (Kuo et al., 2004). Acinetobacter spp were first thought to be non-virulent 
saprophytes (Bergogne-Berezin & Towner, 1996). In the 1970s the widespread use and 
misuse of antibiotics started (Kuo et al., 2004). In 1986 Acinetobacter baumannii was 
taxonomically classified (Bouvet et al., 1986). The first carbapenem resistant A. baumannii 
(CRAB) isolates were discovered in 1991 (Kuo et al., 2004). The first carbapenem 
hydrolyzing oxacillinase (CHDL’s) was identified in 1995 (Scaife et al., 1995). It was initially 
named ARI-1 and was later renamed OXA-23 (Scaife et al., 1995). 

 
Fig. 1. Acinetobacter baumannii isolates (www.acinetobacter.org) 
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The first reported outbreak of CRAB occurred in the USA in 1991 (Go et al., 1994). 
Carbapenem Resistant A. baumannii isolates were isolated from a leukaemia patient in the 
oncology ward of a Taiwanese hospital in May 1998 (Hsueh et al., 2002). These isolates were 
observed to be resistant to almost all antibiotics e.g. cephalosporins, aztreonam, 
aminoglycosides and ciprofloxacin and were therefore named pan-drug resistant A. 
baumannii (PDRAB) (Hsueh et al., 2002). The rise in the number of multi drug resistant A. 
baumannii (MDRAB) strains has been due to the extensive use of antimicrobial 
chemotherapy against bacterial infections (Hsueh et al., 2002). 

3. Classification of Acinetobacter baumannii 
In 1986 Acinetobacter baumannii was taxonomically classified (Bouvet et al., 1986). 
Acinetobacter are grouped into three main complexes: i) Acinetobacter calcoaceticus-baumannii 
complex, which is glucose oxidizing and non-haemolytic; ii) Acinetobacter lwoffii, which are 
glucose negative and non-haemolytic and iii) Acinetobacter haemolyticus, which is haemolytic 
(Euzeby, 2008). The full classification of A. baumannii is listed in Table 1. 
 

Domain Bacteria 
Phylum Proteobacteria 
Class Gammaproteobacteria 
Order Pseudomonadales 
Family Moraxellaceae 
Genus Acinetobacter 
Species A. baumannii 

A. baylyi 
A. beijerinckii 
A. bouvetii 
A. calcoaceticus 
A. gerneri 
A. grimontii 
A. gyllenbergii 
A. haemolyticus 
A. johnsonnii 
A. junnii 
A. lwoffii 
A. parvus 
A. radioresistens 
A. schindleri 
A. soli 
A. tandoii 
A. tjernbergiae 
A. towneri 
A. ursingii 
A. venetianus 
14 species are still unnamed 

Table 1. Nomenclature of Acinetobacter baumannii (Euzeby, 2008) 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 214 

were from Gram-positive bacilli and were inhibited by EDTA (Frere et al., 2005). These 
carbapenemases were described as metalloenzymes and have one zinc atom in the active 
site (Frere et al., 2005). This zinc atom facilitates hydrolysis of a bicyclic β-lactam ring (Frere 
et al., 2005). The second form of carbapenemases use serine at the active sites and are 
inactivated by clavulanic acid and tazobactam (β-lactamase inhibitors) (Rasmussen et al., 
1996; Yang et al., 1990). Molecular classes A, C and D have serine in the active site and form 
part of the β-lactamases (Bush, 1988). The molecular class B of the β-lactamases are 
metalloenzymes and have zinc in the active site (Bush, 1988). The enzymes from the 
molecular classes A, B and D have the ability to hydrolyse carbapenems, which results in an 
elevated carbapenem minimum inhibitory concentration (Bush, 1988).  

The aim of this study was to optimise and evaluate multiplex polymerase chain reaction 
(PCR) assays to rapidly differentiate the four subgroups of the oxacillinase (OXA) genes and 
the five subgroups of the metallo-β-lactamase (MBL) antibiotic resistant genes. The PCR 
assays results were compared to the phenotypic tests i) Hodge test and ii) Double disk 
synergy test. Antibiotic resistance testing is important to decrease the spread of antibiotic 
resistant strains of A. baumannii in clinical settings. 

2. History of Acinetobacter baumannii 
Acinetobacter baumannii (Figure 1) was first isolated in 1911 from a soil sample by MW 
Beijerink (Kuo et al., 2004). Acinetobacter spp were first thought to be non-virulent 
saprophytes (Bergogne-Berezin & Towner, 1996). In the 1970s the widespread use and 
misuse of antibiotics started (Kuo et al., 2004). In 1986 Acinetobacter baumannii was 
taxonomically classified (Bouvet et al., 1986). The first carbapenem resistant A. baumannii 
(CRAB) isolates were discovered in 1991 (Kuo et al., 2004). The first carbapenem 
hydrolyzing oxacillinase (CHDL’s) was identified in 1995 (Scaife et al., 1995). It was initially 
named ARI-1 and was later renamed OXA-23 (Scaife et al., 1995). 

 
Fig. 1. Acinetobacter baumannii isolates (www.acinetobacter.org) 

 
Prevalence of Carbapenemases in Acinetobacter baumannii 215 

The first reported outbreak of CRAB occurred in the USA in 1991 (Go et al., 1994). 
Carbapenem Resistant A. baumannii isolates were isolated from a leukaemia patient in the 
oncology ward of a Taiwanese hospital in May 1998 (Hsueh et al., 2002). These isolates were 
observed to be resistant to almost all antibiotics e.g. cephalosporins, aztreonam, 
aminoglycosides and ciprofloxacin and were therefore named pan-drug resistant A. 
baumannii (PDRAB) (Hsueh et al., 2002). The rise in the number of multi drug resistant A. 
baumannii (MDRAB) strains has been due to the extensive use of antimicrobial 
chemotherapy against bacterial infections (Hsueh et al., 2002). 

3. Classification of Acinetobacter baumannii 
In 1986 Acinetobacter baumannii was taxonomically classified (Bouvet et al., 1986). 
Acinetobacter are grouped into three main complexes: i) Acinetobacter calcoaceticus-baumannii 
complex, which is glucose oxidizing and non-haemolytic; ii) Acinetobacter lwoffii, which are 
glucose negative and non-haemolytic and iii) Acinetobacter haemolyticus, which is haemolytic 
(Euzeby, 2008). The full classification of A. baumannii is listed in Table 1. 
 

Domain Bacteria 
Phylum Proteobacteria 
Class Gammaproteobacteria 
Order Pseudomonadales 
Family Moraxellaceae 
Genus Acinetobacter 
Species A. baumannii 

A. baylyi 
A. beijerinckii 
A. bouvetii 
A. calcoaceticus 
A. gerneri 
A. grimontii 
A. gyllenbergii 
A. haemolyticus 
A. johnsonnii 
A. junnii 
A. lwoffii 
A. parvus 
A. radioresistens 
A. schindleri 
A. soli 
A. tandoii 
A. tjernbergiae 
A. towneri 
A. ursingii 
A. venetianus 
14 species are still unnamed 

Table 1. Nomenclature of Acinetobacter baumannii (Euzeby, 2008) 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 216 

There are 21 recognized genomic species of the genus Acinetobacter and 14 unnamed 
genomic species (Euzeby, 2008). 

4. General characteristics of Acinetobacter baumannii 
Acinetobacter baumannii are Gram-negative, non-fermentative, non-motile, oxidase-negative, 
aerobic coccobacilli that are ubiquitous in nature and commonly found within the hospital 
environment causing a variety of opportunistic nosocomial infections (Bergogne-Berezin et al., 
1996). The bacteria can be isolated from water, soil and the environment and from human skin 
(Bergogne-Berezin et al., 1996). The morphology of Acinetobacter spp is variable in Gram-
stained human clinical specimens and thus cannot be used to differentiate Acinetobacter from 
other causes of common nosocomial infections (http://microbewiki.kenyon.edu/index.php/ 
Acinetobacter_baumannii). Acinetobacter baumannii are non-lactose fermenting bacteria, 
however they partially ferment lactose on MacConkey agar (http://microbewiki.kenyon. 
edu/index.php/Acinetobacter_baumannii). All the species of the Acinetobacter genus grow 
well on MacConkey agar (except for A. lwoffii), when salt is absent (http://microbewiki. 
kenyon.edu/index.php/Acinetobacter_baumannii). Acinetobacter baumannii are strict 
aerobes and grow well on nutrient agar (http://microbewiki.kenyon.edu/index.php/ 
Acinetobacter_baumannii). Infection by A. baumannii is difficult to combat due to the Gram-
negative nature of the cell wall as the outer wall provides a barrier so that the antimicrobial 
agent is unable to enter the bacterial cell (Projan, 2004). 

Acinetobacter baumannii is an opportunistic pathogen that is successful in colonizing and 
persisting in the hospital environment and is able to resist desiccation (Getchell-White et al., 
1989; Jawad et al., 1996). The bacterium is also able to survive on inanimate surfaces for 
months (Kramer et al., 2006). Acinetobacter baumannii is among the most common causes of 
device related nosocomial infections (Dima et al., 2007; Thongpiyapoom et al., 2004), 
resulting when the bacterium is able to resist both physical and chemical disinfection, by 
forming a biofilm (Cappelli et al., 2003; Loukili et al., 2006; Pajkos et al., 2004). Biofilm 
associated proteins (BAP’s) were first characterized in S. aureus (Cucarella et al., 2001) and 
have been found in a number of other Gram-positive and Gram-negative pathogenic 
bacteria. 

4.1 Optimal Growth conditions for Acinetobacter baumannii 

Acinetobacter baumannii form part of the natural flora of the skin and mucous membranes of 
humans (Seifert et al., 1997). Acinetobacter baumannii are ubiquitous in clinical and natural 
environments and commonly colonises the skin, oropharynx secretions, respiratory 
secretions, urine, irrigating and intravenous solutions (Seifert et al., 1997). Acinetobacter 
baumannii can be cultured from sputum or respiratory secretions, wound and urine (Go & 
Cuhna, 1999). The pathogen colonises the gastro-intestinal tract and is associated with 
nosocomial meningitis, nosocomial pneumonia and bacteraemia (Go & Cuhna, 1999). 

Acinetobacter baumannii grown on trypticase soy agar produce circular, convex, smooth and 
slightly opaque colonies, which are 1.5 to 2.0 mm in diameter after 24 hours at 30°C or 3.0 to 
4.0 mm after 48 hours (Garrity et al., 2005). Acinetobacter baumannii do neither haemolyse 
horse blood nor sheep blood when grown on blood agar plates (Garrity et al., 2005). 
Seasonal variations have been reported for nosocomial A. baumannii infections and 
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bacteraemia, with increased incidences occurring in the summer months (McDonald et al., 
1999). 

5. Risk factors for Acinetobacter baumannii infections 
Acinetobacter baumannii can survive on various surfaces within hospitals, including catheters 
and other medical equipment (http://microbewiki.Kenyon.edu/index.php/Acinetobacter_ 
baumannii). Thus environmental contamination is an important source of infection as 
pathogens are spread directly from surfaces or through the hands of healthcare workers to 
patients (Corbella et al., 1996). Infected or colonized patients are important reservoirs of A. 
baumannii. Acinetobacter baumannii is passed from patient to patient via direct and indirect 
contact (D’Agata et al., 2000). The main risk factors of Acinetobacter baumannii bacteraemia 
are invasive procedures e.g. central venous catheterization, mechanical ventilation and 
surgery (Seifert et al., 1995b). Another major risk factor for A. baumannii infections is the 
widespread use of broad-spectrum antibiotics (Cisneros & Rodriguez-Bano, 2002). Other 
risk factors include prolonged hospital stay, ICU stay, enteral feeding, previous 
administration to another unit and previous use of third generation cephalosporins (Mulin 
et al., 1995; Scerpella et al., 1995). 

The risk factors within the ICU’s concern the immunosuppressed patients, patients 
previously exposed to antimicrobial therapy, patients who underwent high invasive 
procedures and patients who suffered from previous sepsis (Garcia-Garmendia et al., 2001). 
Other risk factors include pneumonia as a source of infection, inappropriate empirical 
treatment and prior treatment with carbapenems (Robenshtok et al., 2006). Surgical 
procedures performed within the emergency operating theatre is another major risk factor 
contributing to the spread of epidemic cases of A. baumannii, however the main risk factor 
was the previous use of fluoroquinolones (Villers et al., 1998). 

5.1 Pathogenesis of Acinetobacter baumannii 

Acinetobacter baumannii infections are associated with systems of high fluid content e.g. 
lungs, cerebrospinal fluid, peritoneal fluid and the urinary tract and usually only occur in 
the immunocompromised patients (Cuhna, 2007). Patients with A. baumannii bacteraemia 
usually have signs and symptoms that are related to the organ system involved (Cuhna, 
2007). Symptoms include wound infections, outbreaks of nosocomial pneumonia, catheter 
associated bacteriuria, urethritis and continuous ambulatory peritoneal dialysis (CAPD) 
associated peritonitis (Cuhna, 2007). Bacteraemia results in septic shock in 25-30% of all 
cases and disseminated intravascular coagulation frequently occurs (Cisneros et al., 1996: 
Seifert et al., 1997). Colonisation may occur after an invasive infection (Corbella et al., 1996), 
especially in burn patients (Wisplinghoff et al., 2004). Problems rarely associated with A. 
baumannii infections include meningitis, endocarditis, urinary tract infections, pneumonia 
and cholangitis (Cuhna, 2007). Other problems that rarely occur are soft tissue infections 
and complicated skin, abdominal infections and central nervous system (CNS) infections 
(Fournier & Richet, 2006). Allen and Green documented the first report of airborne spread of 
A. baumannii in 1987. Acinetobacter baumannii survives much better on fingertips or on dry 
surfaces when tested under stimulated hospital environmental conditions (Jawad et al., 
1996). The skin of patients and medical personnel is involved in the transmission of A. 
baumannii strains and in some outbreaks; molecular typing has identified the epidemic 
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strain on the skin of the patients (Gerner-Smidt, 1987; Patterson et al., 1991). Contaminated 
reusable medical equipment e.g. ventilator tubing, respirometers and arterial pressure 
monitoring devices are used for the management of severely ill patients serve as another 
route of transmission to patients (Beck-Sague et al., 1990; Cefai et al., 1990). Fomites e.g. bed 
mattresses (Sheretz & Sullivan., 1985), pillows (Weernink et al., 1995), a tape recorder, 
television set and a fan (Jawad et al., 1994) were found to be contaminated with Acinetobacter 
and served as reservoirs during nosocomial outbreaks.  

The mortality rate within the hospitals is high, with a 23% mortality recorded for 
hospitalized patients and a 43% mortality rate among patients in intensive care (Falagas et 
al., 2006). The Antimicrobial Availability Task Force (AATF) of the Infectious Disease 
Society of America identified Acinetobacter baumannii, Aspergillus spp, extended spectrum β-
lactamase producing Enterobacteriaceae, Pseudomonas aeruginosa, Staphylococcus aureus as 
“particularly problematic pathogens” and there is a desperate need for new drug 
development (Talbot et al., 2006). 

It is difficult to distinguish between colonization and infection regarding A. baumannii (Joly-
Guillou, 2005). There is controversy over whether infections caused by A. baumannii result in 
unfavourable outcomes (Blot et al., 2003; Falagas et al., 2006). The isolation of A. baumannii 
in hospitalized patients is an indicator of severe illness with an associated mortality of 
approximately 30% (Wilson et al., 2004). 

Community acquired A. baumannii (CAAB) occurs within an individual with one or more 
cultures of blood, collected within 48 hours of admission, that is positive for A. baumannii 
complex and is identified by a biochemical method (API 20NE system) (bioMerieux, France) 
(Schreckenberger & Von Graevenitz, 2000). Patients with CAAB associated pneumonia had 
an increased mortality rate and presented with a more severe disease than the patients 
without pneumonia (Wang et al., 2002). The development of CAAB is associated with 
underlying malignancies e.g. lung cancer, lymphoma and thymic carcinoma (Wang et al., 
2002). Acinetobacter baumannii genomic species were responsible for CAAB; however there is 
no evidence of clonal spread of A. baumannii in the community (Wang et al., 2002). 
Carbapenems, cefopirome, cefepime, ceftazidime, aminoglycosides and fluoroquinolones 
are the antimicrobials of choice for treating CAAB (Wang et al., 2002). 

5.2 Virulence factors of Acinetobacter baumannii strains 

Acinetobacter baumannii have very few virulence factors (Cisneros & Rodriguez-Bano, 2002), 
however some strains have virulence factors associated with invasiveness, transmissibility 
or the enhanced ability to colonise immunocompromised patients (Dijkshoorn et al., 1996). 
Ethanol stimulates the virulence of A. baumannii (Smith et al., 2004), which led to the 
identification of a number of genes, affecting virulence towards Caenorhabditis elegans and 
Dictyostelium discoideum (Smith et al., 2007). 

A new strain (OXA-23 clone II) was identified in a military hospital and was found to be a 
particularly virulent strain, which is very difficult to eliminate from medical facilities 
(promedmail). There are three major European clones of A. baumannii (Giamarellou et al., 2008) 
Clone I, found in South Africa, Czech Republic, Poland, Italy and Spain; Clone II, found in 
South Africa, Spain, Turkey, Greece and France and clone III is found in the Netherlands, Italy, 
France and Spain (Van Dessel et al., 2004). Clones I and II are responsible for the outbreaks of 
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A. baumannii bacteraemia in South Africa and Northern Europe (Van Dessel et al., 2004). 
Acinetobacter can efficiently transfer genes horizontally (only observed and analysed in A. 
baylyi), especially the genes encoding antibiotic resistance (Gerischer, 2008). 

A large portion of the A. baumannii genome is dedicated to pathogenesis, with a large 
number of genes occurring within virulence islands (Perez et al., 2007). Acinetobacter 
baumannii together with Acinetobacter DNA group13TU is involved in the majority of 
Acinetobacter hospital outbreaks (Bergogne-Berezin & Towner, 1996). Strains of the 
Acinetobacter DNA group 3 and A. junii have only occasionally been implicated in outbreaks 
of nosocomial infections (Bernards et al., 1997). Acinetobacter baumannii has environmental 
resilience and a wide range of resistance determinants, therefore making it a successful 
nosocomial pathogen (Nordmann, 2004). Acinetobacter baumannii has caused numerous 
global outbreaks and displayed ever increasing rates of resistance (Villegas & Harstein, 
2003). In hospital outbreaks the emergence of imipenem-resistant strains has been 
documented (Brown et al., 1996; Go et al, 1994). 

6. Clinical manifestations of Acinetobacter baumannii infections 
The clinical manifestations of A. baumannii are non-specific and present as a trans-
maculopapular rash affecting the palms of the hands and the soles of the feet of endocarditis 
patients, or necrotic lesions of the skin and soft tissue (Seifert et al., 1995). Acinetobacter 
baumannii bacteraemia is polymicrobial, and is often associated with Klebsiella pneumoniae 
(Seifert et al., 1995). 

6.1 Treatment of Acinetobacter baumannii infections 

Acinetobacter baumannii are Gram-negative bacteria and therefore are particularly difficult to 
treat due to the presence of an outer membrane (Projan, 2004). The recommended treatment 
therefore is a limited spectrum active β-lactam e.g. ceftazidime or imipenem the most active 
agent against A. baumannii and an aminoglycoside (Cisneros & Rodriguez-Bano, 2002). 

There is incomplete current knowledge of the clinical response and bacterial mechanisms of 
resistance to antimicrobials (Kahlmeter et al., 2006). The reliability and comparability of 
different methods of susceptibility testing e.g. disc diffusion and broth microdilution have 
not been consistent for A. baumannii (Swenson et al., 2004). The persistence of subtle growth 
beyond an obvious end point by broth microdilution is of great concern in the case of β-
lactams, which therefore explains its poor reaction with the disc diffusion method (Swenson 
et al., 2004). Doripenem, a novel carbapenem is active against susceptible A. baumannii 
(Fritsche et al., 2005; Jones et al., 2004; Jones et al., 2005; Mushtaq et al., 2004). Doripenem 
was not effective against A. baumanni isolates producing blaOXA-23 or blaIMP-4 or metallo-β-
lactamases (Mushtaq et al., 2004). 

6.2 Carbapenems as treatment for Acinetobacter baumannii infections  

Carbapenems are structurally related to the penicillins (“penams”), differing only by the 
substitution of carbon (“carba”) for the sulfur atom at position 1 and the presence of a 
double bond between C2 and C3 (Bradley, 1997; Wise, 1986). A hydroxyethyl side chain 
instead of the acylamino group found in penicillins and cephalosporins is present and 
provides resistance to most β-lactamases (Bradley, 1997; Wise, 1986).  
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strain on the skin of the patients (Gerner-Smidt, 1987; Patterson et al., 1991). Contaminated 
reusable medical equipment e.g. ventilator tubing, respirometers and arterial pressure 
monitoring devices are used for the management of severely ill patients serve as another 
route of transmission to patients (Beck-Sague et al., 1990; Cefai et al., 1990). Fomites e.g. bed 
mattresses (Sheretz & Sullivan., 1985), pillows (Weernink et al., 1995), a tape recorder, 
television set and a fan (Jawad et al., 1994) were found to be contaminated with Acinetobacter 
and served as reservoirs during nosocomial outbreaks.  

The mortality rate within the hospitals is high, with a 23% mortality recorded for 
hospitalized patients and a 43% mortality rate among patients in intensive care (Falagas et 
al., 2006). The Antimicrobial Availability Task Force (AATF) of the Infectious Disease 
Society of America identified Acinetobacter baumannii, Aspergillus spp, extended spectrum β-
lactamase producing Enterobacteriaceae, Pseudomonas aeruginosa, Staphylococcus aureus as 
“particularly problematic pathogens” and there is a desperate need for new drug 
development (Talbot et al., 2006). 

It is difficult to distinguish between colonization and infection regarding A. baumannii (Joly-
Guillou, 2005). There is controversy over whether infections caused by A. baumannii result in 
unfavourable outcomes (Blot et al., 2003; Falagas et al., 2006). The isolation of A. baumannii 
in hospitalized patients is an indicator of severe illness with an associated mortality of 
approximately 30% (Wilson et al., 2004). 

Community acquired A. baumannii (CAAB) occurs within an individual with one or more 
cultures of blood, collected within 48 hours of admission, that is positive for A. baumannii 
complex and is identified by a biochemical method (API 20NE system) (bioMerieux, France) 
(Schreckenberger & Von Graevenitz, 2000). Patients with CAAB associated pneumonia had 
an increased mortality rate and presented with a more severe disease than the patients 
without pneumonia (Wang et al., 2002). The development of CAAB is associated with 
underlying malignancies e.g. lung cancer, lymphoma and thymic carcinoma (Wang et al., 
2002). Acinetobacter baumannii genomic species were responsible for CAAB; however there is 
no evidence of clonal spread of A. baumannii in the community (Wang et al., 2002). 
Carbapenems, cefopirome, cefepime, ceftazidime, aminoglycosides and fluoroquinolones 
are the antimicrobials of choice for treating CAAB (Wang et al., 2002). 

5.2 Virulence factors of Acinetobacter baumannii strains 

Acinetobacter baumannii have very few virulence factors (Cisneros & Rodriguez-Bano, 2002), 
however some strains have virulence factors associated with invasiveness, transmissibility 
or the enhanced ability to colonise immunocompromised patients (Dijkshoorn et al., 1996). 
Ethanol stimulates the virulence of A. baumannii (Smith et al., 2004), which led to the 
identification of a number of genes, affecting virulence towards Caenorhabditis elegans and 
Dictyostelium discoideum (Smith et al., 2007). 

A new strain (OXA-23 clone II) was identified in a military hospital and was found to be a 
particularly virulent strain, which is very difficult to eliminate from medical facilities 
(promedmail). There are three major European clones of A. baumannii (Giamarellou et al., 2008) 
Clone I, found in South Africa, Czech Republic, Poland, Italy and Spain; Clone II, found in 
South Africa, Spain, Turkey, Greece and France and clone III is found in the Netherlands, Italy, 
France and Spain (Van Dessel et al., 2004). Clones I and II are responsible for the outbreaks of 

 
Prevalence of Carbapenemases in Acinetobacter baumannii 219 

A. baumannii bacteraemia in South Africa and Northern Europe (Van Dessel et al., 2004). 
Acinetobacter can efficiently transfer genes horizontally (only observed and analysed in A. 
baylyi), especially the genes encoding antibiotic resistance (Gerischer, 2008). 

A large portion of the A. baumannii genome is dedicated to pathogenesis, with a large 
number of genes occurring within virulence islands (Perez et al., 2007). Acinetobacter 
baumannii together with Acinetobacter DNA group13TU is involved in the majority of 
Acinetobacter hospital outbreaks (Bergogne-Berezin & Towner, 1996). Strains of the 
Acinetobacter DNA group 3 and A. junii have only occasionally been implicated in outbreaks 
of nosocomial infections (Bernards et al., 1997). Acinetobacter baumannii has environmental 
resilience and a wide range of resistance determinants, therefore making it a successful 
nosocomial pathogen (Nordmann, 2004). Acinetobacter baumannii has caused numerous 
global outbreaks and displayed ever increasing rates of resistance (Villegas & Harstein, 
2003). In hospital outbreaks the emergence of imipenem-resistant strains has been 
documented (Brown et al., 1996; Go et al, 1994). 

6. Clinical manifestations of Acinetobacter baumannii infections 
The clinical manifestations of A. baumannii are non-specific and present as a trans-
maculopapular rash affecting the palms of the hands and the soles of the feet of endocarditis 
patients, or necrotic lesions of the skin and soft tissue (Seifert et al., 1995). Acinetobacter 
baumannii bacteraemia is polymicrobial, and is often associated with Klebsiella pneumoniae 
(Seifert et al., 1995). 

6.1 Treatment of Acinetobacter baumannii infections 

Acinetobacter baumannii are Gram-negative bacteria and therefore are particularly difficult to 
treat due to the presence of an outer membrane (Projan, 2004). The recommended treatment 
therefore is a limited spectrum active β-lactam e.g. ceftazidime or imipenem the most active 
agent against A. baumannii and an aminoglycoside (Cisneros & Rodriguez-Bano, 2002). 

There is incomplete current knowledge of the clinical response and bacterial mechanisms of 
resistance to antimicrobials (Kahlmeter et al., 2006). The reliability and comparability of 
different methods of susceptibility testing e.g. disc diffusion and broth microdilution have 
not been consistent for A. baumannii (Swenson et al., 2004). The persistence of subtle growth 
beyond an obvious end point by broth microdilution is of great concern in the case of β-
lactams, which therefore explains its poor reaction with the disc diffusion method (Swenson 
et al., 2004). Doripenem, a novel carbapenem is active against susceptible A. baumannii 
(Fritsche et al., 2005; Jones et al., 2004; Jones et al., 2005; Mushtaq et al., 2004). Doripenem 
was not effective against A. baumanni isolates producing blaOXA-23 or blaIMP-4 or metallo-β-
lactamases (Mushtaq et al., 2004). 

6.2 Carbapenems as treatment for Acinetobacter baumannii infections  

Carbapenems are structurally related to the penicillins (“penams”), differing only by the 
substitution of carbon (“carba”) for the sulfur atom at position 1 and the presence of a 
double bond between C2 and C3 (Bradley, 1997; Wise, 1986). A hydroxyethyl side chain 
instead of the acylamino group found in penicillins and cephalosporins is present and 
provides resistance to most β-lactamases (Bradley, 1997; Wise, 1986).  
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Carbapenems were introduced into clinical practice in the 1970’s and the 1980’s marked the 
emergence of Gram-negative bacterial resistance to carbapenems (Nordmann & Poirel, 2002; 
Walsh, 2005). Carbapenems were derived from the naturally occurring antibiotic, 
thienamycin, which is produced by the soil microorganism Streptomyces cattleya (Jacobs, 
1986). The first carbapenemases described were from Gram-positive bacilli and were 
inhibited by EDTA (Frere et al., 2005). Carbapenems are recognised as the gold standard for 
treating infections caused by resistant Gram-negative bacteria (Rahal, 2006). 

6.3 Combination therapy as a strategy for the treatment of multiple drug resistant 
Acinetobacter baumannii  

Sulbactam is an inhibitor of β-lactamases and has in vitro bactericidal activity against 
Acinetobacter spp (Cisneros & Rodriguez-Bano, 2002). The efficacy of sulbactam against 
susceptible A. baumannii is similar to imipenem (Rodriguez-Hernandez, 2000). Sulbactam 
exhibits bacteriostatic action against A. baumannii (Corbella et al., 1998). Sulbactam is also 
used to treat meningitis caused by multiple drug resistant Acinetobacter baumannii (MDRAB) 
(Cisneros & Rodriguez-Bano, 2002). Combinations of sulbactam with aminoglycosides, 
rifampin and azithromycin have demonstrated synergy against imipenem susceptible 
strains (Appleman et al., 2000; Savov et al., 2002). There is little or no advantage to the 
combination sulbactams with cephalosporins (Appleman et al., 2000; Savov et al., 2002). 

Polymyxins (colistimethate and polymyxin B) are the only alternative treatment for sulbactam 
resistant A. baumannii strains (Wood & Reboli, 1993). Colistin was used in the 1960’s and the 
1970’s, but had many adverse side effects, including nephrotoxicity, neuro-muscular blockage 
(Cisneros & Rodriguez-Bano, 2002). Colistin disrupts the outer cell membranes of many Gram-
negative bacilli by changing the permeability of the membrane and causing a bactericidal 
effect (Cisneros & Rodriguez-Bano, 2002). Colistin is only recommended for patients who have 
no other treatment alternatives (Cisneros & Rodriguez-Bano, 2002). Rifampicin combined with 
colistin or sulbactam acts synergistically against MDRAB (Hogg et al., 1998). 

7. Mechanisms of antibiotic resistance in Acinetobacter baumannii 
The general mechanisms of resistance are enzyme-mediated resistance, genetic adaption, 
efflux pumps and changes in the structure of outer membrane components (Cloete, 2003). 
Enzyme mediated resistance is the ability of the bacteria to produce enzymes that transform 
the antibiotics into non-toxic or inactivated forms (Ma et al., 1998). Efflux pumps involve a 
large number of seemingly unrelated (structurally) compounds, pumped out of the cell, 
which lowers the concentration of the drug within the cell and therefore prohibits the drug 
to take proper effect (Nikaido, 1996). Changes in the structure of the outer membrane and its 
components e.g. porins and alterations in the penicillin binding proteins (PBP’s), allows for 
the cells to develop resistance to antimicrobials on the basis of exclusion because the drugs 
are no longer able to penetrate the cells and therefore the drugs can’t reach their intended 
site of action in the cell (Cloete, 2003). 

Acinetobacter baumannii has become resistant to many classes of antibiotics and is well suited 
for genetic exchange (Lorenz & Wackernagel, 1994; Metzgar et al., 2004). Acinetobacter 
baumannii are among a unique class of Gram-negative bacteria that are described as 
“naturally transformable” (Lorenz & Wackernagel, 1994; Metzgar et al., 2004). Acinetobacter 
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strains lack the mutS gene, which is part of the mismatch repair system that preserves 
genetic stability and exhibits increased mutation rates (Young & Ornston, 2001). It is 
unknown whether A. baumannii are naturally competent or whether through the alteration 
of environmental conditions facilitates pathogenicity or antibiotic resistance gene acquisition 
(Fournier et al., 2006). The key resistance genes identified were those coding for VEB-1, 
AmpC, and OXA-10 beta-lactamases, various amino glycoside-modifying enzymes (AME) 
and those genes encoding for the tetracycline efflux pumps (Fournier et al., 2006). 

Plasmids, transposons and the bacterial chromosome are involved in antibiotic resistance 
within A. baumannii (Bergogne-Berezin & Towner, 1996). Carbapenemases occurring within 
A. baumannii belong to the class D family of serine-β-lactamases or the imipenemase 
(IMP)/Verona integrase (VIM) class B family of metallo-β-lactamases (Brown & Amyes, 
2006). Imipenem is the most active drug against A. baumannii (Cisneros & Rodriguez-Bano, 
2002). Resistance to carbapenems is associated with reduced drug uptake due to porin 
deficiency and reduced affinity for the drug due to modification of the PBP’s by mutations 
(Clark, 1996). 

Acinetobacter baumannii’s largest virulence island contains genetic elements, which are 
homologous to the type IV secretion systems of Legionella and Coxiella burnetti (Goldstein et 
al., 1983). Over 25 years ago A. baumannii was observed to acquire antimicrobial resistance 
factors through conjugation of plasmids (Goldstein et al., 1983). Transposons are important 
in the dissemination of genetic determinants of resistance in Acinetobacter spp (Devaud et al., 
1982; Palmen & Hellingwerf, 1997) and many of the transposons contain integrons, 
predominantly from class I. Integrons contain an int gene and gene cassettes that can be 
mobilized to other integrons or to secondary sites in the bacterial genome (Poirel et al., 
2005).  

A multi drug resistant (MDR) phenotype in A. baumannii occurs when integron-born 
resistance determinants acting against different classes of antibiotics co-exist, giving rise to 
MDR gene cassettes (Seward, 1999; Yum et al., 2002). Insertion sequences (IS), which 
promote gene expression, have played an important role in explaining the regulation of 
resistance (Segal et al., 2005). The ISAba1 element found in A. baumannii but not in 
Enterobacteriaceae or in Pseudomonas aeruginosa (Segal et al., 2005), results in the over 
expression of Amp C and OXA-51/OXA-69-like beta–lactamases and in decreased levels of 
susceptibility to ceftazidime and carbapenems (Heritier et al., 2006). 

7.1 Oxacillinase (OXA) genes in Acinetobacter baumannii  

Carbapenemases are classified into four major functional groups (groups 1 to 4) with multiple 
subgroups of group 2 that are differentiated according to a group specific inhibitor or substrate 
profiles (Bush et al., 1995). According to this classification scheme carbapenemases are found 
primarily in group’s 2f and 3 (Nordmann et al., 1993; Yang et al., 1990). 

Class D carbapenemases are classified into four subgroups (Vahaboglu et al., 2006). 
Subgroup 1, the OXA-23 group (including OXA-27 and OXA-49), are the plasmid encoded 
genes (Vahaboglu et al., 2006). The OXA extended spectrum beta-lactamases are able to 
hydrolyze extended spectrum cephalosporins (Aubert, 2001; Walther-Rasmussen & Hoiby, 
2006). The OXA-23 was the first OXA carbapenemase (OXA β-lactamases that inactivate 
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Carbapenems were introduced into clinical practice in the 1970’s and the 1980’s marked the 
emergence of Gram-negative bacterial resistance to carbapenems (Nordmann & Poirel, 2002; 
Walsh, 2005). Carbapenems were derived from the naturally occurring antibiotic, 
thienamycin, which is produced by the soil microorganism Streptomyces cattleya (Jacobs, 
1986). The first carbapenemases described were from Gram-positive bacilli and were 
inhibited by EDTA (Frere et al., 2005). Carbapenems are recognised as the gold standard for 
treating infections caused by resistant Gram-negative bacteria (Rahal, 2006). 

6.3 Combination therapy as a strategy for the treatment of multiple drug resistant 
Acinetobacter baumannii  

Sulbactam is an inhibitor of β-lactamases and has in vitro bactericidal activity against 
Acinetobacter spp (Cisneros & Rodriguez-Bano, 2002). The efficacy of sulbactam against 
susceptible A. baumannii is similar to imipenem (Rodriguez-Hernandez, 2000). Sulbactam 
exhibits bacteriostatic action against A. baumannii (Corbella et al., 1998). Sulbactam is also 
used to treat meningitis caused by multiple drug resistant Acinetobacter baumannii (MDRAB) 
(Cisneros & Rodriguez-Bano, 2002). Combinations of sulbactam with aminoglycosides, 
rifampin and azithromycin have demonstrated synergy against imipenem susceptible 
strains (Appleman et al., 2000; Savov et al., 2002). There is little or no advantage to the 
combination sulbactams with cephalosporins (Appleman et al., 2000; Savov et al., 2002). 

Polymyxins (colistimethate and polymyxin B) are the only alternative treatment for sulbactam 
resistant A. baumannii strains (Wood & Reboli, 1993). Colistin was used in the 1960’s and the 
1970’s, but had many adverse side effects, including nephrotoxicity, neuro-muscular blockage 
(Cisneros & Rodriguez-Bano, 2002). Colistin disrupts the outer cell membranes of many Gram-
negative bacilli by changing the permeability of the membrane and causing a bactericidal 
effect (Cisneros & Rodriguez-Bano, 2002). Colistin is only recommended for patients who have 
no other treatment alternatives (Cisneros & Rodriguez-Bano, 2002). Rifampicin combined with 
colistin or sulbactam acts synergistically against MDRAB (Hogg et al., 1998). 

7. Mechanisms of antibiotic resistance in Acinetobacter baumannii 
The general mechanisms of resistance are enzyme-mediated resistance, genetic adaption, 
efflux pumps and changes in the structure of outer membrane components (Cloete, 2003). 
Enzyme mediated resistance is the ability of the bacteria to produce enzymes that transform 
the antibiotics into non-toxic or inactivated forms (Ma et al., 1998). Efflux pumps involve a 
large number of seemingly unrelated (structurally) compounds, pumped out of the cell, 
which lowers the concentration of the drug within the cell and therefore prohibits the drug 
to take proper effect (Nikaido, 1996). Changes in the structure of the outer membrane and its 
components e.g. porins and alterations in the penicillin binding proteins (PBP’s), allows for 
the cells to develop resistance to antimicrobials on the basis of exclusion because the drugs 
are no longer able to penetrate the cells and therefore the drugs can’t reach their intended 
site of action in the cell (Cloete, 2003). 

Acinetobacter baumannii has become resistant to many classes of antibiotics and is well suited 
for genetic exchange (Lorenz & Wackernagel, 1994; Metzgar et al., 2004). Acinetobacter 
baumannii are among a unique class of Gram-negative bacteria that are described as 
“naturally transformable” (Lorenz & Wackernagel, 1994; Metzgar et al., 2004). Acinetobacter 
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strains lack the mutS gene, which is part of the mismatch repair system that preserves 
genetic stability and exhibits increased mutation rates (Young & Ornston, 2001). It is 
unknown whether A. baumannii are naturally competent or whether through the alteration 
of environmental conditions facilitates pathogenicity or antibiotic resistance gene acquisition 
(Fournier et al., 2006). The key resistance genes identified were those coding for VEB-1, 
AmpC, and OXA-10 beta-lactamases, various amino glycoside-modifying enzymes (AME) 
and those genes encoding for the tetracycline efflux pumps (Fournier et al., 2006). 

Plasmids, transposons and the bacterial chromosome are involved in antibiotic resistance 
within A. baumannii (Bergogne-Berezin & Towner, 1996). Carbapenemases occurring within 
A. baumannii belong to the class D family of serine-β-lactamases or the imipenemase 
(IMP)/Verona integrase (VIM) class B family of metallo-β-lactamases (Brown & Amyes, 
2006). Imipenem is the most active drug against A. baumannii (Cisneros & Rodriguez-Bano, 
2002). Resistance to carbapenems is associated with reduced drug uptake due to porin 
deficiency and reduced affinity for the drug due to modification of the PBP’s by mutations 
(Clark, 1996). 

Acinetobacter baumannii’s largest virulence island contains genetic elements, which are 
homologous to the type IV secretion systems of Legionella and Coxiella burnetti (Goldstein et 
al., 1983). Over 25 years ago A. baumannii was observed to acquire antimicrobial resistance 
factors through conjugation of plasmids (Goldstein et al., 1983). Transposons are important 
in the dissemination of genetic determinants of resistance in Acinetobacter spp (Devaud et al., 
1982; Palmen & Hellingwerf, 1997) and many of the transposons contain integrons, 
predominantly from class I. Integrons contain an int gene and gene cassettes that can be 
mobilized to other integrons or to secondary sites in the bacterial genome (Poirel et al., 
2005).  

A multi drug resistant (MDR) phenotype in A. baumannii occurs when integron-born 
resistance determinants acting against different classes of antibiotics co-exist, giving rise to 
MDR gene cassettes (Seward, 1999; Yum et al., 2002). Insertion sequences (IS), which 
promote gene expression, have played an important role in explaining the regulation of 
resistance (Segal et al., 2005). The ISAba1 element found in A. baumannii but not in 
Enterobacteriaceae or in Pseudomonas aeruginosa (Segal et al., 2005), results in the over 
expression of Amp C and OXA-51/OXA-69-like beta–lactamases and in decreased levels of 
susceptibility to ceftazidime and carbapenems (Heritier et al., 2006). 

7.1 Oxacillinase (OXA) genes in Acinetobacter baumannii  

Carbapenemases are classified into four major functional groups (groups 1 to 4) with multiple 
subgroups of group 2 that are differentiated according to a group specific inhibitor or substrate 
profiles (Bush et al., 1995). According to this classification scheme carbapenemases are found 
primarily in group’s 2f and 3 (Nordmann et al., 1993; Yang et al., 1990). 

Class D carbapenemases are classified into four subgroups (Vahaboglu et al., 2006). 
Subgroup 1, the OXA-23 group (including OXA-27 and OXA-49), are the plasmid encoded 
genes (Vahaboglu et al., 2006). The OXA extended spectrum beta-lactamases are able to 
hydrolyze extended spectrum cephalosporins (Aubert, 2001; Walther-Rasmussen & Hoiby, 
2006). The OXA-23 was the first OXA carbapenemase (OXA β-lactamases that inactivate 
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carbapenems) within A. baumannii obtained from a clinical isolate (Aubert, 2001; Walther-
Rasmussen & Hoiby, 2006). The OXA-23 genes originated in A. radioresistens (Turton et al., 
2005). This plasmid-encoded enzyme was found in 1985 in Scotland before the introduction 
of carbapenems (Paton et al., 1993). It was initially named “Acinetobacter resistant to 
imipenem” (ARI-1) and has been discovered in Brazil, England, Polynesia, Singapore, Korea 
and China (Brown & Amyes, 2006; Jeon et al., 2005). Subgroup 2 is the OXA-24 group 
(including OXA-25, OXA-26 and OXA-40), which is chromosomally encoded (Vahaboglu et 
al., 2006). The OXA-24 carbapenemase has a crystal structure and therefore suggests a novel 
catalytic role for Tyr112 and Met223 side chains (Santillana et al., 2007). Subgroup 1 and 2 
share 60% identity (Heritier et al., 2005b). 

Subgroup 3 consists of OXA-51 and its variants, which are chromosomally encoded 
(Vahaboglu et al., 2006). The OXA-51/69 expression varies according to the presence of 
ISAba1 (Poirel & Nordmann, 2006). The OXA-51 gene was first detected in Argentina in 2005, 
within genetically distinct A. baumannii isolates (Brown & Amyes, 2005). Subgroup 3 has 
56% identity with subgroup 1 and 61% to 62% identity with subgroup 2 (Brown et al., 2005). 
Subgroup 4 contains OXA-58, which is a plasmid-encoded gene (Vahaboglu et al., 2006) and 
was first detected in Toulouse (France) in 2003 (Heritier et al., 2005a; Poirel et al., 2005). 
Subgroup 4 shares less than 50% homology with the other three groups (Poirel et al., 2005). 
The OXA-58 gene is rapidly disseminating and those isolates, which contain both OXA-51-
type and OXA-58 genes, are pandrug-resistant A. baumannii (PDRAB) (Coelho et al., 2006). 
The plasmid borne carbapenemase, OXA-58, was found in France, England, Argentina, 
Spain, Turkey, Romania, Austria, Greece, Scotland and Kuwait (Coelho et al., 2006; Marque 
et al., 2005; Pournaras et al., 2006). It is uncertain whether these genes are acquired or occur 
naturally in A. baumannii (Brown & Amyes, 2006). In A. baumannii isolates with OXA-51 as 
the sole carbapenemase, carbapenem resistance was associated with an insertion sequence 
ISAbaI and it is thought that this might be the promoter for the hyper-production of β-
lactamase genes (Turton et al., 2006). 

Bacteria producing carbapenemase enzymes have a reduced susceptibility to imipenem 
(Ambler et al., 1991). However, the minimum inhibitory concentration (MIC) of imipenem 
can range from mildly elevated to fully resistant (Ambler et al., 1991). Therefore, these β-
lactamases may not be recognised following routine susceptibility testing (Ambler et al., 
1991). Βeta-lactamases have the ability to hydrolyse carbapenems, resist commercially 
available β-lactamase inhibitors and are susceptible to inhibition by metal ion chelators (Lim 
et al., 1988). The widespread presence of oxacillinases and their division into distinct 
subgroups, indicates that these enzymes are an essential component of the genetic makeup 
of Acinetobacter spp (Walther-Rasmussen & Hoiby, 2006). The OXA enzymes as emerging 
carbapenemases are increasingly associated with outbreaks of A. baumannii containing OXA-
40 and OXA-58 in the United States (Hujer et al., 2006; Lolans et al., 2006). The OXA-51/69-
like beta-lactamase is a “naturally occurring” chromosomal enzyme in Acinetobacter 
baumannii and has been found in isolates from four continents (Heritier et al., 2005a). 

7.2 Metallo--lactamase (MBL) genes in Acinetobacter baumannii  

Metallo--lactamases form part of the class B -lactamases, capable of hydrolyzing 
carbapenems and other -lactam antibiotics except for aztreonam (Walsh et al., 2005; Walsh, 
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2005). Class B -lactamases differ from class A and class D carbapenemases by having a 
metal ion, zinc, in their active site, which participates in catalysis (Walsh et al., 2005; Walsh, 
2005). There are five types of metallo--lactamases (MBL’s) that have been identified in A. 
baumannii (Brown & Amyes, 2006). The most common metallo-β-lactamases include 
“Verona integron-encoded metallo-β-lactamases” (VIM), “Imipenem hydrolyzing β-
lactamase”(IMP), “German Imipenemase” (GIM), Seoul imipenemase (SIM) and Sao Paulo 
metallo-β-lactamases (SPM-1) enzymes, which are located on a variety of integron structures 
and are incorporated as gene cassettes (Brown & Amyes, 2006). The integration of the 
integron on the plasmids or transposons allows for facilitated transfer between bacteria 
(Watanabe et al., 1991).  

Imipenem (IMP) metallo--lactamases were first described in a P. aeruginosa strain found in 
Japan in 1988 (Watanabe et al., 1991). Metallo--lactamases is not the predominant 
carbapenemases found within A. baumannii however the following carbapenemases have 
been described: IMP-1, IMP-2, IMP-4, IMP-5, IMP-6, and IMP-11 (Walsh et al., 2005; Walsh, 
2005). The IMP type MBL’s have stronger carbapenem-hydrolysing activity than the OXA-
type--lactamases (Laraki et al., 1999). The VIM, IMP, SPM, and GIM genes are found on 
cassettes in class 1 integrons, although IMP genes have also been found on class 3 integrons 
(Collis et al., 2002). Watanabe et al. (1991) reported the detection of IMP-1, located on an 
integron situated on a conjugative plasmid, in Serratia marcescens and other Enterobacteriaceae 
in Japan. The imipenem-hydrolyzing β-lactamase has been detected in rare clinical isolates 
of Enterobacter cloacae in Argentina, the USA and France (Nordmann et al., 1993; 
Pottumarthy et al., 2003; Radice et al., 2004; Rasmussen et al., 1996). 

Imipenem hydrolyzing β-lactamase contains the conserved active site motifs S-X-X-K, S-D-N 
and K-T-G of the class A β-lactamases (Aubron, 2005; Yu et al., 2006). The carbapenemases 
have conserved cysteine residues at positions 238 and 69 that form a disulfide bridge 
(Aubron, 2005; Yu et al., 2006). Genes encoding IMP-2 β-lactamases were found on plasmids 
in Enterobacter asburiae isolated from river water in the US and on plasmids from an E. 
cloacae isolated from China (Aubron, 2005; Yu et al., 2006). The disulfide bond is necessary 
for the hydrolytic activity and is used to stabilize the enzyme structurally (Majiduddin & 
Palzkill, 2003; Sougakoff et al., 2002). The mechanism of cleavage of the -lactam ring is 
different for MBL’s as compared to -lactamases, however, both gene products still share a 
unique  fold in the active sites of the enzymes (Ullah et al., 1998). The blaIMP is a foreign 
gene that is introduced from another species of bacteria and A. baumannii only retain the 
gene in environments where there is selective pressure in the form of the presence of 
imipenem (Takhashi et al., 2000). 

Pandrug-resistant A. baumannii (PDRAB) are resistant to nearly all the commercially 
available antibiotics including amikacin, aztreonam, cefepime, ceftazidime, ciprofloxacin, 
gentamycin, imipenem, meropenem, ofloxacin, ticarcillin-clavulanate and piperacillin-
tazobactam (Hsueh et al., 2002). Carbapenem-resistant A. baumannii are usually susceptible 
to ciprofloxacin, ofloxacin, gentamycin or amikacin (Hsueh et al., 2002). Increasing the use of 
carbapenems and ciprofloxacin has contributed to the development and spread of PDRAB 
strains (Hsueh et al., 2002). 

Verona integron-encoded MBL (VIM-1) was first identified in Italy in 1997 in a P. aeruginosa 
isolate (Lauretti et al., 1999). Acinetobacter baumannii containing the VIM-2 gene has been 
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carbapenems) within A. baumannii obtained from a clinical isolate (Aubert, 2001; Walther-
Rasmussen & Hoiby, 2006). The OXA-23 genes originated in A. radioresistens (Turton et al., 
2005). This plasmid-encoded enzyme was found in 1985 in Scotland before the introduction 
of carbapenems (Paton et al., 1993). It was initially named “Acinetobacter resistant to 
imipenem” (ARI-1) and has been discovered in Brazil, England, Polynesia, Singapore, Korea 
and China (Brown & Amyes, 2006; Jeon et al., 2005). Subgroup 2 is the OXA-24 group 
(including OXA-25, OXA-26 and OXA-40), which is chromosomally encoded (Vahaboglu et 
al., 2006). The OXA-24 carbapenemase has a crystal structure and therefore suggests a novel 
catalytic role for Tyr112 and Met223 side chains (Santillana et al., 2007). Subgroup 1 and 2 
share 60% identity (Heritier et al., 2005b). 

Subgroup 3 consists of OXA-51 and its variants, which are chromosomally encoded 
(Vahaboglu et al., 2006). The OXA-51/69 expression varies according to the presence of 
ISAba1 (Poirel & Nordmann, 2006). The OXA-51 gene was first detected in Argentina in 2005, 
within genetically distinct A. baumannii isolates (Brown & Amyes, 2005). Subgroup 3 has 
56% identity with subgroup 1 and 61% to 62% identity with subgroup 2 (Brown et al., 2005). 
Subgroup 4 contains OXA-58, which is a plasmid-encoded gene (Vahaboglu et al., 2006) and 
was first detected in Toulouse (France) in 2003 (Heritier et al., 2005a; Poirel et al., 2005). 
Subgroup 4 shares less than 50% homology with the other three groups (Poirel et al., 2005). 
The OXA-58 gene is rapidly disseminating and those isolates, which contain both OXA-51-
type and OXA-58 genes, are pandrug-resistant A. baumannii (PDRAB) (Coelho et al., 2006). 
The plasmid borne carbapenemase, OXA-58, was found in France, England, Argentina, 
Spain, Turkey, Romania, Austria, Greece, Scotland and Kuwait (Coelho et al., 2006; Marque 
et al., 2005; Pournaras et al., 2006). It is uncertain whether these genes are acquired or occur 
naturally in A. baumannii (Brown & Amyes, 2006). In A. baumannii isolates with OXA-51 as 
the sole carbapenemase, carbapenem resistance was associated with an insertion sequence 
ISAbaI and it is thought that this might be the promoter for the hyper-production of β-
lactamase genes (Turton et al., 2006). 

Bacteria producing carbapenemase enzymes have a reduced susceptibility to imipenem 
(Ambler et al., 1991). However, the minimum inhibitory concentration (MIC) of imipenem 
can range from mildly elevated to fully resistant (Ambler et al., 1991). Therefore, these β-
lactamases may not be recognised following routine susceptibility testing (Ambler et al., 
1991). Βeta-lactamases have the ability to hydrolyse carbapenems, resist commercially 
available β-lactamase inhibitors and are susceptible to inhibition by metal ion chelators (Lim 
et al., 1988). The widespread presence of oxacillinases and their division into distinct 
subgroups, indicates that these enzymes are an essential component of the genetic makeup 
of Acinetobacter spp (Walther-Rasmussen & Hoiby, 2006). The OXA enzymes as emerging 
carbapenemases are increasingly associated with outbreaks of A. baumannii containing OXA-
40 and OXA-58 in the United States (Hujer et al., 2006; Lolans et al., 2006). The OXA-51/69-
like beta-lactamase is a “naturally occurring” chromosomal enzyme in Acinetobacter 
baumannii and has been found in isolates from four continents (Heritier et al., 2005a). 

7.2 Metallo--lactamase (MBL) genes in Acinetobacter baumannii  

Metallo--lactamases form part of the class B -lactamases, capable of hydrolyzing 
carbapenems and other -lactam antibiotics except for aztreonam (Walsh et al., 2005; Walsh, 
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2005). Class B -lactamases differ from class A and class D carbapenemases by having a 
metal ion, zinc, in their active site, which participates in catalysis (Walsh et al., 2005; Walsh, 
2005). There are five types of metallo--lactamases (MBL’s) that have been identified in A. 
baumannii (Brown & Amyes, 2006). The most common metallo-β-lactamases include 
“Verona integron-encoded metallo-β-lactamases” (VIM), “Imipenem hydrolyzing β-
lactamase”(IMP), “German Imipenemase” (GIM), Seoul imipenemase (SIM) and Sao Paulo 
metallo-β-lactamases (SPM-1) enzymes, which are located on a variety of integron structures 
and are incorporated as gene cassettes (Brown & Amyes, 2006). The integration of the 
integron on the plasmids or transposons allows for facilitated transfer between bacteria 
(Watanabe et al., 1991).  

Imipenem (IMP) metallo--lactamases were first described in a P. aeruginosa strain found in 
Japan in 1988 (Watanabe et al., 1991). Metallo--lactamases is not the predominant 
carbapenemases found within A. baumannii however the following carbapenemases have 
been described: IMP-1, IMP-2, IMP-4, IMP-5, IMP-6, and IMP-11 (Walsh et al., 2005; Walsh, 
2005). The IMP type MBL’s have stronger carbapenem-hydrolysing activity than the OXA-
type--lactamases (Laraki et al., 1999). The VIM, IMP, SPM, and GIM genes are found on 
cassettes in class 1 integrons, although IMP genes have also been found on class 3 integrons 
(Collis et al., 2002). Watanabe et al. (1991) reported the detection of IMP-1, located on an 
integron situated on a conjugative plasmid, in Serratia marcescens and other Enterobacteriaceae 
in Japan. The imipenem-hydrolyzing β-lactamase has been detected in rare clinical isolates 
of Enterobacter cloacae in Argentina, the USA and France (Nordmann et al., 1993; 
Pottumarthy et al., 2003; Radice et al., 2004; Rasmussen et al., 1996). 

Imipenem hydrolyzing β-lactamase contains the conserved active site motifs S-X-X-K, S-D-N 
and K-T-G of the class A β-lactamases (Aubron, 2005; Yu et al., 2006). The carbapenemases 
have conserved cysteine residues at positions 238 and 69 that form a disulfide bridge 
(Aubron, 2005; Yu et al., 2006). Genes encoding IMP-2 β-lactamases were found on plasmids 
in Enterobacter asburiae isolated from river water in the US and on plasmids from an E. 
cloacae isolated from China (Aubron, 2005; Yu et al., 2006). The disulfide bond is necessary 
for the hydrolytic activity and is used to stabilize the enzyme structurally (Majiduddin & 
Palzkill, 2003; Sougakoff et al., 2002). The mechanism of cleavage of the -lactam ring is 
different for MBL’s as compared to -lactamases, however, both gene products still share a 
unique  fold in the active sites of the enzymes (Ullah et al., 1998). The blaIMP is a foreign 
gene that is introduced from another species of bacteria and A. baumannii only retain the 
gene in environments where there is selective pressure in the form of the presence of 
imipenem (Takhashi et al., 2000). 

Pandrug-resistant A. baumannii (PDRAB) are resistant to nearly all the commercially 
available antibiotics including amikacin, aztreonam, cefepime, ceftazidime, ciprofloxacin, 
gentamycin, imipenem, meropenem, ofloxacin, ticarcillin-clavulanate and piperacillin-
tazobactam (Hsueh et al., 2002). Carbapenem-resistant A. baumannii are usually susceptible 
to ciprofloxacin, ofloxacin, gentamycin or amikacin (Hsueh et al., 2002). Increasing the use of 
carbapenems and ciprofloxacin has contributed to the development and spread of PDRAB 
strains (Hsueh et al., 2002). 

Verona integron-encoded MBL (VIM-1) was first identified in Italy in 1997 in a P. aeruginosa 
isolate (Lauretti et al., 1999). Acinetobacter baumannii containing the VIM-2 gene has been 
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reported only in Korea (Yum et al., 2002). Acinetobacter baumannii isolates producing 
metallo--lactamases from Korea were reported to be incredibly diverse, containing Seoul 
imipenemase (SIM-1), which is a novel metallo--lactamase (Lee et al., 2005). 

7.3 Non-enzymatic mechanisms of antibiotic resistance 

In A. baumannii isolates from Madrid the loss of the 22-kDa and 33-kDa outer membrane 
proteins combined with the production of OXA-24, resulted in resistance to carbapenems 
(Bou et al., 2000). A homologue of OprD, a 43-kDa protein was identified in A. baumannii 
(Dupont et al., 2005). The 43-kDa protein is a well studied porin, which is frequently 
associated with imipenem resistance in P. aeruginosa (Dupont et al., 2005). Confirming 
resistance to imipenem and meropenem in A. baumannii is the channel formation of CarO, a 
29-kDa outer membrane protein (Limansky et al., 2002; Mussi et al., 2005; Siroy et al., 2005). 
Reduced expression of PBP-2 within isolates from Seville, Spain explained the resistance of 
A. baumannii to carbapenems (Fernandez-Cuenca et al., 2003). 

7.3.1 Efflux pumps as mechanisms of resistance in Acinetobacter baumannii 

Efflux pumps cause resistance against several different classes of antibiotics and mediate the 
efflux of compounds that are toxic to the bacterial cell, including antibiotics, in a coupled 
exchange with protons (Poole, 2005). The distinct families of efflux pumps the major 
facilitator superfamily, the small multidrug resistance superfamily, the multidrug and toxic 
compound extrusion superfamily and the resistance-nodulation-cell division family are 
found in various species of bacteria (Poole, 2005). Over expression of the AdeABC efflux 
pump, which forms part of the resistance-nodulation-cell division family, confers high-level 
resistance to carbapenems, together with carbapenem-hydrolyzing oxacillinase (Marque et 
al., 2005). The mechanism, which controls the expression of the efflux pump, functions as a 
two-step regulator (adeR) and sensor (adeS) system (Marchand et al., 2004). A single point 
mutation within the adeR and adeS genes results in increased expression and increased efflux 
(Marchand et al., 2004). 

8. Resistance of Acinetobacter baumannii to various antibiotics 
Resistance to aminoglycosides is mediated by aminoglycoside-modifying enzymes (AME’s) 
(Perez et al., 2007). Examples of such enzymes include aminoglycoside phosphotransferases 
(aph), aminoglycoside acetyltransferases (acc) and aminoglycoside adenyltransferase (aad) 
(Perez et al., 2007). Acinetobacter baumannii have transposon mediated efflux pumps, which 
involves tetracycline A (Tet) and TetB (Guardabassi et al., 2000). Tetracycline A allows for 
the efflux of tetracycline, while TetB allows for the efflux of both tetracycline and 
minocycline (Huys et al., 2005). The other mechanism of resistance to the tetracyclines is due 
to the ribosomal protection protein (Perez et al., 2007). The ribosomal protection protein is 
encoded by the tetracycline M gene and protects the ribosome from the action of 
tetracycline, minocycline and doxycline (Ribera et al., 2003). 

Modification in the structure of the DNA gyrase decreases the affinity of the enzyme to 
quinolones (Seward & Towner, 1998); therefore A. baumannii becomes resistant to 
quinolones (Perez et al., 2007). Modifications of the lipopolysaccharides (LPS’s) in A. 
baumannii cause the bacterium to become resistant to polymyxins (Perez et al., 2007). 
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Modifications to the LPS in A. baumannii include acylation, presence of antigens and 
acidification, which all interfere with the binding of the polymyxins to the cell membrane 
(Peterson et al., 1987). 

9. Spread and control of Acinetobacter baumannii 
Infection control is critical concerning A. baumannii given its ability to cause outbreaks 
(Boyce & Pittet, 2002; Pittet, 2004). Contact precautions, hand washing and alcohol hand 
decontamination are rarely applied however are universally encouraged and important 
(Boyce & Pittet, 2002; Pittet, 2004). However, the applications of meticulous environmental 
decontamination and aggressive chlorhexidine baths as temporary measures to control 
outbreaks are the favourable approach (Maragakis et al., 2004; Wilks et al., 2006). However 
these methods are expensive, labour-intensive and must be clinically proven through trials 
(Maragakis et al., 2004; Wilks et al., 2006). The key to infection control measures lies within 
preventing dissemination of MDR clones (Maragakis et al., 2004; Wilks et al., 2006). The use 
of molecular tools for investigation of outbreaks to establish clonality among isolates allows 
for a more effective implementation of infection control measures and aids in the 
identification of environmental sources (Maragakis et al., 2004; Wilks et al., 2006). 
Polymerase Chain Reaction followed by electronspray ionization mass spectrometry and 
base composition analysis are used to determine clonality (Ecker et al., 2006; Hujer et al., 
2006). Restriction of the use of especially broad-spectrum activity antibiotics is necessary for 
infection control strategies (Chakravarti et al., 2000; Hughes, 2003). The refinement of 
genomic and proteomic techniques represents hope for the discovery of new antimicrobials 
active against MDR organisms and for the development of vaccines (Chakravarti et al., 2000; 
Hughes, 2003). The success of these and other approaches for the containment of MDR A. 
baumannii depends on the commitment of clinical practitioners, scientists, hospitals and 
public health administrators and on the support of the informed public (Chakravarti et al., 
2000; Hughes, 2003). 

10. Diagnosis and detection of Acinetobacter baumannii 
Monitoring the geographical spread of virulent or epidemic pathogens is achieved through 
the identification and typing of bacteria (Grundmann et al., 1997). Traditional methods for 
the identification of A. baumannii are unsatisfactory (Gerner-Smidt et al., 1991), due to the 
difficulty in distinguishing A. baumannii from A. calcoaceticus phenotypically (Giamarellou et 
al., 2008). Acinetobacter baumanni is predominantly diagnosed from sputum, blood, central 
venous catheter tips, pleural fluid, wound pus, bronchial washing and urine (Hsueh et al., 
2002). 

10.1 Direct phenotypic detection of Acinetobacter baumannii  

Phenotypic methods of detecting A. baumannii include growing the isolates on fluorescence-
lactose-denitrification media (FLN) in order to determine the amount of acid produced by 
the metabolism of glucose (http://microbewiki.kenyon.edu/index.php/Acinetobacter 
baumannii). This method is used to differentiate the respective species within the Acinetobacter 
genus (http://microbewiki.kenyon.edu/index.php/Acinetobacter_baumannii). Crude 
enzyme extracts and -lactamase activity assays are other phenotypic methods used to 
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reported only in Korea (Yum et al., 2002). Acinetobacter baumannii isolates producing 
metallo--lactamases from Korea were reported to be incredibly diverse, containing Seoul 
imipenemase (SIM-1), which is a novel metallo--lactamase (Lee et al., 2005). 

7.3 Non-enzymatic mechanisms of antibiotic resistance 

In A. baumannii isolates from Madrid the loss of the 22-kDa and 33-kDa outer membrane 
proteins combined with the production of OXA-24, resulted in resistance to carbapenems 
(Bou et al., 2000). A homologue of OprD, a 43-kDa protein was identified in A. baumannii 
(Dupont et al., 2005). The 43-kDa protein is a well studied porin, which is frequently 
associated with imipenem resistance in P. aeruginosa (Dupont et al., 2005). Confirming 
resistance to imipenem and meropenem in A. baumannii is the channel formation of CarO, a 
29-kDa outer membrane protein (Limansky et al., 2002; Mussi et al., 2005; Siroy et al., 2005). 
Reduced expression of PBP-2 within isolates from Seville, Spain explained the resistance of 
A. baumannii to carbapenems (Fernandez-Cuenca et al., 2003). 

7.3.1 Efflux pumps as mechanisms of resistance in Acinetobacter baumannii 

Efflux pumps cause resistance against several different classes of antibiotics and mediate the 
efflux of compounds that are toxic to the bacterial cell, including antibiotics, in a coupled 
exchange with protons (Poole, 2005). The distinct families of efflux pumps the major 
facilitator superfamily, the small multidrug resistance superfamily, the multidrug and toxic 
compound extrusion superfamily and the resistance-nodulation-cell division family are 
found in various species of bacteria (Poole, 2005). Over expression of the AdeABC efflux 
pump, which forms part of the resistance-nodulation-cell division family, confers high-level 
resistance to carbapenems, together with carbapenem-hydrolyzing oxacillinase (Marque et 
al., 2005). The mechanism, which controls the expression of the efflux pump, functions as a 
two-step regulator (adeR) and sensor (adeS) system (Marchand et al., 2004). A single point 
mutation within the adeR and adeS genes results in increased expression and increased efflux 
(Marchand et al., 2004). 

8. Resistance of Acinetobacter baumannii to various antibiotics 
Resistance to aminoglycosides is mediated by aminoglycoside-modifying enzymes (AME’s) 
(Perez et al., 2007). Examples of such enzymes include aminoglycoside phosphotransferases 
(aph), aminoglycoside acetyltransferases (acc) and aminoglycoside adenyltransferase (aad) 
(Perez et al., 2007). Acinetobacter baumannii have transposon mediated efflux pumps, which 
involves tetracycline A (Tet) and TetB (Guardabassi et al., 2000). Tetracycline A allows for 
the efflux of tetracycline, while TetB allows for the efflux of both tetracycline and 
minocycline (Huys et al., 2005). The other mechanism of resistance to the tetracyclines is due 
to the ribosomal protection protein (Perez et al., 2007). The ribosomal protection protein is 
encoded by the tetracycline M gene and protects the ribosome from the action of 
tetracycline, minocycline and doxycline (Ribera et al., 2003). 

Modification in the structure of the DNA gyrase decreases the affinity of the enzyme to 
quinolones (Seward & Towner, 1998); therefore A. baumannii becomes resistant to 
quinolones (Perez et al., 2007). Modifications of the lipopolysaccharides (LPS’s) in A. 
baumannii cause the bacterium to become resistant to polymyxins (Perez et al., 2007). 
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Modifications to the LPS in A. baumannii include acylation, presence of antigens and 
acidification, which all interfere with the binding of the polymyxins to the cell membrane 
(Peterson et al., 1987). 

9. Spread and control of Acinetobacter baumannii 
Infection control is critical concerning A. baumannii given its ability to cause outbreaks 
(Boyce & Pittet, 2002; Pittet, 2004). Contact precautions, hand washing and alcohol hand 
decontamination are rarely applied however are universally encouraged and important 
(Boyce & Pittet, 2002; Pittet, 2004). However, the applications of meticulous environmental 
decontamination and aggressive chlorhexidine baths as temporary measures to control 
outbreaks are the favourable approach (Maragakis et al., 2004; Wilks et al., 2006). However 
these methods are expensive, labour-intensive and must be clinically proven through trials 
(Maragakis et al., 2004; Wilks et al., 2006). The key to infection control measures lies within 
preventing dissemination of MDR clones (Maragakis et al., 2004; Wilks et al., 2006). The use 
of molecular tools for investigation of outbreaks to establish clonality among isolates allows 
for a more effective implementation of infection control measures and aids in the 
identification of environmental sources (Maragakis et al., 2004; Wilks et al., 2006). 
Polymerase Chain Reaction followed by electronspray ionization mass spectrometry and 
base composition analysis are used to determine clonality (Ecker et al., 2006; Hujer et al., 
2006). Restriction of the use of especially broad-spectrum activity antibiotics is necessary for 
infection control strategies (Chakravarti et al., 2000; Hughes, 2003). The refinement of 
genomic and proteomic techniques represents hope for the discovery of new antimicrobials 
active against MDR organisms and for the development of vaccines (Chakravarti et al., 2000; 
Hughes, 2003). The success of these and other approaches for the containment of MDR A. 
baumannii depends on the commitment of clinical practitioners, scientists, hospitals and 
public health administrators and on the support of the informed public (Chakravarti et al., 
2000; Hughes, 2003). 

10. Diagnosis and detection of Acinetobacter baumannii 
Monitoring the geographical spread of virulent or epidemic pathogens is achieved through 
the identification and typing of bacteria (Grundmann et al., 1997). Traditional methods for 
the identification of A. baumannii are unsatisfactory (Gerner-Smidt et al., 1991), due to the 
difficulty in distinguishing A. baumannii from A. calcoaceticus phenotypically (Giamarellou et 
al., 2008). Acinetobacter baumanni is predominantly diagnosed from sputum, blood, central 
venous catheter tips, pleural fluid, wound pus, bronchial washing and urine (Hsueh et al., 
2002). 

10.1 Direct phenotypic detection of Acinetobacter baumannii  

Phenotypic methods of detecting A. baumannii include growing the isolates on fluorescence-
lactose-denitrification media (FLN) in order to determine the amount of acid produced by 
the metabolism of glucose (http://microbewiki.kenyon.edu/index.php/Acinetobacter 
baumannii). This method is used to differentiate the respective species within the Acinetobacter 
genus (http://microbewiki.kenyon.edu/index.php/Acinetobacter_baumannii). Crude 
enzyme extracts and -lactamase activity assays are other phenotypic methods used to 
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detect antibiotic resistant strains of A. baumannii (Takahashi et al., 2000). Biochemical tests 
used to differentiate A. baumannii from other species of the Acinetobacter genus include the 
following: haemolysis test (-), histamine assimilation test (-), glucose oxidation test, citrate 
assimilation test (+), gelatin liquefaction test (-) (Prashanth & Badrinath, 2000). 

10.1.1 Automated detection of Acinetobacter baumannii 

A Vitek GNI card (bio Mérieux, France) is used for the detection of carbapenemase activity 
in clinical isolates. The results of the Vitek test are confirmed using the API 20NE system 
(bio Mérieux, France) (Clinical and Laboratory Standards Institute, 2009). 

10.1.2 Manual methods of detection of Acinetobacter baumannii 

The E-test (AB Biodisk, Sweden) is used to identify metallo--lactamase production by 
determining the minimum inhibitory concentration (MIC), which allows for the detection of 
the production of VIM or IMP enzymes (Walsh, 2005). Susceptibility testing can be performed 
using broth microdilution according to Clinical and Laboratory Standards Institute standards 
(2009) and the Kirby-Bauer double disk synergy test (Peleg et al., 2005). The disk 
approximation test with 2-mercaptopropionic acid or EDTA is used to screen for metallo-β-
lactamase producers (Arakawa, 2000; Yong et al., 2006). Ethylenediaminetetraacetic acid 
(EDTA) is a chelator of Zn2+ and other divalent cations and therefore inhibits the metallo-β-
lactamases that have zinc ions in their active sites (Lim et al., 1988). 

The imipenem (IMP)-EDTA double-disk synergy test (DDST) can distinguish metallo-β–
lactamase producing from metallo-β–lactamase non-producing Gram-negative bacilli (Lee et 
al., 2001). However, occasional isolates show false negative results due to a deficiency of zinc 
within the isolate’s active site (Yigit et al., 2001). The test can be improved by using an IMP 
disk to which 10 µl of 50 mM zinc sulfate (140 µg/disk) has been added, to compensate for 
the lack of zinc or by using Mueller-Hinton agar to which zinc sulfate has been added to a 
final concentration of 70 μg.ml-1 (Yigit et al., 2001). 

The Hodge test is a simple method for screening metallo-β-lactamase producing isolates of 
Gram-negative bacilli (Lee et al., 2001). The Hodge test/cloverleaf test is a microbiological 
assay of carbapenemase activity, where an extract of the whole cell or the suspected isolates 
are tested against imipenem on an agar plate (Hornstein et al., 1997). It  is unnecessary to 
test an isolate for a carbapenemase using the modified Hodge test when all of the 
carbapenems that are reported by a laboratory test are either intermediate or resistant 
(Clinical and Laboratory Standards Institute, 2009). However, the modified Hodge test is 
used for infection control and epidemiological purposes (Clinical and Laboratory Standards 
Institute, 2009). The imipenem disk test is a poor screening method for carbapenemases 
(Clinical and Laboratory Standards Institute, 2009). 

10.2 Molecular detection of Acinetobacter baumannii 

Molecular methods based on PCR for the detection of carbapenemase producing genes are 
used due to the problems with the direct phenotypic detection methods e.g. difficulty in 
distinguishing between species of the Acinetobacter genus (Vaneechoutte, 1996). The 
molecular methods include a PCR with primers for detecting OXA-23, OXA-24, OXA-51, 
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OXA-58, IMP-1, IMP-2, IMP-4, VIM-1, VIM-2, SPM-1, GIM-1, and SIM-1 genes can be used 
to detect all families and subgroups of the presumed carbapenemases (Petropoulou et al., 
2006). The genotypic tests used to determine the clonal relatedness of the isolates include, 
Random amplified polymorphism DNA (RAPD PCR)-fingerprinting with the primers M13, 
Enterobacterial Repetitive Intergenic Consensus (ERIC2) and Pulsed Field Gel Electrophoresis 
(PFGE) using the ApaI enzyme can be performed (Seifert et al., 2005). The main advantages 
of the molecular techniques in comparison with the traditional phenotypic methods are high 
reproducibility and applicability to a wide variety of bacteria and time saving (Grundmann 
et al., 1997). 

10.3 Indirect diagnosis of Acinetobacter baumannii 

Gram-negative bacteria contain lipopolysaccharides (LPS’s) on their outer membranes, 
which consist of covalently linked lipid A (anchors the LPS into the outer membrane) and 
the core polysaccharide (O-polysaccharide or O-antigen), which is linked to the lipid A 
(Pantophlet et al., 1999). The type of LPS found within A. baumannii has the smooth or S-
form phenotype and can be used in clinical microbiology laboratories for clinical research 
purposes (Pantophlet et al., 1999). 

11. Materials and methods 
Ninety-seven imipenem/meropenem resistant A. baumannii isolates were collected between 
March and April 2009 from a Tertiary Academic hospital. These isolates were all given a 
unique number. The A. baumannii isolates were analysed by the Diagnostic Division of the 
department of Medical Microbiology, National Health Laboratory service (NHLS) at the 
University of Pretoria. The isolates were identified as A. baumannii and underwent 
susceptibility testing. The Vitek 2 (bioMérieux, France) automated system was used to 
phenotypically test for the presence of carbapenemases within the A. baumannii isolates. 
Ninety-seven imipenem/meropenem resistant isolates were streaked out onto 5% sheep 
blood agar plates (Diagnostics Media Products, NHLS, South Africa). The plates were 
incubated (Horo incubator) overnight at 37ºC. Gram-staining was performed for each 
isolate. (2002). Brain-Heart infusion broth (Biolab, Wadeville, South Africa) was prepared 
and aliquoted into Bijou culture bottles before sterilization. The broth bottles were 
inoculated from overnight plate cultures of A. baumannii grown on 5% sheep blood agar 
(Diagnostic Media Products, NHLS, South Africa) by adding 3 to 4 colonies of an isolate into 
the broth. The inoculated broths were incubated in a Labcon shake incubator at 37°C 
overnight. A volume of 900 µl of the inoculated turbid broth and 900 µl of sterile glycerol 
was added to a sterilized cryotube and were stored at -70°C. The CLSI (2009) guidelines for 
the performance of the modified Hodge test and for the double disk synergy test were 
followed for the detection of carbapenemase production. 

A MagNA Pure Compact Nucleic Acid Isolation Kit 1 (Roche, Germany) was used to 
perform automated whole cell DNA extraction according to the manufacturer’s guidelines. 
A volume of 400 µl of each of the A. baumannii broth culture samples was added to a Magna 
Pure sample tube for automated DNA extraction. Sealed cartridges with the necessary 
reagents were added to each lane. The purified nucleic acids (100 μl of pure A. baumannii 
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detect antibiotic resistant strains of A. baumannii (Takahashi et al., 2000). Biochemical tests 
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(Pantophlet et al., 1999). The type of LPS found within A. baumannii has the smooth or S-
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phenotypically test for the presence of carbapenemases within the A. baumannii isolates. 
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inoculated from overnight plate cultures of A. baumannii grown on 5% sheep blood agar 
(Diagnostic Media Products, NHLS, South Africa) by adding 3 to 4 colonies of an isolate into 
the broth. The inoculated broths were incubated in a Labcon shake incubator at 37°C 
overnight. A volume of 900 µl of the inoculated turbid broth and 900 µl of sterile glycerol 
was added to a sterilized cryotube and were stored at -70°C. The CLSI (2009) guidelines for 
the performance of the modified Hodge test and for the double disk synergy test were 
followed for the detection of carbapenemase production. 

A MagNA Pure Compact Nucleic Acid Isolation Kit 1 (Roche, Germany) was used to 
perform automated whole cell DNA extraction according to the manufacturer’s guidelines. 
A volume of 400 µl of each of the A. baumannii broth culture samples was added to a Magna 
Pure sample tube for automated DNA extraction. Sealed cartridges with the necessary 
reagents were added to each lane. The purified nucleic acids (100 μl of pure A. baumannii 
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DNA) were eluted and stored at -20°C for further analysis. The Nanodrop 
Spectrophotometer ND-1000 instrument was used to measure the DNA concentration for 
each of the samples. 

Two multiplex PCR assays: 1) Multiplex PCR I reaction of OXA-23, OXA-24, OXA-51 and 
OXA-58 genes (Woodford et al., 2006) and 2) Multiplex PCR II reaction of IMP, VIM, GIM-1, 
SPM-1 and SIM-1 genes (Ellington et al., 2007) were performed using the QIAGEN 
Multiplex PCR 1000 kit (Promega, Madison, USA), which was set up according to the 
manufacturer’s guidelines. The QIAGEN Multiplex PCR 1000 kit contains Multiplex PCR 
Master mix, RNAse free water and Q solution. The thermocycling was performed using the 
Eppendorf, Mastercycler epgradient S (Hamburg, Germany). The DNA gel electrophoresis 
(Elite 300 power pack, Wealtec, South Africa) was performed on a 2% agarose gel 
(Whitehead Scientific, Brackenfell, Cape Town), which contained 0.5 µg.ml-1 ethidium 
bromide (Promega, Madison, USA). The loading dye used was Fermentas 6X orange loading 
dye solution (Fermentas UAB, Lithuania). The ready to use 100 bp ladder (Promega, 
Madison, USA) was used as a molecular size marker. A 10% solution of TBE buffer 10X 
(Promega, Madison. USA) was used for the preparation and running of the gels. 

12. Prevalence of antibiotic resistance genes in Acinetobacter baumannii 
isolates in a clinical setting in the Pretoria area, South Africa 
The origins of the Acinetobacter baumannii isolates collected in this study were 58% (56/97) 
from sputum specimens, 7% (7/97) from urine specimens, 11% (11/97) from blood cultures 
and 24% (23/97) from diverse specimens. The A. baumannii isolates collected for this study 
were both imipenem and meropenem resistant with a minimum inhibitory concentration 
(MIC) of >=16. The 97 A. baumannii isolates were subjected to susceptibility testing using the 
Vitek 2 instrument. The panel consisted of 18 antibiotics to determine the overall pattern of 
resistance. The selection of A. baumannii isolates used in this study was based on the Vitek 2 
instrument. Both imipenem and meropenem resistant A. baumannii isolates were included in 
this study. All of the A. baumannii isolates showed 100% resistance to the following antibiotics 
in the panel: ampicillin; amoxicillin/clavulanic acid; cefuroxime; cefuroxime axetil; cefepime; 
imipenem; meropenem; nitrofurantoin and trimethoprim/sulfamethoxazole. The A. baumannii 
clinical isolates were all susceptible (0% resistance) to colistin (Table 2). 

The Hodge test showed that 74% (72/97) of the A. baumannii isolates were positive for 
carbapenemase production and 26% (25/97) of the A. baumannii isolates were negative for 
carbapenemase production (Figure 2). These results are similar to the findings of the study 
conducted in Korea by Lee et al. (2003), which reported a prevalence of 66% positive for 
carbapenemase production, 26% negative for carbapenemase production and 8% data 
unknown.  

The Cloverleaf or Hodge test is cumbersome and imperfect. False positives occur due to 
AmpC and impermeability, not due to β-lactamase production. Weak false positives occur 
due to AmpC hyperproducers. AmpC hydrolysing β-lactams are produced by Gram-
negative bacteria [Presentation by David Livermore on “Detecting carbapenemases” at the 
49th Interscience conference on antimicrobial agents and chemotherapy (ICAAC)]. Some A. 
baumannii isolates are resistant to ertapenem, but are rarely resistant to any of the other  
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Antibiotic Tested Percentage resistance
Ampicillin 100% (97/97) 

Amoxicillin/Clavulanic acid 100% (97/97) 
Piperacillin/Tazobactam 99% (96/97) 

Cefuroxime 100% (97/97) 
Cefuroxime Axetil 100% (97/97) 

Cefotaxime 99% (96/97) 
Ceftazidime 49% (48/97) 

Cefepime 100% (97/97) 
Imipenem 100% (97/97) 

Meropenem 100% (97/97) 
Amikacin 25% (24/97) 

Gentamicin 89% (86/97) 
Tobramycin 5% (5/97) 

Nalidixic acid 95% (92/97) 
Ciprofloxacin 91% (88/97) 

Nitrofurantoin 100% (97/97) 
Colistin 0% (0/97) 

Trimethoprim/sulfamethoxazole 100% (97/97) 

Table 2. Antibiotic resistance patterns in Acinetobacter baumannii isolates from a Tertiary 
Academic Hospital  

 
Fig. 2. Hodge or cloverleaf test of three Acinetobacter baumannii isolates 
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resistance. The selection of A. baumannii isolates used in this study was based on the Vitek 2 
instrument. Both imipenem and meropenem resistant A. baumannii isolates were included in 
this study. All of the A. baumannii isolates showed 100% resistance to the following antibiotics 
in the panel: ampicillin; amoxicillin/clavulanic acid; cefuroxime; cefuroxime axetil; cefepime; 
imipenem; meropenem; nitrofurantoin and trimethoprim/sulfamethoxazole. The A. baumannii 
clinical isolates were all susceptible (0% resistance) to colistin (Table 2). 

The Hodge test showed that 74% (72/97) of the A. baumannii isolates were positive for 
carbapenemase production and 26% (25/97) of the A. baumannii isolates were negative for 
carbapenemase production (Figure 2). These results are similar to the findings of the study 
conducted in Korea by Lee et al. (2003), which reported a prevalence of 66% positive for 
carbapenemase production, 26% negative for carbapenemase production and 8% data 
unknown.  

The Cloverleaf or Hodge test is cumbersome and imperfect. False positives occur due to 
AmpC and impermeability, not due to β-lactamase production. Weak false positives occur 
due to AmpC hyperproducers. AmpC hydrolysing β-lactams are produced by Gram-
negative bacteria [Presentation by David Livermore on “Detecting carbapenemases” at the 
49th Interscience conference on antimicrobial agents and chemotherapy (ICAAC)]. Some A. 
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carbapenems. The Hodge test is very time consuming to set up and the reading of the results 
is subjective. Some strains produce bacteriocins, which kill the indicator organism 
[Presentation by David Livermore on “Detecting carbapenemases” at the 49th Interscience 
conference on antimicrobial agents and chemotherapy (ICAAC)]. Beta-lactamase production 
affects the porins of the outer membrane, thus making A. baumannii impermeable to 
antibiotics and therefore resistant to antibiotics e.g. carbapenems [Presentation by David 
Livermore on “Detecting carbapenemases” at the 49th Interscience conference on 
antimicrobial agents and chemotherapy (ICAAC)]. The class of carbapenemase cannot be 
determined by the results of the Modified Hodge test. Some isolates show a slight 
indentation, but do not produce carbapenemase (Standard operating procedure of the 
Department of Health and Human Services, Centres for Disease Control and Prevention: 
“Modified Hodge Test for Carbapenemase Detection in Enterobacteriaceae”). 

The double disk synergy test showed that 33% (32/97) of the A. baumannii isolates were 
susceptible to both ertapenem and EDTA and 19% (18/97) of the isolates did not grow 
(Figure 3). A prevalence of 45% (44/97) was recorded for A. baumannii isolates that were 
ertapenem resistant and EDTA susceptible and a prevalence of 3% (3/97) was recorded for 
both ertapenem and EDTA resistance. These findings are lower than the results of the study 
conducted in Korea by Lee et al. (2003), which reported a prevalence of 94% (75/80) of A. 
baumannii isolates susceptible for both imipenem and EDTA; all the isolates grew in that 
study; 5% (5/97) of the A. baumannii isolates were resistant to imipenem and susceptible to 
EDTA and 0% (0/97) isolates were resistant to both imipenem and EDTA. 

 
Fig. 3. Double disk synergy test of one Acinetobacter baumannii isolate 

EDTA permeabilizes the bacterial cell, is a chelator of zinc and disrupts OXA dimers, which 
may be stabilized by zinc [Presentation by David Livermore on “Detecting carbapenemases” 
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at the 49th Interscience conference on antimicrobial agents and chemotherapy (ICAAC)]. 
Therefore EDTA disrupts the function of the carbapenemase producing genes and hence the 
A. baumannii isolates are more susceptible to ertapenem in the presence of EDTA than 
without EDTA. The discrepancies in the results of this study compared to the results of the 
study conducted by Lee et al. (2003) were due to the use of different carbapenems. 
Ertapenem was used in this study, while Lee et al. used imipenem in their study conducted 
in 2003. Imipenem disks perform poorly as a screen for carbapenemases (Clinical and 
Laboratory Standards Institute, 2009) and thus ertapenem was used in this study. 

The A. baumannii clinical specimens were cultured and two different multiplex PCR assays 
were performed on the extracted DNA sample of each isolate. The first multiplex PCR assay 
(Multiplex PCR I) was performed to screen for the presence of the OXA-group genes (OXA-
23, OXA-24, OXA-51 and OXA-58). The second Multiplex PCR assay (Multiplex PCR II) 
screened for the presence of the Metallo--lactamase genes (IMP, VIM, SIM, SPM and GIM). 
Multiplex PCR I showed that 80% (78/97) of the A. baumannii isolates were positive for 
OXA-51, 52% (50/97) were positive for OXA-23, 1% (1/97) were positive for OXA-58 and 2% 
(2/97) were positive for OXA-24 (Figure 4). Figure 5 showed the gel electrophoresis pattern 
of the OXA-51, OXA-23, OXA-58 and OXA-24 genes. 

 
 

 

Fig. 4. Pie chart showing the results of the Multiplex PCR I for the prevalence of the OXA 
genes in the 97 Acinetobacter baumannii isolates obtained from a Tertiary Academic Hospital 
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at the 49th Interscience conference on antimicrobial agents and chemotherapy (ICAAC)]. 
Therefore EDTA disrupts the function of the carbapenemase producing genes and hence the 
A. baumannii isolates are more susceptible to ertapenem in the presence of EDTA than 
without EDTA. The discrepancies in the results of this study compared to the results of the 
study conducted by Lee et al. (2003) were due to the use of different carbapenems. 
Ertapenem was used in this study, while Lee et al. used imipenem in their study conducted 
in 2003. Imipenem disks perform poorly as a screen for carbapenemases (Clinical and 
Laboratory Standards Institute, 2009) and thus ertapenem was used in this study. 

The A. baumannii clinical specimens were cultured and two different multiplex PCR assays 
were performed on the extracted DNA sample of each isolate. The first multiplex PCR assay 
(Multiplex PCR I) was performed to screen for the presence of the OXA-group genes (OXA-
23, OXA-24, OXA-51 and OXA-58). The second Multiplex PCR assay (Multiplex PCR II) 
screened for the presence of the Metallo--lactamase genes (IMP, VIM, SIM, SPM and GIM). 
Multiplex PCR I showed that 80% (78/97) of the A. baumannii isolates were positive for 
OXA-51, 52% (50/97) were positive for OXA-23, 1% (1/97) were positive for OXA-58 and 2% 
(2/97) were positive for OXA-24 (Figure 4). Figure 5 showed the gel electrophoresis pattern 
of the OXA-51, OXA-23, OXA-58 and OXA-24 genes. 
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Fig. 5. Results obtained after Multiplex PCR I was performed, using a 2% agarose gel for the 
detection of OXA genes in the Acinetobacter baumannii isolates. Lanes 2, 3, 4, 5, 7, 9, 10, 11, 12 
and 13 were positive for both OXA 51 and OXA-23. Lane 6 was positive only for OXA-51. 
Lane 8 was positive for OXA-23, OXA-51 and OXA-58. Lanes 1 and 14 contain the molecular 
weight markers (100 bp DNA ladder). 

The multiplex PCR I results showed there were four distinctive strains of A. baumannii 
circulating in a Tertiary Academic hospital in Gauteng, South Africa. The first group of 
strains were positive for both OXA-51 and OXA-23 (52%). The second group of strains was 
positive for OXA-51 (26%) alone. The third group of strains were positive for both OXA-51 
and OXA-24 (2%) and the fourth group of strains were positive for both OXA-51 and OXA-
58 (1%) (Figure 6). 

 
Fig. 6. Pie chart showing the results of the Multiplex PCR I for the four  strains of 
Acinetobacter baumannii circulating in a Tertiary Academic Hospital 
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OXA-51 is an abiquitous or naturally occurring gene within A. baumannii (Merkier & 
Centron, 2006). OXA-51 is a chromosomally located gene, which needs to be regulated 
upstream by ISAba1 to provide resistance [Presentation by David Livermore on “Detecting 
carbapenemases” at the 49th Interscience conference on antimicrobial agents and 
chemotherapy (ICAAC)]. The prevalence of OXA-51 in clinical isolates of A. baumannii in 
this study was 80% (78/97). This figure is lower than the findings of a study conducted in 
Iran by Feizabadi and colleagues (2008), which reported a 100% prevalence of the OXA-51 
gene in clinical isolates of A. baumannii. 

The prevalence of OXA-23 in clinical isolates of A. baumannii in this study was 52% (50/97). 
This finding was similar to the OXA-23 prevalence of 66.5% in the Asia Pacific nations 
(India, China, Thailand, Singapore, Hong kong and Korea) (Mendes et al., 2009). However, 
based on other studies conducted in Iran by Feizabadi and colleagues (2008) who reported a 
prevalence of 36.5% in clinical isolates of A. baumannii the prevalence of OXA-23 varies 
worldwide. OXA-23 forms part of the class D metallo-β-lactamases and is an acquired 
carbapenemase gene, thus a varied prevalence is observed as not all A. baumannii isolates 
will obtain the gene compared to OXA-51 which is a chromosomal carbapenemase gene 
occuring naturally in A. baumannii (Merkier & Centron, 2006). The carbapenemase gene 
occurs in widespread clones and contributes to the multidrug resistant nature of A. 
baumannii [Presentation by David Livermore on “Detecting carbapenemases” at the 49th 
Interscience conference on antimicrobial agents and chemotherapy (ICAAC)]. 

The OXA-24 genes also form part of the class D metallo-β-lactamases and are acquired 
carbapenemase genes, which occur within widespread clones [Presentation by David 
Livermore on “Detecting carbapenemases” at the 49th Interscience conference on 
antimicrobial agents and chemotherapy (ICAAC)]. The prevalence of OXA-24 in A. 
baumannii in this study was 2% (2/97). This finding was similar to the OXA-24 prevalence of 
5.6% in A. baumannii clinical isolates from a study conducted in Thailand, Taiwan and 
Indonesia in 2008 (Mendes et al., 2008). However, a prevalence of 26% of OXA-24 was 
reported in the study conducted by Feizabadi and colleagues in Iran in 2008. The varied 
prevalence results are due to OXA-24 being an acquired gene within A. baumannii and thus 
not all isolates will contain the gene (Merkier & Centron, 2006). 

The prevalence of OXA-58 in clinical isolates of A. baumannii in this study was 1% (1/97). 
This finding was lower than the OXA-58 prevalence of 15% in A. baumannii isolates in the 
study conducted by Feizabadi and colleagues in Iran in 2008. The differences in the results 
of this study and other studies are due to OXA-58 being an acquired carbapenemase gene 
and the presence of this gene within widespread clones Presentation by David Livermore on 
“Detecting carbapenemases” at the 49th Interscience conference on antimicrobial agents and 
chemotherapy (ICAAC)]. 

No metallo-β-lactamase genes were detected in any of the A. baumannii isolates. IMP, VIM, 
SIM, SPM and GIM genes belong to the class B metallo-β-lactamases and are acquired 
carbapenemase genes. IMP (primarily detected in South Korea) and VIM (previously detected 
in China) are the two metallo-β-lactamase genes, which are the most frequently detected genes 
in A. baumannii isolates (Coelho et al., 2006). The prevalence of the metallo-β-lactamase genes is 
generally low within A. baumannii isolates as illustrated in a study by Mendes and colleagues 
(2009) where the prevalence was 0.8% in Taiwan. VIM, SIM, SPM, IMP and GIM have not been 
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Fig. 5. Results obtained after Multiplex PCR I was performed, using a 2% agarose gel for the 
detection of OXA genes in the Acinetobacter baumannii isolates. Lanes 2, 3, 4, 5, 7, 9, 10, 11, 12 
and 13 were positive for both OXA 51 and OXA-23. Lane 6 was positive only for OXA-51. 
Lane 8 was positive for OXA-23, OXA-51 and OXA-58. Lanes 1 and 14 contain the molecular 
weight markers (100 bp DNA ladder). 

The multiplex PCR I results showed there were four distinctive strains of A. baumannii 
circulating in a Tertiary Academic hospital in Gauteng, South Africa. The first group of 
strains were positive for both OXA-51 and OXA-23 (52%). The second group of strains was 
positive for OXA-51 (26%) alone. The third group of strains were positive for both OXA-51 
and OXA-24 (2%) and the fourth group of strains were positive for both OXA-51 and OXA-
58 (1%) (Figure 6). 

 
Fig. 6. Pie chart showing the results of the Multiplex PCR I for the four  strains of 
Acinetobacter baumannii circulating in a Tertiary Academic Hospital 
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OXA-51 is an abiquitous or naturally occurring gene within A. baumannii (Merkier & 
Centron, 2006). OXA-51 is a chromosomally located gene, which needs to be regulated 
upstream by ISAba1 to provide resistance [Presentation by David Livermore on “Detecting 
carbapenemases” at the 49th Interscience conference on antimicrobial agents and 
chemotherapy (ICAAC)]. The prevalence of OXA-51 in clinical isolates of A. baumannii in 
this study was 80% (78/97). This figure is lower than the findings of a study conducted in 
Iran by Feizabadi and colleagues (2008), which reported a 100% prevalence of the OXA-51 
gene in clinical isolates of A. baumannii. 

The prevalence of OXA-23 in clinical isolates of A. baumannii in this study was 52% (50/97). 
This finding was similar to the OXA-23 prevalence of 66.5% in the Asia Pacific nations 
(India, China, Thailand, Singapore, Hong kong and Korea) (Mendes et al., 2009). However, 
based on other studies conducted in Iran by Feizabadi and colleagues (2008) who reported a 
prevalence of 36.5% in clinical isolates of A. baumannii the prevalence of OXA-23 varies 
worldwide. OXA-23 forms part of the class D metallo-β-lactamases and is an acquired 
carbapenemase gene, thus a varied prevalence is observed as not all A. baumannii isolates 
will obtain the gene compared to OXA-51 which is a chromosomal carbapenemase gene 
occuring naturally in A. baumannii (Merkier & Centron, 2006). The carbapenemase gene 
occurs in widespread clones and contributes to the multidrug resistant nature of A. 
baumannii [Presentation by David Livermore on “Detecting carbapenemases” at the 49th 
Interscience conference on antimicrobial agents and chemotherapy (ICAAC)]. 

The OXA-24 genes also form part of the class D metallo-β-lactamases and are acquired 
carbapenemase genes, which occur within widespread clones [Presentation by David 
Livermore on “Detecting carbapenemases” at the 49th Interscience conference on 
antimicrobial agents and chemotherapy (ICAAC)]. The prevalence of OXA-24 in A. 
baumannii in this study was 2% (2/97). This finding was similar to the OXA-24 prevalence of 
5.6% in A. baumannii clinical isolates from a study conducted in Thailand, Taiwan and 
Indonesia in 2008 (Mendes et al., 2008). However, a prevalence of 26% of OXA-24 was 
reported in the study conducted by Feizabadi and colleagues in Iran in 2008. The varied 
prevalence results are due to OXA-24 being an acquired gene within A. baumannii and thus 
not all isolates will contain the gene (Merkier & Centron, 2006). 

The prevalence of OXA-58 in clinical isolates of A. baumannii in this study was 1% (1/97). 
This finding was lower than the OXA-58 prevalence of 15% in A. baumannii isolates in the 
study conducted by Feizabadi and colleagues in Iran in 2008. The differences in the results 
of this study and other studies are due to OXA-58 being an acquired carbapenemase gene 
and the presence of this gene within widespread clones Presentation by David Livermore on 
“Detecting carbapenemases” at the 49th Interscience conference on antimicrobial agents and 
chemotherapy (ICAAC)]. 

No metallo-β-lactamase genes were detected in any of the A. baumannii isolates. IMP, VIM, 
SIM, SPM and GIM genes belong to the class B metallo-β-lactamases and are acquired 
carbapenemase genes. IMP (primarily detected in South Korea) and VIM (previously detected 
in China) are the two metallo-β-lactamase genes, which are the most frequently detected genes 
in A. baumannii isolates (Coelho et al., 2006). The prevalence of the metallo-β-lactamase genes is 
generally low within A. baumannii isolates as illustrated in a study by Mendes and colleagues 
(2009) where the prevalence was 0.8% in Taiwan. VIM, SIM, SPM, IMP and GIM have not been 
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detected in South Africa yet. Therefore the results of this study compared with the literature in 
that the selected A. baumannii isolates were negative for all metallo-β-lactamase genes. 

13. Conclusions 
Acinetobacter baumannii is an important opportunistic pathogen and causes a variety of 
nosocomial infections especially within the ICU of the Tertiary Academic Hospital in 
Gauteng, South Africa. The results of the phenotypic analysis in the form of the Hodge test 
and Double disk synergy test were similar to the results obtained from the study conducted 
by Lee et al. in Korea in 2003. The discrepancies with the results of the two studies can be 
largely due to the use of different carbapenem antibiotic disks. The Hodge test is imperfect 
as false positives occur due to AmpC production and impermeability of the bacterium to 
antibiotics due to β-lactamase ability to affect the porins of the outer membrane. 

After completion of this study it is evident that the OXA group of genes (class D 
carbapenemases) are a problem in clinical isolates of A. baumannii from the Tertiary Academic 
Hospital. It was found that OXA-51 genes (80%) and OXA-23 genes (52%) were highly 
prevalent in this study and these prevalence rates were similar to the worldwide prevalence of 
OXA genes, which are widespread in A. baumannii throughout the world (Feizabadi et al., 
2008). Metallo-β-lactamase (MBL) genes were not prevalent in the selected clinical isolates of 
A. baumannii due to the contained spread of the genes and thus no metallo-β-lactamase has 
been detected in South Africa thus far. According to Livermore molecular tests are definitive, 
but a few isolates with strong carbapenemase activity were negative in all molecular tests 
[Presentation by David Livermore on “Detecting carbapenemases” at the 49th Interscience 
conference on antimicrobial agents and chemotherapy (ICAAC)]. 

The multiplex PCR assays proved to be a rapid technique for antimicrobial susceptibility 
testing, however, there is much work to be done in order to investigate the possibilities of 
multiplex PCR assays as an alternative to current antimicrobial susceptibility testing. 
Continuous research and surveillance is necessary to monitor the prevalence of antibiotic 
resistance genes associated with A. baumannii in clinical settings. The ability of A. baumannii 
to grow in biofilms poses a threat concerning the possibilities of the spread of both the 
bacteria and the antibiotic resistance genes, which should be investigated in future research. 
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detected in South Africa yet. Therefore the results of this study compared with the literature in 
that the selected A. baumannii isolates were negative for all metallo-β-lactamase genes. 

13. Conclusions 
Acinetobacter baumannii is an important opportunistic pathogen and causes a variety of 
nosocomial infections especially within the ICU of the Tertiary Academic Hospital in 
Gauteng, South Africa. The results of the phenotypic analysis in the form of the Hodge test 
and Double disk synergy test were similar to the results obtained from the study conducted 
by Lee et al. in Korea in 2003. The discrepancies with the results of the two studies can be 
largely due to the use of different carbapenem antibiotic disks. The Hodge test is imperfect 
as false positives occur due to AmpC production and impermeability of the bacterium to 
antibiotics due to β-lactamase ability to affect the porins of the outer membrane. 

After completion of this study it is evident that the OXA group of genes (class D 
carbapenemases) are a problem in clinical isolates of A. baumannii from the Tertiary Academic 
Hospital. It was found that OXA-51 genes (80%) and OXA-23 genes (52%) were highly 
prevalent in this study and these prevalence rates were similar to the worldwide prevalence of 
OXA genes, which are widespread in A. baumannii throughout the world (Feizabadi et al., 
2008). Metallo-β-lactamase (MBL) genes were not prevalent in the selected clinical isolates of 
A. baumannii due to the contained spread of the genes and thus no metallo-β-lactamase has 
been detected in South Africa thus far. According to Livermore molecular tests are definitive, 
but a few isolates with strong carbapenemase activity were negative in all molecular tests 
[Presentation by David Livermore on “Detecting carbapenemases” at the 49th Interscience 
conference on antimicrobial agents and chemotherapy (ICAAC)]. 

The multiplex PCR assays proved to be a rapid technique for antimicrobial susceptibility 
testing, however, there is much work to be done in order to investigate the possibilities of 
multiplex PCR assays as an alternative to current antimicrobial susceptibility testing. 
Continuous research and surveillance is necessary to monitor the prevalence of antibiotic 
resistance genes associated with A. baumannii in clinical settings. The ability of A. baumannii 
to grow in biofilms poses a threat concerning the possibilities of the spread of both the 
bacteria and the antibiotic resistance genes, which should be investigated in future research. 
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1. Introduction 
Staphylococcus spp. are a challenge for the modern day medicine due to the complexity of 
disease process and presence and expression patterns of their respective virulence factors. 
The members of this genus possess many known toxins, multiple immunoavoidance 
mechanisms and adherence factors, most of which demonstrate transient, timed, and disease-
specific expression. They cause different types of infections in a host that are either planktonic, 
biofilm mediated or both. Sepsis and pneumonia are mainly caused by planktonic forms 
whereas, a whole range of diseases, namely, endophthalmitis, osteomyelitis, endocarditis, 
chronic skin infections, indwelling medical device infections, chronic rhino-sinusitis, and 
dental implantits are caused by the biofilmic form of the bacteria. Abscess can be caused by 
both of the forms (Harro et al., 2010). Staphylococci are human pathogen, known for their 
ability to become resistant to antibiotics. They have been associated, besides causing 
ophthalmic infections, with skin infections and sepsis. Methicillin resistant S. aureus 
(MRSA), in addition to resistance to other drugs, have emerged as a widespread cause of 
community infection as well. In this chapter, we describe the epidemiology and antibiotic 
resistance among S. aureus and other species with special reference to ophthalmic infections 
and focus on newer approaches for treatment of staphylococcus infection like phage therapy 
and vaccines. 

2. Staphylococcus in wound and eye infections 
Staphylococcus aureus, a gram-positive bacterium, discovered in 1880’s has been shown to be a 
potential pathogen causing infections such as minor skin infections and post-operative wound 
infection. Since the introduction of penicillin for the treatment, the mortality rate of individuals 
caused by S. aureus infection was about 80%. After emergence of penicillin resistance and 
introduction of methicillin in 1961, S. aureus developed resistance to methicillin due to 
acquisition of the mecA gene. During last 47 years, various hospital-associated methicillin-
resistant S. aureus (HA-MRSA) and later virulent community-associated MRSA (CA-MRSA) 
clones characterised by the presence of toxin Panton-Valentine-leukocidin (PVL), were 
reported (Deurenberg and Stobberingh, 2008).  
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Staphylococci have a special relationship with the eye. On one hand, almost all species of 
staphylococci may be present in the lid margins or conjunctiva as normal commensals 
without causing disease and on the other hand, they may cause severe eye infections which 
may result in irreversible blindness. Colonization by resident bacteria on the ocular surface 
can provide a defense by inhibiting the growth of virulent bacterial strains (Iskeleli et al., 
2005). However, in cases of trauma, or alteration of ocular tissue, indigenous flora may 
cause significant external and internal ocular infection (Speaker et al., 1991). In previous 
studies,  native ocular flora has been shown to be predominantly Staphylococcus species 
(Iskeleli et al., 2005). While normal ocular flora has been well established in the developed 
world, there have been very few publications from rest of the world. In a study of the normal 
conjunctiva from Rajasthan, India, 86% of eyes were culture positive for bacteria and 12% 
positive for fungi. The most common bacterial isolates were S. albus (32%) followed by 
S. aureus (28%) (Tomar et al., 1971). In another study from Masungbo, Sierra Leone where 
analysis of conjunctival swabs obtained from healthy eyes of 276 residents showed presence of 
coagulase-negative staphylococci (28.6%), fungus (26.0%) and S. aureus (19.9%) (Capriotti et al., 
2009). Many studies have not speciated the staphylococci from normal lids and conjunctiva, 
however, S. epidermidis is reported to be the most common species (McCulley et al., 1982). 

Both coagulase negative and positive staphylococci are responsible for a variety of anterior 
and posterior segment of eye infections such as blepharitis, canaliculitis, dacryocystitis, 
conjunctivitis, keratitis, scleritis, endophthalmitis, preseptal and orbital cellulitis etc. 
Important attributes of organisms causing ocular infections include virulence, invasiveness, 
numbers of organism entering the host tissues and the site of entry. Coagulase, lipase and 
esterase are important bacterial enzymes produced by staphylococci associated with 
blepharitis. Several characteristics of the host also determine the effect of bacterial virulence 
and development of disease. Age, use of drugs and contact lens use, trauma, surgery etc. 
may also influence the effect of virulence factors besides presence of risk factors e.g., dry eye 
states, chronic nasolacrimal duct obstruction, previous ocular disease etc. Tissue injury can 
result from direct action of bacteria and their toxins, as well as from bacteria induced 
inflammation. Immunopathologic activities include recruitment of polymorphonuclear cells, 
macrophages and lymphocytes. Mediators of inflammation such as histamine, tumour 
necrosis factor, cytokines, leukotrienes, prostaglandins etc. play important role in interaction 
with the bacteria and their removal or proliferation.  
 

Type of 
endophthalmitis 

Geographic 
area 

Duration 
of study 

No. of 
patients 

No, of 
isolates 

% of 
CoNS 

References 

Posttraumatic India 7 years 182 139 17.3 (Kunimoto 
et al., 1999b) 

Postoperative India 7 years 206 176 46.0 (Kunimoto 
et al., 1999a) 

Postoperative Singapore 5 years 34 21 57.0 (Wong and 
Chee, 2004) 

Postoperative India -- 80 37 62.6 (Srinivasan 
et al., 2002) 

Postoperative USA 5 years 278 313 49.9 (Benz et al., 
2004) 

Table 1. Prevalence of Staphylococcus species in endophthalmitis in various studies 
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Inflammation of the lid margin or blepharitis may be anterior or posterior, the former 
involving the lash line and the latter meibomian glands. Both the conditions may be 
associated with skin diseases such as dermatitis (seborrhoeic or atopic) and rosacea. The 
anterior blepharitis with lash collarettes, crusting, lid ulceration and folliculitis is usually 
associated with S. aureus. The most common form of bacterial conjunctivitis is the acute 
mucopurulent form of S. aureus. This may be associated with obstruction of the Naso-
lacrimal duct. S. aureus conjunctivitis can become chronic due to its affinity for the eyelid 
margin and the resultant blepharitis. Coagulase negative staphylococci (CoNS), 
characteristically the endogenous flora of the ocular surface, are most of the common cause 
of postoperative endophthalmitis world over (Callegan et al., 2002; Kunimoto et al., 1999a, 
Benz et al., 2004, Wong and Chee, 2004). CoNS also rank first among bacteria causing 
posttraumatic endophthalmitis of which 45.3% isolates belong to gram positive cocci and 
17.3% of these were belong to gram positive bacilli (Kunimoto et al., 1999b).  Whereas CoNS 
do not commonly cause endogenous endophthalmitis, S. aureus have been reported from 
such infection (Callegan et al., 2002). Table 1. shows the prevalence of Staphylococcus species 
in patients with endophthalmitis. 

Microbial keratitis is a serious infection of the cornea that may be caused by a variety of 
organisms including staphylococci. Most of the studies from developed countries such as 
the USA (Liesegang and Forster, 1980, Ormerod et al., 1987, Asbell and Stenson, 1982) 
(except southern USA) and Australia (McClellan et al., 1989) have listed S. epidermidis or 
coagulase negative staphylococci as the leading cause of bacterial keratitis. In India, the 
leading cause of bacterial keratitis varies; however, some investigators have listed 
staphylococci as the commonest bacteria (Gopinathan et al., 2009). It is possible that some 
investigators may have considered S. epidermidis or coagulase negative staphylococci as a 
normal commensal of the conjunctiva and underreported the isolation of these organisms 
from corneal samples. Few studies have recommended application of certain criteria to 
determine significance of a positive culture from corneal scrapings (Gopinathan et al., 2009). 
Since S. epidermidis form the commonest commensal of the extraocular surfaces, it is highly 
probable that these organisms invade corneal tissues compromised by antimicrobial and / 
or corticosteroid therapy or trauma.   

For treatment of eye infections, antibiotics are usually administered topically as eye drops or 
intraocular injections, depending on the clinical condition. Other routes of administration 
such as subconjunctival injection are rarely used. Topically administered drugs have major 
advantage of localized drug effects, avoidance of hepatic first pass metabolism, and 
convenience. The disadvantage is low bioavailability to intraocular tissues, estimated to be 
only 1-10% (Davies, 2000). A large number of eye drops for topical therapy are available for 
extraocular eye infections, that include fluoroquinolones, macrolides, aminoglycosides, 
glycopeptides, tetracyclines, chloramphenicol, Neosporin (bacitracin, neomycin, polymyxin).  

A broad range of three generations of fluoroquinolones are available such as ciprofloxacin 
(0.3%), ofloxacin (0.3%), levofloxacin (0.5% and 1.5%) , gatifloxacin (0.3%) and moxifloxacin 
(0.5%, preservative free) as eye drops also. Gatifloxacin and moxifloxacin, the newer fourth 
generation fluoroquinolones that target both DNA gyrase and topoisomerase IV are highly 
effective against gram positive bacteria including staphylococci in human and animal 
corneal ulcer model (Romanowski et al., 2005, Aliprandis et al., 2005). However, gatifloxacin 
was shown to be more effective than moxifloxacin against staphylococci (Reddy et al., 2010). 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

248 

Staphylococci have a special relationship with the eye. On one hand, almost all species of 
staphylococci may be present in the lid margins or conjunctiva as normal commensals 
without causing disease and on the other hand, they may cause severe eye infections which 
may result in irreversible blindness. Colonization by resident bacteria on the ocular surface 
can provide a defense by inhibiting the growth of virulent bacterial strains (Iskeleli et al., 
2005). However, in cases of trauma, or alteration of ocular tissue, indigenous flora may 
cause significant external and internal ocular infection (Speaker et al., 1991). In previous 
studies,  native ocular flora has been shown to be predominantly Staphylococcus species 
(Iskeleli et al., 2005). While normal ocular flora has been well established in the developed 
world, there have been very few publications from rest of the world. In a study of the normal 
conjunctiva from Rajasthan, India, 86% of eyes were culture positive for bacteria and 12% 
positive for fungi. The most common bacterial isolates were S. albus (32%) followed by 
S. aureus (28%) (Tomar et al., 1971). In another study from Masungbo, Sierra Leone where 
analysis of conjunctival swabs obtained from healthy eyes of 276 residents showed presence of 
coagulase-negative staphylococci (28.6%), fungus (26.0%) and S. aureus (19.9%) (Capriotti et al., 
2009). Many studies have not speciated the staphylococci from normal lids and conjunctiva, 
however, S. epidermidis is reported to be the most common species (McCulley et al., 1982). 

Both coagulase negative and positive staphylococci are responsible for a variety of anterior 
and posterior segment of eye infections such as blepharitis, canaliculitis, dacryocystitis, 
conjunctivitis, keratitis, scleritis, endophthalmitis, preseptal and orbital cellulitis etc. 
Important attributes of organisms causing ocular infections include virulence, invasiveness, 
numbers of organism entering the host tissues and the site of entry. Coagulase, lipase and 
esterase are important bacterial enzymes produced by staphylococci associated with 
blepharitis. Several characteristics of the host also determine the effect of bacterial virulence 
and development of disease. Age, use of drugs and contact lens use, trauma, surgery etc. 
may also influence the effect of virulence factors besides presence of risk factors e.g., dry eye 
states, chronic nasolacrimal duct obstruction, previous ocular disease etc. Tissue injury can 
result from direct action of bacteria and their toxins, as well as from bacteria induced 
inflammation. Immunopathologic activities include recruitment of polymorphonuclear cells, 
macrophages and lymphocytes. Mediators of inflammation such as histamine, tumour 
necrosis factor, cytokines, leukotrienes, prostaglandins etc. play important role in interaction 
with the bacteria and their removal or proliferation.  
 

Type of 
endophthalmitis 

Geographic 
area 

Duration 
of study 

No. of 
patients 

No, of 
isolates 

% of 
CoNS 

References 
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et al., 1999b) 

Postoperative India 7 years 206 176 46.0 (Kunimoto 
et al., 1999a) 

Postoperative Singapore 5 years 34 21 57.0 (Wong and 
Chee, 2004) 

Postoperative India -- 80 37 62.6 (Srinivasan 
et al., 2002) 

Postoperative USA 5 years 278 313 49.9 (Benz et al., 
2004) 

Table 1. Prevalence of Staphylococcus species in endophthalmitis in various studies 
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Inflammation of the lid margin or blepharitis may be anterior or posterior, the former 
involving the lash line and the latter meibomian glands. Both the conditions may be 
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such infection (Callegan et al., 2002). Table 1. shows the prevalence of Staphylococcus species 
in patients with endophthalmitis. 
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the USA (Liesegang and Forster, 1980, Ormerod et al., 1987, Asbell and Stenson, 1982) 
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leading cause of bacterial keratitis varies; however, some investigators have listed 
staphylococci as the commonest bacteria (Gopinathan et al., 2009). It is possible that some 
investigators may have considered S. epidermidis or coagulase negative staphylococci as a 
normal commensal of the conjunctiva and underreported the isolation of these organisms 
from corneal samples. Few studies have recommended application of certain criteria to 
determine significance of a positive culture from corneal scrapings (Gopinathan et al., 2009). 
Since S. epidermidis form the commonest commensal of the extraocular surfaces, it is highly 
probable that these organisms invade corneal tissues compromised by antimicrobial and / 
or corticosteroid therapy or trauma.   

For treatment of eye infections, antibiotics are usually administered topically as eye drops or 
intraocular injections, depending on the clinical condition. Other routes of administration 
such as subconjunctival injection are rarely used. Topically administered drugs have major 
advantage of localized drug effects, avoidance of hepatic first pass metabolism, and 
convenience. The disadvantage is low bioavailability to intraocular tissues, estimated to be 
only 1-10% (Davies, 2000). A large number of eye drops for topical therapy are available for 
extraocular eye infections, that include fluoroquinolones, macrolides, aminoglycosides, 
glycopeptides, tetracyclines, chloramphenicol, Neosporin (bacitracin, neomycin, polymyxin).  

A broad range of three generations of fluoroquinolones are available such as ciprofloxacin 
(0.3%), ofloxacin (0.3%), levofloxacin (0.5% and 1.5%) , gatifloxacin (0.3%) and moxifloxacin 
(0.5%, preservative free) as eye drops also. Gatifloxacin and moxifloxacin, the newer fourth 
generation fluoroquinolones that target both DNA gyrase and topoisomerase IV are highly 
effective against gram positive bacteria including staphylococci in human and animal 
corneal ulcer model (Romanowski et al., 2005, Aliprandis et al., 2005). However, gatifloxacin 
was shown to be more effective than moxifloxacin against staphylococci (Reddy et al., 2010). 
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Fluoroquinolone eye drops are widely used for prophylaxis before eye surgery to prevent 
postoperative infection, most commonly caused by CoNS. Recently, intracameral injection 
of moxifloxacin has been found to be safe and effective in reducing the rate of postoperative 
endophthalmitis following cataract surgery (Lane et al., 2008).    

Historically, the aminoglycosides have been the mainstay in the treatment of ocular 
infections. However, increasing resistance has limited their use in recent years in the 
treatment of staphylococcal infections. Glycopeptides such as vancomycin and teicoplanin 
the bactericidal antibiotics which inhibit peptidoglycan synthesis in the bacterial cell wall by 
complexing with cell wall precursors are highly effective against staphylococci including 
methicillin resistant staphylococci. However, eye drops are not yet available. Injectable 
vancomycin is routinely used for intravitreal injection (1mg/0.1ml) for the treatment of 
bacterial endophthalmitis. Emergence of vancomycin resistance has been reported in CoNS 
(Schwalbe et al., 1987). Topical ocular formulations of erythromycin are effective for 
conjunctivitis and blepharitis, however clarithromycin and azithromycin are derivatives that 
offer significant advantage over erythromycin owing to their expanded spectra (Barry et al., 
1988). 

Systemic infection with methicillin resistant S. aureus (MRSA) is known to cause morbidity 
and mortality. The prevalence of MRSA in ocular infections varies in different studies. While 
it is reported to be as low as 3% in England (Shanmuganathan et al., 2005), it is high (25-
64%) in Japan (Fukuda et al., 2002). However, Indian workers have also reported increasing 
prevalence of MRSA over the years (Bagga et al., 2010). These authors showed decreased 
susceptibility to fluoroquinolones among MRSA from ocular infections. Shanmuganathan et 
al. (2005) found the MRSA susceptible to chloramphenicol and gentamicin and resistant to 
third generation fluoroquinolones (ciprofloxacin and ofloxacin) and cefazolin.  Topical 
administration of fortified cefazolin (5%) was recommended for the treatment of 
staphylococcal keratitis based on in vitro susceptibility of S. aureus and CoNS (Sharma et al., 
1999, Sharma et al., 2004).  In an ongoing study, 4 of the 45 isolates (8.9%) of S. aureus from 
eye infections were MRSA (Kar et al., 2010). Using microbroth dilution and E test, a high 
level of resistance to fluoroquinolones but susceptibility to cefazolin, vancomycin and 
chloramphenicol was found among both MRSA and MSSA strains (Kar et al., 2010).  

3. Antibiotic resistance 
Antibiotics that are used against Staphylococcus spp. basically target cell wall synthesis, 
protein synthesis, nucleic acid synthesis and other metabolic pathways. The selection 
pressure applied by the antibiotics that are used in clinical and agricultural settings has 
promoted the evolution and spread of genes that confer resistance (Allen et al., 2010). 
Resistance to various antibiotics can be either internal or acquired by horizontal gene 
transfer via various mobile genetic elements like plasmids, transposons, integrons, etc. 
Internal mechanisms include mutational modification of gene targets, over expression of 
various efflux pumps; whereas acquired resistance involves enzymatic inactivation of the 
drug and bypassing of the target. 

Exposure to antibiotics may lead to the formation of persister cells, small colony variants 
(SCVs), biofilms and over-expression of efflux pumps (Lewis, 2008, Singh et al., 2009, Proctor 
et al., 1998, Kwon et al., 2008, Martinez et al., 2009b) (Fig. 1).  Persisters are dormant, multidrug 
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tolerant variants of regular cells that are formed through a combination of stochastic and 
deterministic events in microbial populations (Lewis, 2010). Persisters over express genes such 
as chromosomal toxin-antitoxin modules that shut down their cellular functions, therefore, 
antibiotictarget inducing dormant cell to become tolerant to the lethal action of antibiotics 
(Keren et al., 2004, Singh et al., 2009). Another major problem posed by persister cells is they 
hide at various niches evading the host immune system, such as central nervous system 
(Treponema pallidum), macrophages or granulomas (Mycobacterium tuberculosis), stomach 
(Helicobacter pylori), gallbladder (Salmonella typhi) etc. (Jayaraman, 2008). 

 

Fig. 1. Sub-inhibitory concentrations of antibiotics lead to formation of persister cells (Lewis, 
2010), small colony variants (Proctor et al., 1998), biofilms (Kwon et al., 2008) and over-
expression of efflux pumps (Martinez et al., 2009b). Biofilms are known to harbor cells with 
these kinds of modifications (Singh et al., 2010, Allegrucci and Sauer, 2007, Kvist et al., 2008). 
SCVs have enhanced biofilm forming capability (Singh et al., 2010). Each of these 
mechanisms may lead to multidrug resistance or it may be the combinatorial effect of all the 
above-mentioned processes.  
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SCVs constitute a slow-growing subpopulation of bacteria with distinctive phenotype and 
pathogenic traits (Proctor, 2006). They differ from the normal phenotype in their colony size, 
growth rate, pigmentation, haemolysis, expression of virulence factors, haemin and 
menadione auxotrophy, aminoglycosides and cell wall inhibitors action (Singh et al., 2009). 
Defective respiratory activity serves as the biochemical basis for the development of SCVs 
(Proctor et al., 1998). SCV of S. epidermidis may play a role in the pathogenesis of prosthetic 
valve endocarditis (Baddour and Christensen, 1987), and catheter-induced endocarditis 
(Baddour et al., 1988). Several findings mandate the investigation of small colony variants 
for persistent infections (Proctor et al., 1994, Proctor et al., 1998, Spearman et al., 1996, Kahl 
et al., 1998, Abele-Horn et al., 2000).  

Bacteria in biofilms can tolerate ten to thousand fold higher levels of antibiotics than the 
genetically equivalent planktonic bacteria (Resch et al., 2005).  Staphylococcal biofilms cause 
biomaterial-associated infections which do not respond to antimicrobial treatment often 
requiring removal of the same leading to substantial morbidity and mortality (Gotz and 
Peters, 2000). It has also been observed that biofilms harbour persister cells and small colony 
variants (Singh et al., 2010, Allegrucci and Sauer, 2007) (Fig. 1).  Whereas planktonic persisters 
are eliminated by the immune system in vivo, persisters in biofilms serve as a shield evading 
the immune response (Lewis, 2010). According to Levin and Rozen (Levin and Rozen, 2006), 
a reservoir of such shielded persisters is a potential source for the emergence of heritable 
antibiotic resistance. 

Kvist et al., (2008) reported the enhanced activity of efflux pumps in the bacteria residing in 
the biofilms (Fig. 1). The authors argued that the cramped environment in the biofilm 
demands better waste management leading to escalation of efflux pumps thereby increasing 
the antibiotic resistance of the biofilm cells. Reduction in biofilm formation was observed 
with the addition of efflux pump inhibitors (Kvist et al., 2008). Under physiological 
conditions, efflux pumps are involved in housekeeping activities like detoxification of 
intracellular metabolites, cell homeostasis, intracellular signal trafficking and bacterial 
virulence in animal and plant hosts. However, in the presence of high concentration of 
antibiotics and other environmental factors, they can shift their functional roles (Martinez et 
al., 2009a). 

Antibiotics and their resistance genes were evolved in non-clinical environments in the pre-
antibiotic usage era. Some antibiotics which may serve signalling purposes at the low 
concentration are probably found in natural ecosystems. Resistance determinants to these 
antibiotics were originally selected in their hosts for metabolic purposes or signal trafficking. 
Other antibiotic-resistance genes have been obtained by virulent bacteria through horizontal 
gene transfer (Martinez et al., 2009a). For example, S. aureus mecA gene is located on a 
mobile genetic element, the staphylococcal cassette chromosome mec (SCCmec) (Tsubakshita 
et al., 2010), horizontally acquired from other staphylococcal species S. sciuri (Couto et al., 
1996) and S. fleurettii (Katayama et al., 2000). Also high level of vancomycin resistance is 
associated with carriage of vanA cluster encoded by Tn1546 transposon, first reported in 
Enterococcus species (Uttley et al., 1988). VRSA isolates from Michigan and Pennsylvania 
were found to harbor plasmids of 57.9Kb and 120Kb respectively carrying the transposon 
(Weigel et al., 2003, Tenover et al., 2004). 

Resistance to fluoroquinolones offer a classic example of point mutations (e.g., gyrA&B, 
grlA&B) and efflux mediated resistance (Morar and Wright, 2010). Point mutations in 
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particular regions of each enzyme subunit, known as Quinolone-Resistance-Determining-
Region (QRDR) makes the enzyme less susceptible to inhibition by fluoroquinolones. The 
level of resistance increases in a stepwise manner each time with an additional mutation in 
target enzyme (Hooper, 2001). Selection pressure exerted by enhanced use of quinolones 
have led to the emergence of resistant strains carrying mutations within the endogenous 
transport system that improve affinity of the efflux system for quinolones (Ohshita et al., 
1990, Chopra, 1992). The quinolone resistance in S. aureus  also involves enhanced efflux by 
the Nor family of multidrug efflux pumps (McCallum et al., 2010). Several reports have 
linked increased expression of NorA to reduced susceptibility to chloramphenicol, beta-
lactams, tetracycline, puromycin and some dyes, such as ethidium bromide (McCallum et 
al., 2010, Hooper, 2001, Ruiz, 2003). Point mutations in norA gene have been associated with 
reduced uptake of norfloxacin by the cell (Ohshita et al., 1990). NorB and NorC are the other 
members of Nor family encoding fluroquinolone resistance (Truong-Bolduc et al., 2006).  

Although fluoroquinolones are considered first-line treatment of ocular infections, 85% of 
MRSA are resistant to ophthalmic fluoroquinolones (McDonald and Blondeau, 2010). This 
rise in resistance mandates the need for new agents. Basifloxacin, a novel fluoroquinolone 
was approved as a topical agent for treatment of bacterial conjunctivitis in May 2009 
demonstrated rapid bactericidal activity against isolates that showed in vitro resistance to 
other fluoroquinolones, beta-lactams, macrolides and aminoglycosides (Haas et al., 2010). 
Moreover, basifloxacin lack systemic counterpart, thereby eliminating the contribution of 
systemic use of this drug to the emergence of resistance, although cross resistance from 
other systemic fluoroquinolones is possible (McDonald and Blondeau, 2010). 

The direct relationship between the development of Linezolid (the last-line agent) resistance 
and prolonged exposure of the drug among cystic fibrosis patients was reported by 
Endimiani et al., (2011). Linezolid resistance in S. aureus is uncommon though there are 
reports of mutations in 23S rRNA and ribosomal protein L3 and L4 encoded by rplD gene 
and rplC genes (Locke et al., 2009). However, the most worrisome mechanism involving 
acquisition of the methytransferase cfr that methylates the 23S rRNA associated with mobile 
genetic elements had first been identified in 16.5 kb multi-drug resistance plasmid in 
Staphylococcus sciuri (Kehrenberg et al., 2005).  

4. Therapeutics & therapy 

With the ample evidence of strong association between antibiotic resistance and antibiotic 
consumption the scientific community should also come up with alternative means of 
antibacterial therapies, besides legitimately using available antibiotics, which can be used 
either alone or in conjunction with the antibiotics. Here we discuss some of the alternative 
strategies including vaccine development, phage therapy, use of lytic enzymes and plant-
derived antibacterials. There are some reports on the use of nanoparticles as an efficient 
means of delivering antibacterials. 

4.1 Staphylococcal vaccines 

S. aureus has devised various mechanisms to evade the immune system. (i) two 
immunoglobulin binding proteins (protein A and Sbi), (ii) immune cell lysing toxins (Hlg, 
PVL), (iii) proteins interfering with complement activation (SCIN– staphylococcal 
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complement inhibitor) and (iv) chemotaxis of neutrophils inhibiting peptides.  Production of 
superantigens by S. aureus leads to allergy and immunosuppression. S. epidermidis relies 
primarily on cell-surface polymers and the ability to form a biofilm to survive in the host 
(Foster, 2005). However, protective role of antistaphylococcal antibodies from 
staphylococcal infection has been well documented in literature (Dryla et al., 2005). 
Holtfreter and Broker (2005) reported that carriers have high titers of neutralizing antibodies 
specific for those superantigens that are expressed by their colonizing strain. This carriage 
status confers strain specific humoral immunity, which may contribute to protection during 
S. aureus septicemia. Substantial controversy exists as to whether staphylococcal infections 
may be prevented by vaccination and, if so, which antigens should be selected and patients 
targeted for vaccination. In a comprehensive review on immune-therapeutics for 
staphylococcal infections by Ohlsen and Lorenz (2010) described the necessity for the 
development of both passive and active immunotherapies against Staphylococcus. The 
underlying criteria for the selection of targets e.g. gene products or toxins, should be 
conservability and expression in most of the clinical isolates. 

4.1.1 MSCRAMM (Microbial Surface Component Recognizing Adhesive Matrix 
Molecules)  

Some of the surface proteins of S. aureus have been exploited for immunotherapy. MSCRAMM 
protein family represents prototype of targets because of their exposed location and virulence 
involvement (Ohlsen and Lorenz, 2010, Flock, 1999). The best characterized MSCRAMM 
proteins include (i) clumping factor B (clfB), (ii) collagen-binding protein (Cna), and (ii) 
fibronectin-binding protein (FnBPA) (Ohlsen and Lorenz, 2010, Garcia-Lara et al., 2005). 
Veronate (Inhibitex) was developed by including anti-clfA and SdrG (S. epidermidis protein) 
from selected human donors (Patti, 2005), but failed to reach its target endpoints for the 
protection because of low birth weight babies at clinical trial III (Ohlsen and Lorenz, 2010).  

Aurexis® is a humanized monoclonal antibody that recognizes clumping factor A (ClfA), a cell 
surface protein expressed by virtually all strains of S. aureus. Aurexis® binds with high affinity 
and specificity and interferes with S. aureus ability to colonize and spread to fibrinogen 
containing substrates such as wound sites, biomaterial coated implants, and damaged 
endovascular tissues. Inhibitex is actively seeking a corporate partner(s) for the continued 
clinical development of Aurexis® (http://www.inhibitex.com/Pipeline/Partnerships.html). 
Antibodies against clumping factor B (clfB) (Schaffer et al., 2006), Cna (Mamo et al., 2000), 
FnBPA (Zhou et al., 2006) have shown promising results. However, antibodies against 
against these targets have not yet been included in clinical trials (Ohlsen and Lorenz, 2010). 
Stranger-Jones et al., (2006) reported that the combination of four surface proteins IsdA, 
IsdB, SdrB, and SdrE afforded high level of protection against invasive disease or lethal 
challenge with human clinical S. aureus isolates. 

4.1.2 Capsule 

Capsular polysaccharides (CPs) represent the best established targets for vaccine-induced 
immunity to bacterial cells. About 70%–80% of S. aureus strains produce one of two CP 
antigens e.g. CP5 or CP8 (Skurnik et al., 2010). Nabi pharmaceuticals developed a vaccine 
StaphVaxTM conjugating CP5 and CP8 to detoxified Pseudomonas aeruginosa exoprotein A, that 
failed to protect haemodialysis patients against S. aureus infections (Ohlsen and Lorenz, 2010, 
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Shinefield et al., 2002). To enhance the efficacy of StaphVaxTM, PentastaphTM -pentavalent S. 
aureus vaccine was developed that included surface polysaccharide component 336, PVL and 
alpha-toxin to eliminate S. aureus by phagocytosis and neutralizing bacterial toxins. This 
vaccine has been evaluated in Phase II for safety and immunogenicity (Ohlsen and Lorenz, 
2010).  

4.1.3 Biofilm as the vaccine target 

Although the significance of biofilm in infections has been recognized, there has not been 
much effort to develop vaccine targeting biofilms. The possible target sites for vaccine 
development may be the bacterial cells within the biofilm and/or biofilm matrix (Harro et 
al., 2010). Cerca et al., (2007) reported that an antibody developed against Staphylococcus 
Poly-N-acetyl glucosamine (PNAG) was found effective against different strains of E. coli. In 
another report, effectiveness of PNAG as vaccine candidate in S. aureus mediated skin 
abcesses and lethal E. coli peritonitis was demonstrated (Gening et al., 2010). However, 
PNAG may not be an ideal vaccine candidate against those strains possessing icaADBC 
locus because it is not produced in all biofilm-producing staphylococcal strains (Harro et al., 
2010, Rohde et al., 2001). Therefore, it was suggested that vaccine studies should be focussed 
on the cell embedded in the matrix rather than the matrix. A proteomic approach of looking 
into the comparative proteomes of the planktonic and biofilm cells may be an interesting 
area to start with (Harro et al., 2010). 

4.1.4 Whole cell vaccine 

Vaccine Research International (http://www.vri.org.uk/) is developing a vaccine (SA75) 
using chloroform killed whole cells of S. aureus. Phase I clinical trials have been successfully 
completed. The whole cell preparation could provide a broad spectrum of S. aureus antigens 
in a single vaccine some of which had immune-stimulatory affect and act as an adjuvant 
generating higher antibody response against protective antigens. However, the mechanism 
of action is unknown and down-regulation of immune pathways by components of the 
vaccine cannot be ruled out (Ohlsen and Lorenz, 2010). 

4.1.5 Staphylococcal enterotoxin as a vaccine candidate 

Virulence factor-specific antibodies derived from vaccination or employed as therapeutics 
represent a potential defense against bacterial diseases (Larkin et al., 2010). Staphylococcal 
enterotoxins are considered potential biowarfare agents that can be spread through 
ingestion or inhalation (Drozdowski et al., 2010). Staphylococcal enterotoxins (SEs) and 
related toxic shock syndrome toxin-1 (TSST-1) act as superantigens. These protein toxins can 
cause acute gastroenteritis and toxic shock syndrome. There are more than twenty different 
SEs described to date with varying amino acid sequences, common conformations, and 
similar biological effects. Picomolar concentrations of these superantigenic toxins activate 
specific T-cell subsets after binding to major histocompatibility complex class II. Activated 
T-cells vigorously proliferate and release proinflammatory cytokines plus chemokines that 
can elicit fever, hypotension, and other ailments which include a potentially lethal shock 
(Larkin et al., 2009, Varshney et al., 2010).  
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Studies on the protective effect of non-toxic mutant GST–mTSST-1 fusion protein against 
staphylococcal infection, was purified and tested. Mice were immunized with the GST–
mTSST-1 plus alum adjuvant and challenged with viable S. aureus. The results indicate the 
efficacy of this protein in the elimination of bacterial load from the organs as well as in the 
inhibition of production of pro-inflammatory cytokines due to TSST-1 in the splenic cells. 
Furthermore immunization with GST–mTSST-1 strongly induced the production of TSST-1 
specific antibodies, especially immunoglobulin G1 and immunoglobulin G2b (Cui et al., 
2005). 

Varshney et al., 2010 showed that four murine monoclonal antibodies bind to conformational 
epitopes that are destroyed by deletion of the distal C-terminal 11 Amino acids (Varshney et 
al., 2010). This study, for the first time, showed that MRSA derived SEB (staphylococcal 
enterotoxin B) contains a deletion in the C-terminal, which affects binding of certain protective 
Abs. This study also demonstrated enhanced protection against SEBILS (SEB induced Lethal 
Shock) when two non-protective mAbs were combinedly administered in vivo.  

Drozdowski et al., (2010) generated high-affinity SEB-specific antibodies capable of 
neutralizing SEB in vitro as well as in vivo in a mouse model. They described for the first 
time recombinantly-derived human monoclonal antibodies against SEB that possess high 
affinity, target specificity, and therapeutic potential for superantigen-induced toxic shock. 
These antibodies prevent intoxication by interfering with toxin binding to MHC II and/or 
TCR. In addition to potential applications for treating toxic shock syndrome, human 
monoclonal antibodies recognizing SEB or other bacterial superantigens may be useful if 
employed as an adjunct therapy with antibiotics in treating S. aureus infections. 

STEBvax is a new vaccine developed against toxic shock syndrome. It is currently under 
clinical trial phase I. The vaccine is being tested for prophylactic and therapeutic use 
(http://clinicaltrials.gov/ct2/show/NCT00974935) . 

Larkin et al., (2010) selected human monoclonal antibodies from a phage display library, 
using a recombinant SEB vaccine (STEBVax) incorporating site-specific mutations that 
prevent MHC II interactions. This group discovered that some antibody clones cross-react 
with SEC1, SEC2, and streptococcal pyrogenic exotoxin C (SpeC), while others were highly 
specific for SEB. Many of the antibodies effectively inhibited T-cell activation by SEB in 
vitro, bound to toxin with nanomolar affinity, and prevented SEB-induced toxic shock in 
vivo. This recombinantly-derived, human monoclonal antibodies against SEB had high 
affinity, target specificity, and therapeutic potential for superantigen-induced toxic shock. 
These antibodies prevented intoxication by interfering with toxin binding to MHC II and/or 
T-cell antigen receptors. The author suggested the potential applications for treating toxic 
shock syndrome, human monoclonal antibodies recognizing SEB or other bacterial 
superantigens may be useful if employed as an adjunct therapy along with antibiotics in 
treating difficult S. aureus infections (Larkin et al., 2010). 

4.1.6 Future perspectives in vaccine development 

As discussed earlier, comparative proteomic analysis of planktonic and biofilm cells is an 
interesting area to look for vaccines against biofilm. Another important strategy is to look 
for immunodominant antigens. This strategy has led to the identification of a wide range of 
surface and extracellular target antigens such as IsdB, GrfA, IsaA, IsaB, Atl, IsdA, IsdH, 
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FmtB, SspA, SspB and Lip (Lorenz et al., 2000, Etz et al., 2002, Clarke and Foster, 2006). The 
rationale behind such a strategy is that the patients may develop antibodies against specific 
staphylococcal antigens during infection that may be critical for combating the infections 
(Ohlsen and Lorenz, 2010). 

Another promising strategy is the reduction of nasal colonization by S. aureus as several 
studies have shown that nasal carriers have increased risk of developing infections by 
endogenous strains (von Eiff et al., 2001, Wertheim et al., 2004). Vaccination with clumping 
factor B, iron-responsive surface determinants (Isd) A and H, teichoic acid and capsular 
polysaccharides have been reported to reduce the nasal colonization with S. aureus (Dryla et 
al., 2005, Clarke and Foster, 2006). 

4.2 Phage therapy 

The rise of multidrug resistant bacteria has enforced the resurgence of phage therapy in the 
West, though this mode of therapy is being practiced for several years in Eastern Europe. 
Some of the success stories on phage therapy are described here. The Eliava Institute in 
Tbilisi, Republic of Georgia, has developed a highly virulent, monoclonal staphylococcal 
bacteriophage active against 80-95% of S. aureus strains including MRSA. This product was 
used for local and generalized infections, including neonatal sepsis, osteomyelitis, wound 
infections, pneumonia etc. (Hanlon, 2007). There are some polyvalent obligate lytic S. aureus 
phages e.g. phage phi812, phageK and phage44AHJD which have been successfully tested 
for their efficacy in killing S. aureus including MRSA strains (Mann, 2008).  Evaluation of 
phageK showed marked reduction of pathogenic and antibiotic resistant coagulase positive 
and negative staphylococci associated with bovine and human infections that included S. 
aureus, S. epidermidis, S. saprophyticus, S. chromogenes, S. capitis, S. hominis, S. haemolyticus, S. 
caprae, and S. hyicus. The modified phage generated by passing through less susceptible 
target strain can be used in combination with phageK to increase the host range. This study 
had also shown the potential of delivering the phage in the form of handwash or 
antistaphylococcal cream (O'Flaherty et al., 2005b). Merabishvili and colleagues (2009), 
demonstrated laboratory-based production and quality control of a cocktail, currently under 
evaluation, consisting of exclusively lytic bacteriophages for the treatment of Pseudomonas 
aeruginosa and S. aureus infections of burn wound.  

Curtin and Donlan (2006), reported use of phage e.g. phage456, in reducing the biofilm 
formation and adherence of S. epidermidis biofilms on both hydrogel-coated and 
serum/hydrogel coated silicone catheters. The presence of divalent cations in the growth 
medium (Mg++, Ca++) further increased the efficacy of phage456 in reducing biofilm 
formation. Polyvalent Staphylococcus phage combined with highly efficient Pseudomonas T7-
like phage (phage phiIBB-PF7A) effectively showed reduction in dual species biofilms, 
killing and finally removal of bacteria from the host substratum (Sillankorva et al., 2010).  

There were efforts to engineer bacteriophage by over-expressing proteins to target gene 
networks, particularly non-essential genes, to enhance bacterial killing by antibiotics. Using 
this approach, Lu and Collins (2007), engineered a T7 phage which significantly reduced 
Escherichia coli biofilm. They claim that this combinatorial approach may reduce the 
incidence of antibiotic resistance and enhance bacterial killing. 
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networks, particularly non-essential genes, to enhance bacterial killing by antibiotics. Using 
this approach, Lu and Collins (2007), engineered a T7 phage which significantly reduced 
Escherichia coli biofilm. They claim that this combinatorial approach may reduce the 
incidence of antibiotic resistance and enhance bacterial killing. 
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There are many advantages of using phage in therapeutics. (i) Dysbiosis can be avoided due 
to their specificity, (ii) Multiple administrations are not required because phage replicates at 
the site of infection, (iii) Phage could select resistant mutants of the selected bacteria, and 
(iv) Selection of new phages is rapid compared to the development of new antibiotic which 
may take several years. However, the disadvantage is that the causal organism needs to be 
identified before administering the phage (Sulakvelidze et al., 2001). Moreover, prior to the 
extensive therapeutic use of phages it is prudent to ensure the safety of therapeutic phages. 
The phages should not carry out generalized transduction and possess gene sequences 
having significant homology with known antibiotic resistances, phage-encoded toxins and 
other bacterial virulence factors (Sulakvelidze et al., 2001).  

4.3 Antistaphylococcal lytic enzymes 

Antistaphylococcal lytic enzymes can be broadly divided into two groups: (i) Staphylococcal 
phage lysins (endolysins) and (ii) Bacteriocins (e.g. Lysostaphin) (Borysowski and Gorski, 
2009a). 

4.3.1 Lysins  

Lysins are enzymes, consist of N-terminal catalytic domain and C-terminal bacterial cell-
wall binding domain, and are produced by bacteriophage that digests the bacterial cell wall 
(Fischetti, 2010, Borysowski and Gorski, 2009a). LysK, highly specific for the genus 
Staphylococcus, was obtained from phageK, has been effectively used in the treatment of 
staphylococcal infections (O'Flaherty et al., 2005a). Interestingly MV-L derived from 
bacteriophage phiMRII was found specific to S. aureus and S. simulans infection (Rashel et 
al., 2007). This phage also acted synergistically with glycopeptide antibiotics against VISA 
and MRSA. Moreover, MV-L induced antibodies could not abolish the bacteriolytic activity. 
Endolysin from another phi11 showed elimination of S. aureus NCTC8325 biofilm but not of 
S. epidermidis O-47 biofilm (Sass and Bierbaum, 2007). Purified endolysin (MW 53.3kDa) 
from virulent S. aureus bacteriophage Twort, plyTW, demonstrated cleavage of 
staphylococcal peptidoglycan. Upstream of plyTW there is Twort holin gene, holTW, which 
produces unspecific holes in the bacterial cytoplasmic membrane, degrade staphylococcal 
peptidoglycan through hydrolysis of alanine amino bonds (Loessner et al., 1998). CHAP 
(cysteine-histidine dependent amidohydrolase/ peptidase) exhibits lytic activity against 
staphylococcal isolates including MRSA, was identified by deletion analysis of LysK 
domain. CHAP can be used as single domain for therapeutic purposes over the whole 
enzyme as this may lower the risk of immunogenic response (Horgan et al., 2009). 

4.3.2 Synergistic effect of lysins 

Manoharadas et al., (2009) constructed a chimeric endolysin (P16-17) consisting of N-
terminal D-alanyl-glycyl endopeptidase domain and C-terminal P16 endolysin domain and 
P17 minor coat protein, targeting cell wall of S. aureus phage. This domain swapping 
approach and subsequent purification resulted in finding soluble P16-17 protein, which 
exhibited antimicrobial activity against S. aureus. This protein further augmented the 
antimicrobial efficacy of gentamicin suggesting synergistic effect in reducing effective dose 
of aminoglycosides. Synergistic effect of nisin and LysH5, the endolysin encoded by phi-
SauS-IPLA88 was demonstrated (Garcia et al., 2010). It was suggested that better lytic 
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enzymes can be constructed by using methods like protein engineering, domain swapping 
and gene shuffling. Owing to the non-existence of bacterial resistance to lysins someday 
phage lytic enzymes could be an essential strategy to combat pathogenic bacteria (Fischetti 
et al., 2010).  

4.3.3 Lysostaphin as a therapeutic agent 

Lysostaphin, a 25kDa protein possessing two functional domains: N-terminal catalytic 
domain and C-terminal cell wall binding domain B, is a plasmid-encoded extracellular 
enzyme produced by S. simulans biovar staphylolyticus (Borysowski and Gorski, 2009b). It is 
a Zn-containing endopeptidase that specifically cleaves the bonds between the glycine 
residues in the interpeptide cross-bridges of the staphylococcal peptidoglycan resulting in 
the hypotonic lysis of the bacterial cell (Kumar, 2008). There are several reports of 
lysostaphin mediated lysis of clinically relevant antibiotic resistant staphylococcal strains. 
Lysostaphin which is readily absorbed onto catheter surfaces without losing lytic property 
shows promise in the prevention of catheter-related bloodstream infections caused by CoNS 
and S. aureus (Shah et al., 2004, Borysowski and Gorski, 2009a). Lysostaphin has successfully 
eradicated nasal colonization of MSSA, MRSA and mupirocin-resistant S. aureus in 
experimental cotton rats (Kokai-Kun et al., 2003). In combination with lysostaphin, oxacillin 
or vancomycin, showed increased efficacy against MRSA (Kokai-Kun et al., 2007, Patron et 
al., 1999). Several workers demonstrated the effectiveness of lysostaphin in the treatment of 
biofilms formed by S. aureus and S. epidermidis and disruption of biofilms on glass and 
plastic surfaces (King et al., 1980, Walencka et al., 2005, Wu et al., 2003). Evaluation of 
PEGylation potential in improving lysostaphin pharmacokinetics showed substantial 
increase in serum drug half-life and reduced binding to anti-lysostaphin antibodies while 
maintaining the enzyme's lytic activity (Walsh et al., 2003). 

4.3.4 Lysostaphin therapy in ocular infections 

Lysostaphin was also tested as a potential means of treating some ocular infections, especially 
endophthalmitis and keratitis.  Dajcs et al., (2001) demonstrated the effect of lysostaphin on 
MRSA endophthalmitis in the rabbit model. Lysostaphin when administered twice after 8h 
and 24h post-infection showed 88% and 50% sterilization compared to 0% sterilization in 
untreated controls. However, the severity of ocular inflammation could be controlled only on 
8h post-infection treatment models. Lysostaphin as a probable immunizing agent was also 
investigated. In this study, rabbits were immunized with lysostaphin by subcutaneous, 
intranasal or intraocular route that showed successful retention of bactericidal activity in vivo, 
in spite of the high titre of anti-lysostaphin antibodies (Dajcs et al., 2002, Balzli et al., 2010). 

4.3.5 Synergistic effects 

Synergistic inhibition by ranalexin (a cationic peptide) in combination with lysostaphin 
resulted in an enhanced bactericidal effect. This finding, therefore, suggested that dressings 
could be impregnated with ranalexin and lysostaphin to treat wound infections caused by 
MRSA (Graham and Coote, 2007, Desbois et al., 2010). Furthermore lysozyme has been 
reported enhancing lysostaphin activity (Cisani et al., 1982). Combinatorial action of various 
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beta-lactam antibiotics or mupirocin or gentamicin enhancing lysostaphin activity was 
reported by various groups (Polak et al., 1993, Climo et al., 2001, Kiri et al., 2002, LaPlante, 
2007). Thus, it is concluded that lysostaphin is an effective agent as pre- and post-treatment 
option for staphylococcal infections though CoNS showed generally weaker effect than S. 
aureus (Borysowski and Gorski, 2009a). This was because of presence of higher amount of 
serine than glycine in peptidoglycan of coagulase-negative staphylococci (Kumar, 2008). 

4.4 Plant-derived antibacterials 

Plant-derived antibacterials are of three types: (i) traditional antibiotics, (ii) antibacterials 
that target bacterial virulence, and (iii) inhibitors of MDR pump. The first two categories 
have not been explored in detail (Lewis and Ausubel, 2006). The details of third category of 
compounds obtained from plant sources, their properties as MDR/ EPI inhibitors and its 
use as antibacterial against staphylococcal infection are summarized in Table 2.  

Identification of EPIs from natural sources is still in infancy. However, the chemical 
diversity of plants and microorganisms and their requirement for nutrients to synthesize 
such compounds should make the search for EPIs from such sources an attractive option 
(Stavri et al., 2007). 

4.5 Nature's backyard 

Resistance of microbial pathogens to antibiotics is a serious threat to the well-being of 
mankind. Recently, two small molecules, platensimycin, identified from strain of 
Streptomyces platensis isolated from soil sample in South Africa, by using antisense 
differential sensitivity whole-cell screening program, targeting the fatty acid biosynthesis 
pathway of gram-positive bacteria. The platensimycin (C24H27NO7, MW 441.47) comprises of 
two distinct structural element connected by an amide bond, is active against MRSA, VISA, 
Vancomycin-resistant enterococci and linezolid and macrolide resistant pathogens (Wang et 
al., 2006) (Fig. 2A). 

Continued screening led to the discovery of platencin (C24H27NO6, MW 425.2), a novel 
product that is chemically and biologically related to platensimycin which exhibits broad-
spectrum antibacterial activity against gram positive bacteria which inhibit fatty acid 
biosynthesis (Fig. 2B). These molecule targets two essential proteins, beta-ketoacyl synthase 
II (FabF) and III (FabH) (Wang et al., 2007). These studies reflect upon the fact that nature 
holds the treasure trove of antibiotics which are yet to be explored. 

 
Fig. 2. Chemical structure of Platensimycin (A) and Platencin (B). 
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 Common 
name & 
plant species 
name  

Compound Properties  Total 
effect 

Synergistic 
effect  

References 

1 Barberry & 
Berberis 
species 

Berberine & 5’-
methoxyhydnocarpin

Hydrophobic cation 
increases membrane 
permeability and 
intercalate DNA 

Inhibit 
MDR 

Antibacterial (Stermitz et 
al., 2000) 

2 Golden seal 
& Hydrastis 
canadensis 

Berberine & 5’-
methoxyhydnocarpin

5’-
methoxyhydnocarpin- 
linking of berberine to 
INF55 

Inhibit 
MDR 

Antibacterial (Ball et al., 
2006) 

3 Silvery 
lupine & 
Lupinus 
argenteus 

Isoflavones Enhances activity of 
berberine and 
norfloxacin 

Inhibit 
MDR 

Antibacterial (Morel et 
al., 2003) 

4 Fabaceae & 
Dalea 
versicolor 

Phenolic metabolites Enhances activity of 
berberine, 
erythromycin and 
tetracycline 

Inhibit 
MDR 

Antibacterial (Belofsky et 
al., 2004)] 

5 Smoke tree 
& Dalea 
spinosa 

2-arylbenzofuran 
aldehyde & Phenolic 
compounds; 
SpinosanA, 
Pterocarpan & 
Isoflavone 

Enhances activity of 
berberine 

Inhibit 
MDR 

Antibacterial  (Belofsky et 
al., 2006) 

6 Tea Epicatechin gallate & 
Epigallocatechin 
gallate 

Enhances activity of 
norfloxacin and 
tetracycline 

Inhibit 
MDR  

Antibacterial  (Gibbons et 
al., 2004, 
Sudano 
Roccaro et 
al., 2004) 

7 Rosemery & 
Rosmarinus 
officinalis 

Diterpines, Carnosic 
acid & Carnesol 

Potentiate activity of 
tetracycline  and 
erythromycin 

Inhibit 
MDR 

Antibacterial (Oluwatuyi 
et al., 2004) 

8 Gipsywort 
& Lycopus 
europaeus 

Lipophilic extract Potentiate activity of 
tetracycline and 
erythromycin 

Inhibit 
MDR 

Antibacterial (Gibbons et 
al., 2003) 

9 Grapefruit 
oil & Citrus 
paradisi 

Coumarin derivative: 
Bergamottin epoxide 
& Coumarin epoxide 

Enhances activity of 
ethidium bromide 
and norfloxacin  

Inhibit 
MDR 

Antibacterial (Abulrob et 
al., 2004) 

10 Piperine & 
Piper nigrum 
& Piper 
longum 

Piperine Potentiating action of 
piperine in 
combination with 
ciprofloxacin  

Inhibit 
MDR 

Antibacterial (Khan et al., 
2006) 

Table 2. Properties of MDR/ EPI inhibitors isolated from medicinal plants and its use as 
antibacterial agent against Staphylococcal infection. 
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5. Conclusions 
Extensive applied and basic research is needed to come up with strategies combating the 
major challenges of staphylococcal infections. Recently, folic acid tagged chitosan 
nanoparticles were effectively used to deliver vancomycin. It proved to be an efficient method 
to increase the bioavailability of the same (Chakraborty et al., 2010). Researchers have 
developed Nitric oxide releasing nanoparticles as treatment for skin and soft tissue infections 
successfully tested in murine models (Han et al., 2009, Englander and Friedman, 2010). 

Use of vaccines and phages for the treatment and control staphylococcal infections might be 
a sustainable alternative to antibiotics. The advent of high throughput sequencing has led to 
the analysis of phage genomes and better understanding of phage evolution, phage-host 
interaction, bacterial pathogenicity, phage ecology and origin of phages (O'Flaherty et al., 
2009). With the background knowledge of phage genomics, it will be possible to approach 
phage therapeutics cautiously and effectively. Future research should focus on 
multidisciplinary approach on the development of alternative/conjunctive strategies for 
treatment and prevention of staphylococcal infections. 
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1. Introduction 
Staphylococcus is a genus of worldwide distributed bacteria correlated to several infectious of 
different sites in human and animals. Its importance is not only because of its distribution 
and pathogenicity but especially due to its ability to overcome antimicrobial effects. The 
goal of this chapter is to report data obtained from a decade of research in animal science 
field concerning to staphylococci antimicrobial resistance.  

2. Characteristics and distribution of Staphylococci species in animals:  
An overview 
The genus Staphylococcus is in the bacterial family Staphylococcaceae (Ludwig, 2009). 
Staphylococci are Gram-positive spherical bacteria that occur in clusters resembling grapes 
due to its perpendicular division planes where cells remains attached to one another 
following each successive division.  

The genotypic standards for assigning an organism to the genus Staphylococcus include 
determination of guanine plus cytosine (G+C) content of 30-39mol% and phylogenetic trees 
constructed by comparison of 16S rRNA or 23R rRNA sequences (Takahashi et al., 1999). 
The phenotypic criteria is based on the ultrastructure and chemical composition of the cell 
wall, typical form Gram positive bacteria and catalase reaction positive for all species, 
except for S. aureus subsp anaerobius and S. saccharolyticus, which are strictly anaerobic. This 
genus comprises more than 50 species separated into two distinct groups based on their 
ability to produce coagulase. This topic approaches Staphylococcus spp distribution 
considering that different animal species have specific staphylococcal microbiota. Otherwise 
some clonal strains can colonize different animal species as is the case of methicillin-
resistant Staphylococcus aureus (MRSA). Molecular techniques have been used to relate clonal 
groups of MRSA isolated from different animal species in order to understand its model of 
dissemination. 
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1. Introduction 
Staphylococcus is a genus of worldwide distributed bacteria correlated to several infectious of 
different sites in human and animals. Its importance is not only because of its distribution 
and pathogenicity but especially due to its ability to overcome antimicrobial effects. The 
goal of this chapter is to report data obtained from a decade of research in animal science 
field concerning to staphylococci antimicrobial resistance.  

2. Characteristics and distribution of Staphylococci species in animals:  
An overview 
The genus Staphylococcus is in the bacterial family Staphylococcaceae (Ludwig, 2009). 
Staphylococci are Gram-positive spherical bacteria that occur in clusters resembling grapes 
due to its perpendicular division planes where cells remains attached to one another 
following each successive division.  

The genotypic standards for assigning an organism to the genus Staphylococcus include 
determination of guanine plus cytosine (G+C) content of 30-39mol% and phylogenetic trees 
constructed by comparison of 16S rRNA or 23R rRNA sequences (Takahashi et al., 1999). 
The phenotypic criteria is based on the ultrastructure and chemical composition of the cell 
wall, typical form Gram positive bacteria and catalase reaction positive for all species, 
except for S. aureus subsp anaerobius and S. saccharolyticus, which are strictly anaerobic. This 
genus comprises more than 50 species separated into two distinct groups based on their 
ability to produce coagulase. This topic approaches Staphylococcus spp distribution 
considering that different animal species have specific staphylococcal microbiota. Otherwise 
some clonal strains can colonize different animal species as is the case of methicillin-
resistant Staphylococcus aureus (MRSA). Molecular techniques have been used to relate clonal 
groups of MRSA isolated from different animal species in order to understand its model of 
dissemination. 
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2.1 Coagulase-positive Staphylococci 

This group includes the major pathogenic Staphylococcus species. Staphylococcus aureus is 
considered the most pathogenic one, especially due to its ability to produce a large range of 
virulence factors that enables it to colonize different tissues of a large range of animal 
species. The coagulase protein has the ability to turn fibrinogen into fibrin threads by a 
mechanism different from natural clotting (Palma et al., 1999). This protein is codified by the 
gene coa which possess a conserved and a repeated polymorphic region that can be used to 
measure relatedness among Staphylococcus coagulase positive isolates (Reinoso et al., 2006). 
The variable region of coa is comprised of 81-bp tandem short sequence repeats (SSRs) that 
are variable in both number and sequence, as determined by restriction fragment length 
polymorphism analysis of PCR products (Goh et al., 1992). 

Staphylococcal protein A is a membrane-bound exoprotein characterized and well known 
for its ability to bind to the Fc region of immunoglobulins of most mammalian species. This 
protein is encoded by the spaA gene with a polymorphic (X) and a conserved region. The 
polymorphic X region consists of a variable number of repeated 24 pairs of bases located in 
the coding region for the cellular wall C-terminal extremity (Koreen et al., 2004). The 
diversity of the spaA short sequence repeat region seems to arise from deletion and 
duplication of the repetitive units and also by point mutation and this variation can be used 
in epidemiological studies. Frenay et al. (1994) reported epidemic MRSA strains with more 
than seven repeats and Montesinos et al. (2002) described isolates with 11 repeats as the 
most common type involved in an epidemic human outbreak caused by MRSA. The coa 
typing can be used to enhance the value of spa typing by providing more supported 
inferences on strain lineage and clonality among isolates with similar or identical spa repeat 
organization (Tenover et al., 1994). The use of more than one genetic marker for relating 
strains is desirable and likely to become increasingly important because recombination will 
eventually diversify resistant staphylococcal species to the extent that clonal types within a 
given region can no longer be distinguished by a single locus. 

Staphylococcus aureus also produces others exoproteins that contribute to its ability to 
colonize host tissues such as slime and hemolysins. The adherence and fixation of S. aureus 
on biological surfaces represent the fundamental step in the development of infections. The 
production of slime mediates adhesion to implanted surfaces acting as a cementing matrix 
making bacteria less accessible to the host’s defense system (Coelho et al, 2009). Slime 
production is controlled by the ica operon (icaADBC) and the co-expression of the icaA and 
icaD genes leads to a significant increase in such production (Arciola et al., 2001). 

The alpha and beta hemolysins are important factors in the pathogenesis of Staphylococcal 
infections. The beta-toxin is an Mg2+-dependent sphingomyelinase C which degrades 
sphingomyelin in the outer phospholipid layer of the membrane (Linehan et al., 2003).  

The agr (accessory gene regulator) operon (agrA, agrB, agrC agrD and hld) is recognized as a 
quorum-sensing gene cluster that up-regulates production of secreted virulence factors such 
as alpha and beta-hemolysins, proteases, DNAses and sphingomyelinase. This same cluster 
also down-regulates the production of cell-associated virulence factors in a cell density-
dependent manner in S. aureus (Lyon et al., 2000). The agr locus comprises two divergent 
transcriptional units under the control of the promoters P2 (RNA II) and P3 (RNA III). The 
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P3 transcript, an RNA III molecule, mediates the up-regulation of secreted virulence factors 
as well as the down-regulation of surface proteins (Novick, 2000).  

Coelho et al. (2011) evaluated the presence of some Staphylococcus aureus virulence genes, 
including coa, spaA, hla e hlb in order to understand the distribution of S. aureus strains in 
dairy farms at Rio de Janeiro, Brazil, and contribute to the establishment of preventive 
strategies to reduce the spread of infection. 

In veterinary medicine, others coagulase-positive staphylococci are reported as important 
pathogens, such as Staphylococcus intermedius, whose reclassification was proposed by 
Devriese et al. (2005), creating the S. intermedius group (SIG) including S. intermedius, a new 
specie S. pseudintermedius and S. delphini. Like S. aureus, the S. intermedius strains isolated 
from animals have been reported to produce an array of virulence factors, including 
leukotoxin, enterotoxin, and hemolysins, together with elements essential for biofilm 
formation (Futagawa-Saito et al., 2006). Besides SIG, others significative coagulase-positive 
in animals are S. schleiferi subsp. coagulans, S. aureus subsp. anaerobius.  

2.2 Coagulase-negative Staphylococci 

This group comprises the majority of Staphylococcus species. Coagulase-negative 
staphylococci (CNS), which were traditionally considered to be minor infectious pathogens, 
have become more common (Huxley et al., 2002). Several CNSs have been isolated from 
animal clinical specimens such as Staphylococcus epidermidis, Staphylococcus simulans, 
Staphylococcus xylosus, Staphylococcus chromogenes, Staphylococcus warneri, Staphylococcus 
haemolyticus, Staphylococcus sciuri, Staphylococcus saprophyticus, Staphylococcus hominis, 
Staphylococcus caprae, Staphylococcus cohnii subsp. cohnii, Staphylococcus cohnii subsp. 
urealyticus, Staphylococcus capitis subsp. capitis and Staphylococcus capitis subsp. urealyticus 
(Lilenbaum et al., 2000; Pereira et al., 2009; Pyöräla et al., 2009; Soares et al., 2008).  

The conventional methods for CNS identification were primarily developed for human 
strains and their poor performance for identifying strains of animal origin seems to be 
related to a limited number of veterinary strains in databases (Bes et al., 2000). Additionally, 
the reference method developed by Bannerman (2003) is costly and too time consuming to 
be used in a clinical laboratory. Several molecular targets have been exploited for the 
molecular identification of Staphylococcus species, including the groEL gene (Goh et al., 1996). 
This gene, which encodes a 60-kDa polypeptide (known as GroEL, 60-kDa chaperonin, or 
HSP60 for heat shock protein 60) has the potential to serve as a general phylogenic marker 
because of its ubiquity and conservation in nature (Segal & Ron, 1996). Also it was proven to 
be an ideal universal DNA target for identification to the species level because it has well-
conserved DNA sequences within a given species, but with sufficient sequence variations to 
allow for species-specific identification (Goh et al., 1996). Santos et al., (2008) had 
successfully used the groEL gene as a tool for the identification of the main Staphylococcus 
coagulase-negative species by PCR restriction fragment length polymorphism (RFLP). This 
group investigated 54 cows from 23 dairy herds located in the Brazilian States of Minas 
Gerais, Rio de Janeiro and São Paulo, between 1995 and 2003 and concluded that this gene 
constitutes a reliable and reproducible molecular method for identification of CNS species 
responsible for bovine mastitis.  
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2.3 Staphylococcal infections in animals 

Reports of the importance of Staphylococcus species as pathogens in animal infections have 
been described and appear to be increasing. Among coagulase-positive species, 
Staphylococcus aureus is a cause of mastitis, dermatitis and suppurative conditions in several 
animal species. S. aureus causing mastitis is widely distributed in cattle, goats and sheep. 
The infection is often subclinical in cattle, leading to reduced milk production and milk 
quality, but acute catarrhal or even gangrenous inflammation may also occur.  

For a long time, S. intermedius had been majorly considered a primary cause of pyoderma in 
dogs. It has also been reported to be involved in other diseases, such as pyometra, otitis 
externa and purulent infections of the joints, eyelids and conjunctiva (Werckenthin et al., 
2001). Nowadays, a new classification was proposed by Devriese et al. (2005), creating the S. 
intermedius group (SIG) including S. intermedius, a new specie S. pseudintermedius and S. 
delphini. According to Sasaki et al. (2007), S. pseudintermedius is actually the major specie 
involved in this pathology. Futhermore, according to these authors, S. intermedius is 
restricted to feral pigeons and S. delphini which was usually described as the cause of 
suppurative skin lesions in dolphins is now considered to be involved in a larger spectrum 
of infectious animal diseases. S. aureus subsp. anaerobius has been implicated in 
lymphadenitis in sheep and S. schleiferi subsp. coagulans in external otitis in dogs.  

Coagulase Negative Staphylococci (CNSs) have also been studied considering its potential 
pathogenicity for human and animals. Nowadays these bacteria are of great interest in 
veterinary medicine because they are currently considered emerging pathogens of bovine 
mastitis. Although CNS are not as pathogenic as the other principal mastitis pathogens and 
infection mostly remains subclinical, they can cause persistent infections, which result in 
increased milk somatic cell count (SCC) and decreased milk quality (Pyorala & Taponen, 
2009). The prevalence of CNS mastitis is higher in primiparous cows than in older cows. 
Also this agent is implicated in the etiology of infectious diseases in household pets (Pereira 
et al., 2009). The most frequently isolated CNS species vary according to the geographical 
region under scrutiny and sample origin. In Brazil, Soares et al. (2008) detected prevalence 
of S.xylosus in mastitic milk samples, despite S. chromogenes, S. simulans and S. epidermidis, in 
general, appear to be the most frequently isolated CNS from mammary secretion samples 
worldwide (De Vliegher et al., 2003; Taponen et al., 2006).  

Besides, S. hyicus, a variable coagulase producer, but mainly coagulase-negative, causes 
exudative epidermitis (“greasy pig disease”) and an often acute generalized skin infection in 
piglets. Systemic forms of the disease which result in the death of the animals are also seen. 
Poor hygienic conditions as well as ec 

toparasitic infestations favour the onset of the S. hyicus infection. Surviving piglets show 
retarded growth rates. In adult pigs, subacute skin infections, mastitis or metritis, but also 
septic arthritis may be caused by S. hyicus (Brückler et al., 1994). In goats and sheep 
however, enzootic acute gangrenous mastitis is commonly seen. 

3. Antimicrobial resistance in Staphylococci of animal origin 
Antibiotic resistance is the most puzzling question of public healthy in the earlier decade of 
this 21st century. Among bacteria this question seems to be more alarming due to its short 
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generation time and efficient gene recombination mechanisms. Staphylococcus aureus is the 
most representative example of how antibiotic resistance is a serious threatening 
worldwide. Nevertheless, all others coagulase-positive staphylococci are also able to 
develop resistance mechanisms to a large range of antimicrobials. Furthermore, the strains 
of several CNS species were also found to have high levels of resistance to various 
antibiotics.  

This topic will discuss features of the resistance of staphylococci to antimicrobials, specially 
methicillin (oxacillin) and vancomicin, its mechanisms and epidemiology. Crucial questions 
about the use or abolishment of antibiotics used as “growth promoters” to food animal 
production will also be discussed. 

3.1 Methicillin resistance 

ß-lactamic antibiotics are the most frequently used in anti-staphylococcal infection therapy. 
Bacterial resistance mechanisms to this class of antibiotics include production of ß-
lactamases and low-affinity penicillin-binding protein 2a (PBP2a) determined by the 
presence of the chromosomal genes bla and mecA, respectively. The latter, designated for 
methicillin resistance, precludes therapy with any of the currently available ß-lactam 
antibiotics, and may predict resistance to several classes of antibiotics (Moon et al., 2007). 
The isolation of Staphylococcus aureus methicillin- resistant (MRSA) from animals was first 
reported in 1972 following its detection in milk from mastitic cows (Devriese et al., 1972). 
Recent works reports a low incidence of MRSA mastitis and low prevalence of methicillin 
resistance among bovine S. aureus isolates (Juhász-Kaszanyitzky et al., 2007; Lee, 2003; Moon 
et al., 2007) so clinically it can be concluded that MRSA does not appear to be an important 
bovine mastitis pathogen. Nevertheless, the importance of epidemiological data concerns 
about MRSA in animals is reasonable and requires careful study in order to understand its 
emergence and dissemination. The long-term low prevalence of MRSA mastitis is quite 
surprising given the number of years since the first identification of MRSA in cattle and the 
close contact of humans with the udders of dairy cattle. Otherwise, several reports have 
been published showing MRSA infection in domestic animals, including dogs, cats, cattle, 
sheep, chickens, rabbits, and horses as an increasing trend (Goni et al., 2004; Hartmann et al., 
1997; Lee, 2003; O’Mahony et al. 2005;  Rich & Roberts 2004; Weese, 2005; Weese et al., 2006).  

It is certain that animals are a source of human MRSA infection in some circumstances, but 
humans may also serve as sources of infection in animals. Exposure of household pets to 
MRSA was probably inevitable due to its increasingly prevalence in humans. Changes in the 
epidemiology of MRSA in unique specie may be reflected in changes in other species. The true 
scope of MRSA in animals and its impact on human health are still only superficially 
understood, but it is clear that MRSA is a potentially important veterinary and public health 
concern that requires a great deal more study to enhance understanding and effective response 
(Weese & Van Duijkeren, 2010). While most animals with MRSA are merely colonized, a wide 
range of clinical infections can occur. As would be expected with staphylococci, most MRSA 
infections in pets affect the skin and soft tissue. Wound infections, surgical site infections, 
pyoderma, otitis, and urinary tract infections are most common, but various other 
opportunistic infections have been reported (Baptiste et al., 2005; Griffeth & Morris, 2008). In a 
research developed by our team, 8% of MRSA was detected in a hundred of clinical specimens 
from different sites of household pets evaluated (Pereira et al., 2009).  
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Recently, a new MRSA was identified using high throughput DNA microarray screening. 
Complete genome sequencing revealed that this strain is distinctly different to previously 
described MRSA. It carries a new type of SCCmec encoding highly divergent genes that are 
very different to any described previously in MRSA or in any other organism. It was found 
to belong to the genetic lineage clonal complex 130 (CC130), which has previously only been 
associated with MSSA from cows and other animals, but not humans, strongly suggesting 
that the new MRSA originated in animals. (Gárcia-Alvarez et al., 2011) 

Staphylococcal cassette chromosome mec (SCCmec) is a mobile genetic element composed by 
mec and ccr genes complex, which encodes methicillin resistance and the recombinases 
responsible for its mobility, respectively (Katayama et al., 2000). The expression of PBP-2a is 
controlled by regulator elements encoded by mecR1 and mecI which are located adjacent to 
mecA on the chromosome. Deletion or mutation which occurred in mec regulator gene is 
considered to be associated with constitutive production of PBP-2a. Hence Staphylococcus 
spp possessing intact mecRI and mecI as well as mecA are phenotypically methicillin 
susceptible because of the repression of PBP-2a production by mec regulator elements. Such 
genomic changes in mec regulator genes are considered to alter or remove their repressor 
function on mecA gene transcription, which may lead to constitutive production of PBP-2a. 
The mec gene complex has been classified into four classes, and the ccr gene complex has 
been classified into three allotypes. Different combinations of mec and ccr gene complex 
types have so far defined six types of SCCmec elements (type I, II, III, IV, V) (Ito et al., 2004). 
It is important to analyze the genomic diversity found in mec regulator genes of 
staphylococci in order to understand the molecular basis for methicillin resistance. 

The detection of methicillin resistance in routine clinical laboratories has been problematic 
ever since the emergence of MRSA during the 1960s and the difficulties are associated 
mainly with heterogeneous expression of resistance in most staphylococal strains currently 
prevalent (Witte et al., 2007). Misidentification of methicillin resistance can have serious 
adverse clinical consequences. False-susceptibility may result in treatment failure and in the 
spread of resistant Staphylococcus spp making it difficult to apply control measures and 
leading to the increasing of healthcare costs and may lead to overuse of glycopeptides 
(Velasco et al., 2005).  

3.2 Vancomicin resistance 

The glycopeptide vancomycin was first released in 1958. Vancomycin is an inhibitor of cell 
wall synthesis in S. aureus and other gram-positive organisms. While beta-lactam antibiotics 
inhibit cell wall synthesis by binding to the transpeptidase active site of penicillin binding 
proteins, vancomycin acts by a completely different mechanism so it has been the treatment 
of choice for serious infections caused by MRSA (Howden et al., 2010), but increase in 
vancomycin use has led to the emergence of two types of glycopeptide-resistant S. aureus. 
The first one, designated vancomycin intermediate resistant S. aureus (VISA) and the 
vancomycin-resistant S. aureus (VRSA).  

The first report of clinical S.aureus isolate with reduced vancomycin susceptibility (VISA) 
was made by Hiramatsu et al. (1997) and generated great concern in the medical 
community. From there on, reports of strains of S. aureus (predominately MRSA) 
demonstrating the heterogeneous VISA (hVISA) or VISA phenotype have now been 
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reported for many countries including the United States, Japan, Australia, France, Scotland, 
Brazil, South Korea, Hong Kong, South Africa, Thailand, Israel, and others (Bierbaum et al. 
1999; Chang et al., 2003; Denis et al. 2002; Ferraz et al., 2000 Gemmell, 2004; Howden et al., 
2010; Kim et al., 2000; Perichon & Courvalin, 2006; Sng et al.,2005; Song et al., 2004; Tenover 
et al., 2004; Weigel et al., 2007) 

Nowadays it is conceivable that VISA phenotype is related to the bacterial cell wall 
thickening, a passive resistance mechanism that reduces vancomycin access to its active site, 
which is localized in the cytoplasmic membrane in the division septum (Howden et al., 
2010). It results in accumulation of acyl-D-alanyl-D-alanine (X-DAla-D-Ala) targets in the 
periphery that sequester glycopeptides (Cui et al., 2003). 

Since 2002, nine methicillin-resistant Staphylococcus aureus (MRSA) strains that are also 
resistant to vancomycin (VRSA) have been reported in the United States. The fully 
vancomicin-resistant Staphylococcus aureus phenotype (VRSA) is due to acquisition from 
Enterococcus spp. of the vanA operon, carried by transposon Tn1546, resulting in high-level 
resistance (Arthur et al., 1993, Patel et al., 1997). 

The emergence of enterococci vancomicin-resistant strains has been related to the use of 
avoparcin as growth promoter in swine culture (Aarestrup et al., 1996). Studies report the 
transfer of glycopeptide- and macrolide-resistance genes by transconjugation among 
enterococci and from Enterococcus faecalis to S. aureus (Młynarczyk et al., 2002). The 
vancomycin-resistance gene acquisition by S. aureus from E. faecium in the clinical 
environment has also been reported by Weigel et al. (2007). Recently, Tiwari & Sen (2006) 
have reported a VRSA which is van gene-negative. 

In veterinary medicine, vancomycin-resistant enterococci were isolated from the feces of 
poultry and pig herds. It has significant impact in public healthy cause dissemination via 
contaminated animal food products possible (Aarestrup, 1995). These vancomycin-resistant 
E. faecium isolates from animals had decreased susceptibilities to avoparcin, a glycopeptide 
antibiotic widely used as a growth promoter in Western Europe and Australasia. Avoparcin 
is a fermentation product from a strain of Streptomyces candidus and is closely related to 
vancomycin (Aarestrup et al., 1996). Aarestrup et al (1996) showed that E. faecium isolates 
coresistant to vancomycin and avoparcin are commonly found in the feces of pigs and 
poultry in Denmark.  

3.3 Others antimicrobials resistance 

In Veterinary Medicine, clindamycin has been chosen as an antimicrobial alternative for the 
treatment of infections in dogs and cats caused by methicillin-resistant Staphylococcus aureus 
(MRSA) (Walther et al., 2008; Weese et al., 2006) and methicillin-resistant Staphylococcus 
pseudintermedius (MRSP) (Schwarz et al., 2008; Wettstein et al., 2008). However, an inducible 
form of clindamycin-resistance may be present in some staphylococci. These staphylococcal 
strains appear susceptible on routine antimicrobial susceptibility testing, but resistance can 
be induced during treatment, possibly resulting in treatment failure (Swenson et al., 2007; 
Yilmaz et al., 2007). 

Azithromycin have a remarkable application due to its superior pharmacokinetics properties 
and broad spectrum activity, including Gram-positive and negative bacteria species, 
intracellular pathogens and protozoan parasites. The principal characteristic that supported its 
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prescription and clinical significance is that it can be administrated by oral and parental routes, 
only by a single daily dose in short period of treatment facilitating veterinary therapy. 
Nevertheless, most of the knowledge that supports its use in veterinary therapy was based on 
studies that proved its therapeutic efficacy in human infections. Empirical antimicrobial 
chemotherapy without previous accomplishment of bacterial identification and antimicrobial 
susceptibility assays contributes to increase of antimicrobial resistance prevalence in pet 
animal reservoirs (Guardabassi et al., 2004; Morgan et al.; 2008).  

Pereira et al. (2009) evaluated azithromycin resistance among 100 staphylococci isolates from 
pet animals infections. It was detected a percentual of resistant isolates of 54% to Staphylococcus 
intermedius, 67% of S. aureus, 38% of S. hyicus, 67% of coagulase-negative Staphylococcus spp 
through disc diffusion test. The variability of azithromycin susceptibility pattern is different to 
what is observed in humans infections whereas Staphylococcus aureus is the classical isolated 
pathogen. Broth dilution test detected azithromycin MIC50/90 values of 16g/mL, 64g/mL in 
staphylococci isolates, respectivally, and 256g/mL in Gram-negative rods (GNR). Agar 
dilution azithromycin MIC50/90 values corresponded to 32g/mL and 256g/mL in 
staphylococci and 512g/mL in GNR. Crescent azithromycin resistance rate has been 
previously reported. A study from 90’s decade, detected azithromycin MIC50/90 128 g/mL of 
MRSA isolated from human clinical samples (Neu, 1991). When comparing human MIC 
values reported in literature to data obtained from pet animal samples in the present study, 
azithromycin activity pattern may vary from different bacteria species and hosts, leading to 
therapeutic failures when classical human pathogens are adopted as reference to calculate 
dose and drug concentration. This justify microbiologic and pharmacokinetic assays to 
determine the specific azithromycin susceptibility breakpoints and therapeutic drug 
concentration to different bacteria species detected from animal disease.  

It is important to point that MIC50 values varied among different staphylococci species, such 
as, Staphylococcus intermedius (32g/mL), S. hyicus (32g/mL), CNS (32g/mL), from that 
value detected in S. aureus (16g/mL) isolated from pet animal specimens.  

Pereira et al. (2009) also evaluated the genetic markers of Staphylococcus spp azithromycin 
resistance by PCR technique and detected a 39% prevalence of erm genes, being ermC gene 
the most detected, showing a prevalence of 24% among all Staphylococcus isolates, followed 
by 12% ermA and 3% of ermB. No isolates were positive to mefA gene, what may support the 
theory about methylase ribossomal modification as the principal resistance mechanism 
associated to macrolide resistance among staphylococci. The expression of erm genes can be 
inducible or constitutive. When expression is constitutive, the staphylococci are resistant to 
all macrolide, lincosamide and streptogramin B (MLSB) antimicrobials (Schmitz et al., 2000). 
In this study, it was detected MLSB resistance in 14% constitutive azithromycin-resistant 
Staphylococcus spp. Inducible resistance phenotype, expressed by a “D zone” next to 
clindamycin disc was available in 5% (5/100) of Staphylococcus spp. 

Most of the knowledge applied to define microbiologic use and dose of azithromycin was 
based on Staphylococcus aureus assays, because this specie acts as classical pathogen of 
human infections, but the frame of etiology and antimicrobial susceptibility pattern change 
when animal pathogens are considered. 

Gentamicin is one of the most used antibiotics in dairy farm cattle. It is especially used as a 
prophylactic measure of mastitis control through intramammary injection. Its principal 
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resistance mechanism is mediated by the production of enzymes which transform 
aminoglycosides into inactive derivatives, such as acetyltranspherases, adenylyltranspherases 
and phosphotransferases. Modified aminoglycosides lose the ability to bind ribosomes and 
inhibit bacterial protein synthesis (Watanabe et al., 2009). Specific staphylococcal resistance to 
gentamicinis mediated by a bifuntional enzyme that acts as both acetyltranspherase and 
adenylyltranspherase. This enzyme is codified by the genes aac (6’)-Ie + aph (2") which are 
transported in transposon Tn4001 located in plasmids of pSK1 family, conjugative plasmids 
pSK23 and in the chromosome (Udo & Dashti, 2000). Genetic elements Tn4001 are 
disseminated in S. aureus and CNSs. There is little information about its occurrence in 
staphylococci of animal origin (Lange et al., 2003). 

3.4 Growth promoters 

Antibiotic use in sub therapeutic levels as growth promoters is still common in Brazilian 
animal production. Defenders of this model believe that antimicrobial abolishment will 
result in higher morbidity, with a consequent raise of antimicrobial therapeutic use and 
consequently higher mortality. Also they think that it will directly implicate the efficiency of 
productivity as animals without growth promoters have a higher food consumer to achieve 
the same weight gain.  

On the other hand, the European Economic Community established severe restrictions for 
products presenting antimicrobial residues defending the idea that this sub therapeutic use 
contributes to a positive selective pressure and to the spread of antimicrobial resistance 
genes between different pathogens. European Market defends that efficient animal handling 
is sufficient to control the infectious diseases and that avoid the probability of antimicrobial 
therapeutic failure. It is a highly controversial subject of extreme importance in a world 
concerned to the need of the improvement of food production. The experience of avoparcin 
use as growth promoter in some European countries and the consequent dissemination of a 
crossed-resistance to vancomicin in Enterococcus faecium and E. faecalis seems to be related to 
the adoption of these restrictive measures (Aarestrup et al., 1996) 

Since 2003, Brazil instituted a work group in order to analyze and evaluate the use of 
substances such as carbadox, olaquindox, bacitracin zinc, spiramycin, virginiamycin and 
tylosin phosphate as animal feed additives products. In 2005, it also included the evaluation 
of avilamycin, flavomycin, enramycin, monensin and maduramycin.  

The most efficient alternative to the antimicrobial indiscriminate use are probiotics. 
Probiotic acts in a significantly different mechanism from antimicrobials. They are thought 
to improve intestinal microbial balance through favoring the elimination of pathogenic 
bacteria and the proliferation of non pathogenic organisms. As a consequence it contributes 
to growth promotion without enhance antimicrobial resistance.  

4. Advances in the field of nucleic acid-based techniques for the 
identification/typing and detection of antibiotic resistant Staphylococcus 
species  
The importance of being able to identify staphylococci species routinely in clinical 
laboratories is increasing. However, the exact identification of CNS is not easy, because the 
biochemical traits of the species are very similar and many clinical isolates show 
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intermediate traits. Additionally, the use of commercial identification kits to identify 
staphylococci does not include all Staphylococcus species, and their reliability for certain 
species is not sufficient. Molecular methods of identification seem to be the key to fulfill 
these spaces, as gene specific markers are being recognized. In the same way, molecular 
techniques have been developed in order to improve the detection of antibiotic resistant 
bacterial strains. So, nucleic acid-based detection systems offer rapid and sensitive methods 
to detect the presence of resistance genes and play a critical role in the elucidation of 
resistance mechanisms. This topic will discuss the variety of nucleic-based techniques used 
for diagnostic applications and demonstrate that no universal technique exists which is 
optimal for detection of specific genes. The choice of a particular technique is also 
dependent on the information required or the targets under consideration, but some 
techniques are more favored than others. 

The advantages of genotypic detection of antibiotic resistance and bacterial characterization 
include: (i) The search for a defined resistance determinant; (ii) Independence upon 
phenotypic categories such as susceptibility, intermediate susceptibility and resistance for 
which breakpoints may vary between countries; (iii) Detection of low-level resistance which 
is difficult to detect using phenotypic methods; (iv) Reduction of the detection time through 
its performance directly with clinical specimens. This is particularly important for difficult-
to-culture organisms; (v) Reduction in detection time of slow growth of the organism; (vi) 
More precise and fast therapeutic predictions; (vii) Minor biohazard risk once it is not 
necessary to propagate by culture of a microorganism (Sundsfjord et al., 2004). 

On the other hand, the genotypic approach contains certain limitations and pitfalls: (i) It is 
based on screening for resistance determinants whereas antimicrobial therapy is preferably 
based on the detection of susceptibility; (ii) You can only screen for what you already know 
so it does not take into account new resistance mechanisms; (iii) There are silent genes and 
pseudogenes that may cause false-positive results. (iv) It may detect not clinically relevant 
resistance genotypes; (v) Mutations in primer binding sites can generate false-negative 
results; (vi) It presents low clinical sensitivity when performed directly on mixed microbial 
samples due to inhibition of nucleic acid amplification or a limited number of targets; (vii) 
Regulatory mutations that affect gene expression are not detected unless a quantitative 
measurement of the specific mRNA is targeted; (viii) Unlike for conventional culture-based 
susceptibility test methods, no standards exist for performing genetic testing methods 
(Sundsfjord et al., 2004). 

Nucleic acid-based technology can be divided into hybridization systems and amplification 
systems, although most amplification technologies are also partly based on hybridization 
technology. 

In hybridization, the DNA in a sample is rendered single stranded and allowed to combine 
with a single-stranded probe. Early hybridizations were performed with target DNA 
immobilized on a nitrocellulose membrane, but nowadays a variety of different solid 
supports are used. After binding of the target, the probe can hybridize. Probes can be 
labeled with a variety of reporters, including radioactive isotopes, antigenic substrates, 
enzymes or chemiluminescent compounds. Current modalities of hybridization DNA or 
RNA that have been used to detection of antimicrobial resistance in Staphylococcus spp. are 
Southern and Northern Blotting, FISH (Fluorescence In Situ Hybridization), microarray and 
Branched DNA (bDNA).  

 
Antibiotic Resistance in Staphylococcus Species of Animal Origin 

 

283 

In Southern blotting, DNA becomes immobilized on a membrane and can be used as a 
substrate for hybridization analysis with labelled DNA or RNA probes that specifically 
target individual restriction fragments in the blotted DNA (Southern, 1975). The major 
difference between Southern and Northern blotting is that in the latter, RNA, rather than 
DNA, is immobilized in the membrane. The Southern blotting techniques was utilized to 
detect mecA gene in Staphylococcus aureus and to evaluate the efficiency of the techniques as 
PCR (Bignardi et al., 1996; Lan Mo & Qi-nan Wang, 1997). 

Fluorescence In Situ Hybridization (FISH) is a technique originally developed for clinical 
diagnosis (Levsky & Singer, 2003). This approach applies the principle of hybridization 
involving the penetration of a fluorescent labeled sequence-specific nucleic acid probe into 
fixed cells, followed by specific binding to the complementary sequences of the target 
nucleic acid. It allows rapid simultaneous detection of structurally intact target genes while 
they are with the associated organism or particle (Bottari et al., 2006). It involves direct 
detection of the DNA without amplification of the target sequence and can be especially 
useful to detect specific bacterial community and antibiotic resistance gene (Rahube & Yost, 
2010). A peptide nucleic acid fluorescence in situ hybridization (PNA FISH) (AdvanDx, 
Woburn, MA, USA) assay was development to rapidly detect Staphylococcus aureus (Forrest 
et al., 2006; Lawson et al., 2011). Peptide nucleic acid (PNA) molecules are pseudopeptides 
that obey Watson-Crick base-pairing rules for hybridization to complementary nucleic acid 
targets (RNA and DNA) (Nielsen et al., 1994). Due to their uncharged, neutral backbones, 
PNA probes exhibit favorable hybridization characteristics such as high specificities, strong 
affinities, and rapid kinetics, resulting in improved hybridization to highly structured 
targets such as rRNA. In addition, the relatively hydrophobic character of PNA compared to 
that of DNA oligonucleotides enables PNA probes to penetrate the hydrophobic cell wall of 
bacteria following mild fixation conditions that do not lead to disruption of cell morphology 
(Stefano & Hyldig-Nielsen, 1997). 

DNA microarrays are based on the principle of hybridization which allow the mass 
screening of sequences. The method is based upon gene-specific probes (oligonucleotides 
or PCR amplicons) deposited on a solid surface like glass or a silicon chip. The test DNA 
is extracted, labelled and hybridized to the array. Target-probe duplexes are detected with 
a reporter system. Probe-target hybridization is usually detected and quantified by 
detection of fluorophore-, silver-, or chemiluminescence-labeled targets to determine 
relative abundance of nucleic acid sequences in the target (Schena et al., 1995). Microarray 
technology enables detection of a large number of resistance genes in a single experiment 
and has the potential for significant automation in a microchip format. However, a cost-
effective and user-friendly format for application in antimicrobial susceptibility testing 
remains to be developed (Sundsfjord et al., 2004). There are many examples of the use of 
DNA microarray for detection of antibiotic resistance genes in staphylococcal (Cui et al., 
2005; Frye et al., 2006; Garneau et al., 2010; Monecke et al., 2007; Zhu et al., 2007a). 
Recently, a team of scientists at the University of Dublin, the Irish National MRSA 
Reference Laboratory and the University of Dresden and Alere Technologies in Germany 
identified a new MRSA strain using high throughput DNA microarray screening. The 
new strain is not detected as MRSA by routine conventional and real time DNA-based 
polymerase chain reaction (PCR) assays commonly used to screen patients for MRSA 
(Shore et al., 2011).  
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samples due to inhibition of nucleic acid amplification or a limited number of targets; (vii) 
Regulatory mutations that affect gene expression are not detected unless a quantitative 
measurement of the specific mRNA is targeted; (viii) Unlike for conventional culture-based 
susceptibility test methods, no standards exist for performing genetic testing methods 
(Sundsfjord et al., 2004). 

Nucleic acid-based technology can be divided into hybridization systems and amplification 
systems, although most amplification technologies are also partly based on hybridization 
technology. 

In hybridization, the DNA in a sample is rendered single stranded and allowed to combine 
with a single-stranded probe. Early hybridizations were performed with target DNA 
immobilized on a nitrocellulose membrane, but nowadays a variety of different solid 
supports are used. After binding of the target, the probe can hybridize. Probes can be 
labeled with a variety of reporters, including radioactive isotopes, antigenic substrates, 
enzymes or chemiluminescent compounds. Current modalities of hybridization DNA or 
RNA that have been used to detection of antimicrobial resistance in Staphylococcus spp. are 
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Branched DNA (bDNA) was developed by Chiron Corp. and uses multiple hybridization 
sites for enzyme-coupled probes (Nolte, 1998). Target-specific probes bound to a solid 
surface are allowed to capture target ssDNA. A second probe is allowed to hybridize with 
the target. This probe has a 5’ extension that does not hybridize with the target. This 
extension can hybridize with a bDNA probe. This probe has a bristle-like structure. At least 
15 bristles are attached to each probe, and as many as three alkaline phosphatase reporter 
molecules can bind to each bristle. A signal is generated by the addition of a 
chemiluminescent substrate. Branched DNA was used to detect mecA gene in Staphylococcus 
spp. culture and from blood (Kolbert et al., 1998; Zheng et al., 1999). 

The amplification systems include, but are not limited to, simple and multiplex PCR, PCR-
RFLP, PCR-single-strand conformation polymorphism (PCR-SSCP), DNA sequencing and 
real-time PCR. Amplification methods are more easily adapted in the laboratory compared 
to DNA probe assays and are the preferred methods for genetic detection of resistance 
determinants. An internal amplification control for both sample preparation and 
amplification is recommended to exclude false-negative results using consensus 16S rDNA 
primers or a more genus-or species-specific target; e.g. the nuc gene for Staphylococcus aureus 
(Brakstad et al., 1992; Hoorfar et al., 2004; Vannuffel et al., 1995). It is also critical that 
negative controls without template DNA and positive controls with defined targets be 
included to check for false-positive and false-negative results, respectively. 

The Polymerase Chain Reaction (PCR) was first described by Mullis et al. (1987), and its first 
diagnostic application was published by Saiki et al. (1988). The technique became broadly 
used after the introduction of a thermostable DNA polymerase from Thermus aquaticus (Taq 
DNA polymerase) (Saiki et al., 1988) and the development of automated oligonucleotide 
synthesis and thermocyclers. PCR involves cycles of heating the sample for denaturing, 
annealing of the primers, and elongation of the primers. It has been the most commonly 
used nucleic acid amplification technique in the detection of antimicrobial genes, including 
Staphylococcus aureus (Simeoni et al., 2008).  

Multiplex Polymerase Chain Reaction (Multiplex PCR) is a modification of PCR that have 
also been used to detection of antimicrobial genes in Staphylococcus aureus (Amghalia, et al., 
2009; Braoios et al., 2009; Zhang et al., 2005) which consists of multiple primer sets within a 
single PCR mixture to produce amplicons of varying sizes that are specific to different DNA 
sequences. By targeting multiple genes at once, additional information may be gained from 
a single test run that otherwise would require several times the reagents and more time to 
perform. 

The specificity of the amplicon can be confirmed by various methods such as restriction 
fragment length polymorphism (RFLP) analysis, single-strand conformational 
polymorphism (SSCP) analysis or DNA sequencing. 

Restriction Fragment Length Polymorphism, or RFLP is a technique that exploits variations 
in homologous DNA sequences. It refers to a difference between samples of homologous 
DNA molecules that come from different locations of restriction enzyme sites. In PCR-RFLP 
analysis, the PCR product is digested by restriction enzymes and the resulting restriction 
fragments are separated according to their lengths by gel electrophoresis. It has been used to 
detect groEL gene in order to differentiate CNS species (Santos et al., 2007). 
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In PCR-single-strand conformation polymorphism (PCR-SSCP), the PCR amplication 
product is denatured into two single-stranded molecules and subjected to nondenaturing 
polyacrylamide gel electrophoresis. Under nondenaturing conditions, the single-stranded 
DNA (ssDNA) molecule has a secondary structure that is determined by the nucleotide 
sequence, buffer conditions, and temperature. PCR-SSCP is capable of detecting more than 
90% of all single-nucleotide changes in a 200-nucleotide fragment (Hayashi, 1992). 

DNA sequencing is almost universally performed by dideoxysequencing (Sanger et al., 
1977) and is a well-known technique. Technological developments brought DNA 
sequencing within the capabilities of at least some diagnostic laboratories. The latest 
developments in nucleic acid sequence techniques, the pyrosequencing, have made the 
detection of mutational resistance easier by rapid DNA sequence analysis (Ronaghi et al., 
1998). This technique has been used in the detection of linezolid resistance in enterococci, 
and to identify point mutations in 23S rRNA genes of linezolid-resistance Staphylococcus 
aureus and Staphylococcus epidermis (Sinclair et al., 2003; Zhu et al., 2007b) as well as rapid 
bacterial identification (Ronaghi et al., 2002).  

The laborious post-PCR work and problems with carry-over contamination have been 
largely removed by the advent of real-time PCR, a powerful improvement on the basic PCR 
technique (Higuchi et al., 1993). The combination of fluorescent detection strategies with 
appropriate instrumentation enables a more accurate quantification of nucleic acids. This 
quantification is achieved by the measure ofthe increase in fluorescence during the 
exponential phase of PCR. The use of fluorescent agents and probes that only generate a 
fluorescence signal on binding to their target enables real-time amplification assays to be 
carried out in sealed tubes, eliminating the risk of carryover contamination. Different 
techniques are available to monitor real-time amplification. The amplification process can be 
monitored using nonspecific double-stranded deoxyribonucleic acid (DNA) binding dyes or 
specific fluorescent hybridization probes. 

Four different chemistries, SYBR® Green (Molecular Probes), TaqMan® (Applied 
Biosystems, Foster City, CA, USA), Molecular Beacons and Scorpions® are available for 
real-time PCR. 

Real-time PCR techniques have permitted the development of routine diagnostic 
applications for the microbiology laboratory (Espy et al., 2006; Mackay, 2004). Several 
reports have described the use of these techniques for detection of resistance determinants 
and surveillance of antimicrobial-resistant Staphylococcus spp. (Fang & Hedin, 2003; 
Huletsky et al., 2004; Palladino et al., 2003; Paule et al., 2005; Thomas et al., 2007; Volkmann 
et al., 2004). The ability to monitor the accumulating amplicon in real time is based on 
labelled primers, oligonucleotide probes and/or fluorescing amplicons producing a 
detectable quantitative signal related to the amount and specificity of the amplicon. Several 
improvements have been introduced. Reduced amplicon size, shorter cycling times and 
removal of separate post-PCR detection systems have allowed automation, reduced the 
detection time, and minimized the risk for carry-over contamination. Other significant 
technical developments include multiplex PCR assays using more than one primer set for 
simultaneous detection of several antimicrobial resistance genes (Depardieu et al., 2004; 
Martineau et al., 2000a; Sabet et al., 2006; Šeputienė et al., 2010; Suhaili et al., 2009). 
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4.1 Molecular Identification/Typing of Staphylococcus species 

Earlier studies on the taxonomy of Staphylococcus species based on DNA-DNA reassociation 
indicated that in the genus there were nine distinct species groups, represented by S. 
epidermidis, S. saprophyticus, S. simulans, S. intermedius, S. hyicus, S. sciuri, S. auricularis, S. 
aureus, and Staphylococcus caseolyticus (Kloos & George, 1991). Several molecular targets have 
been exploited for the molecular identification of Staphylococcus species, including the 16S 
rRNA gene (De Buyser et al., 1992), the tRNA gene intergenic spacer (Maes et al., 1997), the 
heat shock protein 60 (HSP60) gene (Kwok et al., 1999), and the femA gene (Vannuffel et al., 
1999). These targets, however, have been exploited through the technology of molecular 
probe hybridization, and therefore, they are useful only in laboratories that have the 
complete panel of probes and then only for identifying recognized Staphylococcus species. 
Further molecular targets that have been identified include the nuc gene, which occurs only 
in S. aureus (Brasktad et al., 1992), and a chromosomal DNA fragment specific for 
Staphylococcus epidermidis (Martineau et al., 1996). 

The rpoB, gene encoding the highly conserved β subunit of the bacterial RNA polymerase, 
has previously been demonstrated to be a suitable target on which to base the identification 
of enteric bacteria (Mollet et al.,1997), spirochetes (Renesto et al.,2000), bartonellas (Renesto 
et al.,2001), and rickettsias (Drancourt & Raoult, 1999). The gene has been shown to be more 
discriminative than the 16S ribosomal DNA (rDNA) gene, which has also been used for 
identifying staphylococal bacteria (Mollet et al., 1997). In contrast to the probe hybridization 
technique and the RFLP approach, sequencing enables any isolate to be characterized, 
including new species by their phylogenetic relationships.  

Other suitable targets for the molecular identification of Staphylococcus species that have 
been proposed include the femA gene, which was used in a multiplex PCR-reverse 
hybridization approach to identify 55 clinical isolates (Vannuffel et al.,1999). These, 
however, included only five Staphylococcus species, namely S. aureus, S. epidermidis, S. 
hominis, S. saprophyticus, and S. simulans. Finally, molecular identification methods for the 
identification of one or only a few Staphylococcus species have been reported for S. 
saprophyticus (Martineau et al., 2000b), S. aureus (Benito et al., 2000), and S. epidermidis 
(Wieser & Busse, 2000). Whole-genome DNA-DNA hybridization analysis (Svec et al., 2004) 
allows species identification, but the method is not suitable for routine use.  

Accurate and rapid typing of Staphylococcus aureus is crucial to the control of infectious 
organisms (Naffa et al., 2005), and many different pheno- and genotyping methods have 
been used to distinguish their strains. Typing methods should have high and relevant 
discriminatory power and typeability, good reproducibility, applicability to all organisms of 
interest, ease of use, portability and low cost (Struelens et al., 1996). The common 
phenotyping techniques used for discriminating between bacteria from a single species are 
serotype, biotype, bacteriophage typing, or antibiogram. Techniques DNA-based such as 
pulsed field gel electrophoresis (PFGE), amplified fragment length polymorphism (AFLP), 
and multilocus sequence typing (MLST) have been many used ( Melles et al., 2004; Murchan 
et al., 2003; Tenover et al., 1994). Other common techniques use the Polymerase Chain 
Reaction (PCR) targeted to specific sequences, for example ERIC-PCR; the resulting 
reactions yield fragments of different sizes, which can be used to discriminate between 
bacterial types. Sequencing an entire bacterial genome, and, using micro-array technologies, 
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comparing strains to a reference strain (comparative genomic hybridization) is now 
technically feasible; however, the cost and time required limits the applicability for most 
epidemiologic studies (Foxman et al., 2005).  

PFGE is the most commonly used method when studying local or short-term S. aureus 
epidemiology (Chung et al., 2000). PFGE involves embedding organisms in agarose, lysing 
the organisms in situ, and digesting the chromosomal DNA with restriction endonucleases 
that cleave infrequently (Finey, 1993; Goering & Winters, 1992). Slices of agarose containing 
the chromosomal DNA fragments are inserted into the wells of an agarose gel, and the 
restriction fragments are resolved into a pattern of discrete bands in the gel by an apparatus 
that switches the direction of current according to a predetermined pattern. The DNA 
restriction patterns of the isolates are then compared with one another to determine their 
relatedness. Multicentre studies using PFGE are now possible due to recent advances in the 
standardization of electrophoresis conditions (Chung et al., 2000; Oliveira et al., 2001) and 
the development of normalization and analysis software (Duck et al., 2003). Interpretative 
criteria for use in comparing complex PFGE patterns in outbreaks have been applied to non-
outbreak situations to track the national and international dissemination of S. aureus clones 
(Tenover et al., 1995). The use of PFGE typing with adjusted interpretation criteria for 
grouping patterns with < 7 bands difference has been shown to correspond to clonal 
assignments made by other methods (Denis et al., 2004). The main criticisms of this 
technique for S. aureus are that PFGE may, on occasion, be too discriminatory for other than 
local or short-term epidemiological analyses, the arbitrary nature of the interpretive criteria 
used and the requirement for occasional subjective analysis of complex band patterns 
(Murchan et al., 2004). 

Amplified fragment length polymorphism (AFLP) (Vos et al., 1995), a typing method, also 
documents the contribution of “accessory genetic elements” next to genome–core 
polymorphisms. AFLP scans for polymorphism in actual restriction sites and the 
nucleotides bordering these sites. As such it documents nucleotide sequence variation, 
insertions and deletions across entire genomes (Vos et al., 1995).  

Multilocus sequence typing (MLST) (Maiden et al., 1998) has had a large impact on the field 
of bacterial typing and it has been used as an investigatory tool in many studies of S. aureus 
evolution and epidemiology (Aires de Sousa et al., 2003, Coombs et al., 2004, Enright et al., 
2002; Mato et al., 2004). MLST characterizes bacterial isolates on the basis of sequence 
polymorphism within internal fragments of seven housekeeping genes, representing the 
stable “core” of the staphylococcal genome. Each gene fragment is translated into a distinct 
allele, and each isolate is classified as a sequence type (ST) by the combination of alleles of 
the seven housekeeping loci (Enright et al., 2002). MLST has a major advantage over PFGE 
as a reference method due to the unambiguous nature of DNA sequences which can be 
stored easily along with corresponding clinical information on each isolate in internet-linked 
databases. The S. aureus MLST website (www.mlst.net) currently contains information on > 
1500 isolates from humans and animals from 40 different countries and represents a useful 
global resource for the study of the epidemiology of this species and the surveillance of 
hyper-virulent and / or antibiotic resistant clones. 

The variety of molecular techniques used for diagnostic applications demonstrate that no 
universal technique exists which is optimal for detection of nucleic acids. The choice of a 
particular technique is also dependent on the information required or the targets under 
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4.1 Molecular Identification/Typing of Staphylococcus species 
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been exploited for the molecular identification of Staphylococcus species, including the 16S 
rRNA gene (De Buyser et al., 1992), the tRNA gene intergenic spacer (Maes et al., 1997), the 
heat shock protein 60 (HSP60) gene (Kwok et al., 1999), and the femA gene (Vannuffel et al., 
1999). These targets, however, have been exploited through the technology of molecular 
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interest, ease of use, portability and low cost (Struelens et al., 1996). The common 
phenotyping techniques used for discriminating between bacteria from a single species are 
serotype, biotype, bacteriophage typing, or antibiogram. Techniques DNA-based such as 
pulsed field gel electrophoresis (PFGE), amplified fragment length polymorphism (AFLP), 
and multilocus sequence typing (MLST) have been many used ( Melles et al., 2004; Murchan 
et al., 2003; Tenover et al., 1994). Other common techniques use the Polymerase Chain 
Reaction (PCR) targeted to specific sequences, for example ERIC-PCR; the resulting 
reactions yield fragments of different sizes, which can be used to discriminate between 
bacterial types. Sequencing an entire bacterial genome, and, using micro-array technologies, 

 
Antibiotic Resistance in Staphylococcus Species of Animal Origin 

 

287 

comparing strains to a reference strain (comparative genomic hybridization) is now 
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databases. The S. aureus MLST website (www.mlst.net) currently contains information on > 
1500 isolates from humans and animals from 40 different countries and represents a useful 
global resource for the study of the epidemiology of this species and the surveillance of 
hyper-virulent and / or antibiotic resistant clones. 

The variety of molecular techniques used for diagnostic applications demonstrate that no 
universal technique exists which is optimal for detection of nucleic acids. The choice of a 
particular technique is also dependent on the information required or the targets under 
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consideration, but some techniques are more favored than others. Hence, the genetic 
approach based on today’s test principles cannot substitute for phenotypic methods in 
routine antimicrobial susceptibility testing. Novel resistance mechanisms will arise 
continuously or unknown pre-existing resistance genes will be mobilized from 
environmental reservoirs and spread under antimicrobial selection (Barlow et al., 2004). 
Thus, the role of traditional susceptibility testing will continue to be important. Rather the 
rationale for genetic assays is to complement conventional phenotypic analyses (Sundsfjord 
et al., 2004). Challenges that remain include the variety of point mutations or genes leading 
to resistance and the labor-intensive nature of current amplification methods. DNA chip 
technology combined with automated amplification techniques has the potential to meet 
these challenges. However, the development of DNA chips containing a broad range of 
resistance markers that are usable for many different species remains a formidable challenge 
and requires a broader knowledge of resistance markers than is currently available 
(Sundsfjord et al., 2004).  

5. The relevance of surveillance for the prediction of antibiotic resistance  
This topic discusses the relevance and limitations of surveillance initiatives in veterinary 
practice. Antibiotic resistance surveillance is based on the identification of new challenges, 
detection of new resistance mechanisms, monitoring the impact of new empiric antibiotic 
prescribing, identification of outbreaks of resistant organisms, detection of bacterial 
misidentification and promotion of the establishment of standards and guidelines for 
education and training for veterinaries, animal keepers, animal owners and the general 
public.  

Cats and dogs represent potential sources of spread of antimicrobial resistance due to the 
extensive use of antimicrobial agents in these animals and their close contact with humans. 
Modern society has contributed to radical changes in the relationship between companion 
animals and humans through the years, with a significant raise in cats and dogs population 
and to a closer contact with humans (Guardabassi et al., 2004).  

The introduction of a new drug, especially an antibiotic, has to be monitored in order to 
achieve its real benefit to the target audience. Recently, azithromycin was introduced to 
Brazilian pet market claiming to be an advantageous antimicrobial alternative to dogs and 
cats infections such as pyodermitis, external otitis, respiratory and urinary tract disturbs. 
Azithromycin have a remarkable application due to its superior pharmacokinetics 
properties and broad spectrum activity, including Gram-positive and negative bacteria 
species, intracellular pathogens and protozoan parasites. Pereira et al. (2009) evaluated the 
resistance to azithromycin of 225 clinical samples from different infectious sites of pet 
animals in order to establish the benefits of introducing this drug in veterinary therapy in 
Brazil since it has already been used for human therapy. Azithromycin resistance can be 
caused by several mechanisms, such as target modification mediated by a 23S rRNA 
methylase, presence of efflux pumps and drug inactivation (Lim et al., 2002). These 
resistance mechanisms were identified in a wide range of Gram-positive and negative 
bacteria, such as, Staphylococcus spp, Streptococcus spp, Enterococcus faecium, Corynebacterium 
spp, Pseudomonas aeruginosa, Escherichia coli and Bacteroides spp, all of them implicated in the 
etiology of household pets infections. Among them, Staphylococcus spp, a resident member 
of the normal cutaneous and mucosal microbiota of humans and animals, stands out as an 
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important pathogen involved in several animals infectious diseases due to its wide range of 
virulence factors and ability to overcome antimicrobial effects (Garber, 2001). Predominant 
staphylococci azithromycin resistance mechanisms are that mediated to erm(A) and erm(C) 
determinants of 23S rRNA methylase and mef genes that encode efflux pumps. The erm(A) 
genes are mostly spread in methicillin-resistant strains and are borne by transposons related 
to Tn554, whereas erm(C) genes are mostly responsible for macrolide resistance in 
methicillin-susceptible strains and are borne by plasmids (Lim et al., 2002). Most of the 
knowledge applied to define microbiologic use and dose of azithromycin was based on 
Staphylococcus aureus assays, because this specie acts as a classical pathogen of human 
infections, but the frame of etiology and antimicrobial susceptibility pattern change when 
animal pathogens are considered.  

Otherwise, gentamicin, even being the most utilized antimicrobial in bases for 
intramammary use, keeps its effectiveness against staphylococci isolated from mastitic milk. 
Those data support the idea of the importance of monitoring the impact of new/old empiric 
antibiotic prescribing  

6. Concluding remarks 
 Staphylococcus species distribution considers that different animal species have a different 

staphylococcal microbiota divided into coagulase-positive and coagulase-negative groups. 
In veterinary medicine, besides S. aureus, others coagulase-positive species are reported as 
important pathogens, such as Staphylococcus intermedius, the new specie S. 
pseudintermedius, S. delphini, S. schleiferi subsp. coagulans and S. aureus subsp. anaerobius. 
Several Coagulase-negative Staphylococci have been isolated from animal clinical 
specimens such as Staphylococcus epidermidis, Staphylococcus simulans, Staphylococcus 
xylosus, Staphylococcus chromogenes, Staphylococcus warneri, Staphylococcus haemolyticus, 
Staphylococcus sciuri, Staphylococcus saprophyticus, Staphylococcus hominis, Staphylococcus 
caprae, Staphylococcus cohnii subsp. cohnii, Staphylococcus cohnii subsp. urealyticus, 
Staphylococcus capitis subsp. capitis and Staphylococcus capitis subsp. urealyticus. 

 Staphylococcus aureus is considered the most pathogenic specie, especially due to its 
ability to produce a large range of virulence factors that enables it to colonize different 
tissues of a large range of animal species, such as coagulase, slime, protein A, 
hemolysins. Otherwise, like S. aureus, the S. intermedius strains isolated from animals 
have been reported to produce an array of virulence factors, including leukotoxin, 
enterotoxin, and hemolysins, together with elements essential for biofilm formation. 

 The epidemiological and clinical importance of Staphylococcal species is not only 
because of its distribution and pathogenicity but especially due to its ability to 
overcome antimicrobial effects. So there is a need for continued vigilance and 
systematic study to enlarge the understanding of its dynamic. Considering the spread 
of MRSA strains it is necessary to determine risk factors for animal infections, especially 
for household pets that live in strict contact to men, the relationship between animal 
and human carriage, and the genetic relationship of animal and human strains. 

 hVISA or VISA phenotype, mostly MRSA, have now been reported for many countries 
and it is considered to be related to the bacterial cell wall thickening, a passive 
resistance mechanism that reduces vancomycin access to its active site. Also MRSA 
strains that are also VRSA have been reported in the United States. VRSA phenotype is 
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consideration, but some techniques are more favored than others. Hence, the genetic 
approach based on today’s test principles cannot substitute for phenotypic methods in 
routine antimicrobial susceptibility testing. Novel resistance mechanisms will arise 
continuously or unknown pre-existing resistance genes will be mobilized from 
environmental reservoirs and spread under antimicrobial selection (Barlow et al., 2004). 
Thus, the role of traditional susceptibility testing will continue to be important. Rather the 
rationale for genetic assays is to complement conventional phenotypic analyses (Sundsfjord 
et al., 2004). Challenges that remain include the variety of point mutations or genes leading 
to resistance and the labor-intensive nature of current amplification methods. DNA chip 
technology combined with automated amplification techniques has the potential to meet 
these challenges. However, the development of DNA chips containing a broad range of 
resistance markers that are usable for many different species remains a formidable challenge 
and requires a broader knowledge of resistance markers than is currently available 
(Sundsfjord et al., 2004).  

5. The relevance of surveillance for the prediction of antibiotic resistance  
This topic discusses the relevance and limitations of surveillance initiatives in veterinary 
practice. Antibiotic resistance surveillance is based on the identification of new challenges, 
detection of new resistance mechanisms, monitoring the impact of new empiric antibiotic 
prescribing, identification of outbreaks of resistant organisms, detection of bacterial 
misidentification and promotion of the establishment of standards and guidelines for 
education and training for veterinaries, animal keepers, animal owners and the general 
public.  

Cats and dogs represent potential sources of spread of antimicrobial resistance due to the 
extensive use of antimicrobial agents in these animals and their close contact with humans. 
Modern society has contributed to radical changes in the relationship between companion 
animals and humans through the years, with a significant raise in cats and dogs population 
and to a closer contact with humans (Guardabassi et al., 2004).  

The introduction of a new drug, especially an antibiotic, has to be monitored in order to 
achieve its real benefit to the target audience. Recently, azithromycin was introduced to 
Brazilian pet market claiming to be an advantageous antimicrobial alternative to dogs and 
cats infections such as pyodermitis, external otitis, respiratory and urinary tract disturbs. 
Azithromycin have a remarkable application due to its superior pharmacokinetics 
properties and broad spectrum activity, including Gram-positive and negative bacteria 
species, intracellular pathogens and protozoan parasites. Pereira et al. (2009) evaluated the 
resistance to azithromycin of 225 clinical samples from different infectious sites of pet 
animals in order to establish the benefits of introducing this drug in veterinary therapy in 
Brazil since it has already been used for human therapy. Azithromycin resistance can be 
caused by several mechanisms, such as target modification mediated by a 23S rRNA 
methylase, presence of efflux pumps and drug inactivation (Lim et al., 2002). These 
resistance mechanisms were identified in a wide range of Gram-positive and negative 
bacteria, such as, Staphylococcus spp, Streptococcus spp, Enterococcus faecium, Corynebacterium 
spp, Pseudomonas aeruginosa, Escherichia coli and Bacteroides spp, all of them implicated in the 
etiology of household pets infections. Among them, Staphylococcus spp, a resident member 
of the normal cutaneous and mucosal microbiota of humans and animals, stands out as an 
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important pathogen involved in several animals infectious diseases due to its wide range of 
virulence factors and ability to overcome antimicrobial effects (Garber, 2001). Predominant 
staphylococci azithromycin resistance mechanisms are that mediated to erm(A) and erm(C) 
determinants of 23S rRNA methylase and mef genes that encode efflux pumps. The erm(A) 
genes are mostly spread in methicillin-resistant strains and are borne by transposons related 
to Tn554, whereas erm(C) genes are mostly responsible for macrolide resistance in 
methicillin-susceptible strains and are borne by plasmids (Lim et al., 2002). Most of the 
knowledge applied to define microbiologic use and dose of azithromycin was based on 
Staphylococcus aureus assays, because this specie acts as a classical pathogen of human 
infections, but the frame of etiology and antimicrobial susceptibility pattern change when 
animal pathogens are considered.  

Otherwise, gentamicin, even being the most utilized antimicrobial in bases for 
intramammary use, keeps its effectiveness against staphylococci isolated from mastitic milk. 
Those data support the idea of the importance of monitoring the impact of new/old empiric 
antibiotic prescribing  

6. Concluding remarks 
 Staphylococcus species distribution considers that different animal species have a different 

staphylococcal microbiota divided into coagulase-positive and coagulase-negative groups. 
In veterinary medicine, besides S. aureus, others coagulase-positive species are reported as 
important pathogens, such as Staphylococcus intermedius, the new specie S. 
pseudintermedius, S. delphini, S. schleiferi subsp. coagulans and S. aureus subsp. anaerobius. 
Several Coagulase-negative Staphylococci have been isolated from animal clinical 
specimens such as Staphylococcus epidermidis, Staphylococcus simulans, Staphylococcus 
xylosus, Staphylococcus chromogenes, Staphylococcus warneri, Staphylococcus haemolyticus, 
Staphylococcus sciuri, Staphylococcus saprophyticus, Staphylococcus hominis, Staphylococcus 
caprae, Staphylococcus cohnii subsp. cohnii, Staphylococcus cohnii subsp. urealyticus, 
Staphylococcus capitis subsp. capitis and Staphylococcus capitis subsp. urealyticus. 

 Staphylococcus aureus is considered the most pathogenic specie, especially due to its 
ability to produce a large range of virulence factors that enables it to colonize different 
tissues of a large range of animal species, such as coagulase, slime, protein A, 
hemolysins. Otherwise, like S. aureus, the S. intermedius strains isolated from animals 
have been reported to produce an array of virulence factors, including leukotoxin, 
enterotoxin, and hemolysins, together with elements essential for biofilm formation. 

 The epidemiological and clinical importance of Staphylococcal species is not only 
because of its distribution and pathogenicity but especially due to its ability to 
overcome antimicrobial effects. So there is a need for continued vigilance and 
systematic study to enlarge the understanding of its dynamic. Considering the spread 
of MRSA strains it is necessary to determine risk factors for animal infections, especially 
for household pets that live in strict contact to men, the relationship between animal 
and human carriage, and the genetic relationship of animal and human strains. 

 hVISA or VISA phenotype, mostly MRSA, have now been reported for many countries 
and it is considered to be related to the bacterial cell wall thickening, a passive 
resistance mechanism that reduces vancomycin access to its active site. Also MRSA 
strains that are also VRSA have been reported in the United States. VRSA phenotype is 
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due to acquisition from Enterococcus spp. of the vanA operon, carried by transposon 
Tn1546, resulting in high-level resistance. The emergence of enterococci vancomicin-
resistant strains has been related to the use of avoparcin as growth promoter in swine 
culture and it seemed to arise in staphylococci due to the transfer of glycopeptide- and 
macrolide-resistance genes by transconjugation among enterococci and from 
Enterococcus faecalis to S. aureus. 

 The large range of molecular techniques available for use demonstrates that no 
universal technique exists which is optimal for detection of nucleic acids. The choice of 
a particular technique is also dependent on the information required or the targets 
under consideration. Hence, the genetic approach based on today’s test principles 
cannot substitute for phenotypic methods in routine identification and antimicrobial 
susceptibility testing. 

 Antibiotic resistance surveillance is based on the identification of new challenges, 
detection of new resistance mechanisms, monitoring the impact of new empiric 
antibiotic prescribing, identification of outbreaks of resistant organisms, detection of 
bacterial misidentification and promotion of the establishment of standards and 
guidelines for education and training for veterinaries, animal keepers, animal owners 
and the general public.  

7. Future challenges 
Tenover (2008) in his article “Vancomicin-resistant Staphylococcus aureus: a Perfect but 
Geographically Limited Storm?” gives us a clue that antibitioc resistance issue is not so 
simple answer. Science is a creative activity that request exploration and gambling. We have 
to be open-minded to understand that some evolutionary steps are more successful than 
others and the pathways to resistance are not so predictable. As Tenover (2008) said: 
“Predicting which resistant strains will ultimately survive and disseminate is virtually 
impossible; predicting that at least some strains will disseminate broadly is a certainty.” The 
biggest challenge is keep researching in order to enhance our knowledge of the mechanisms 
beyond resistance, the evolutionary pathways of resistance among microorganisms, and 
selective pressure factors that contribute to the expression of underlying genes.  
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1. Introduction  

Enterococci are intestinal colonizers in many mammals including man, birds, reptiles and 
even invertebrates and are also found in diverse environments such as sewage, soil and 
water. They have been used for decades for food fermentation and preservation due to their 
metabolic properties and their capability to produce bacteriocins active against food 
contaminants like Listeria. Within the last two decades enterocococci became prominent as 
important hospital-acquired pathogens. Isolates of Enterococcus faecalis and E. faecium are the 
third- to fourth-most prevalent nosocomial pathogen worldwide. Among ICU-acquired 
bloodstream infections enterococci ranked second most prevalent according to data from an 
European project on Healthcare-Associated Infections.1 Infections with enterococci hit the 
very young, the elderly and immuno-compromised patients and are thus mostly restricted 
to specific hospital wards like haemato-oncological, paediatric, and intensive care units. The 
growing number of patients at risk of acquiring an enterococcal infection is linked to an 
aging population, especially in industrialised countries, and an increasing application of 
invasive medical treatment options.  

Non-susceptibility to glycopeptide antibiotics like vancomycin and teicoplanin is the key 
resistance characteristic in enterococci. Acquired resistance to vancomycin is mediated by 
various mechanisms (types VanA/B/D/E/G/L; Table 1); the vanA and vanB resistance 
genotypes are by far the most prevalent. The reservoir for vanA- and vanB-type resistance in 
humans is in E. faecium (Christiansen et al., 2004; Willems and van Schaik W. 2009; Johnson 
et al., 2010; Willems et al., 2011). Consequently, increasing rates of VRE in several European 
countries are due to an increasing prevalence of vancomycin-resistant E. faecium (VREfm). 
Ampicillin- and/or vancomycin-resistant E. faecalis (VREfs) are still rare. Defined clonal 
groups of E. faecium show an enhanced capacity to disseminate in the nosocomial setting 
and are thus called epidemic or hospital-acquired (Top et al., 2008a; Willems and van Schaik 
W. 2009; EARSS 2009; Willems et al., 2011). These strains can be assigned to distinct clonal 
groups or complexes based on various molecular typing schemes and subsequent 
phylogenetic analyses (Willems and van Schaik W. 2009; Willems et al., 2011). Hospital-
acquired E. faecium are mostly ampicillin-resistant, partly high-level ciprofloxacin-resistant 
                                                 
1 http://www.ecdc.europa.eu/en/publications/Publications/1011_SUR_Annual_Epidemiological_Rep 
ort_on_Communicable_Diseases_in_Europe.pdf  
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and possess additional genomic content (accessory genome), which includes putative 
virulence traits such as a gene for an enterococcal surface protein, esp, genes encoding 
different cell wall-anchored surface proteins, a putative hyaluronidase gene, hylEfm and a 
gene encoding a collagen-binding protein, acm (Willems et al., 2001; Leavis et al., 2007; 
Hendrickx et al., 2007; Hendrickx et al., 2008; Heikens et al., 2008; Sillanpaa et al., 2008; 
Nallapareddy et al., 2008; Hendrickx et al., 2009; van Schaik et al., 2010; Laverde Gomez et 
al., 2010; van Schaik and Willems 2010). 

2. Natural antibiotic resistances in E. faecium and E. faecalis  
Besides their huge arsenal of insusceptibilities to physicochemical and environmental 
stresses (Murray 1990; Facklam et al., 2002) E. faecalis and E. faecium possess a broad 
spectrum of natural antibiotic resistances (Klare et al., 2003; Arias and Murray 2008). 

All enterococci are naturally (intrinsically) resistant to the following agents: semisynthetic 
penicillins (e.g., oxacillin), cephalosporins of all classes, monobactams and polymyxins. 
Aminoglycosides show insusceptibility at a low level, most probably due to a reduced 
uptake. At least, isolates of E. faecalis and E. faecium show clindamycin insusceptibility; in E. 
faecalis this is known to be associated with the expression of an ABC porter designated Lsa 
(Singh et al., 2002; Singh and Murray 2005). Presence of Lsa also mediates resistance to 
streptogramin A which in the consequence also leads to resistance to the streptogramin A/B 
combination (quinupristin/dalfopristin). Insusceptibility to fluoroquinolones, for instance to 
ciprofloxacin, is most probably associated with expression of chromosomal qnr homologues 
(functionally proven only for E. faecalis, (Arsene and Leclercq 2007; Rodriguez-Martinez et 
al., 2008). Isolates of E. faecalis are also resistant to mupirocin, a property that can be used to 
differentiate them from other enterococcal species. Although not reaching the level of what 
is defined as resistance, penicillins are generally less active against enterococci than against 
streptococci and in addition, E. faecium is less susceptible than E. faecalis (Murray 1990).  

3. Acquired antibiotic resistances in E. faecium and E. faecalis 
The already tremendous spectrum of intrinsic insusceptibilities of E. faecalis and E. faecium is 
accompanied by the potential to acquire resistance to all antimicrobial drugs available 
(Tenover and McDonald 2005; Rice 2006). Therapeutically important are resistance 
properties against penicllin/ampicillin, gentamicin/streptomycin and glycopeptides 
(vancomycin/teicoplan) as well as resistances against antibiotics of last resort 
quinupristin/dalfopristin [E. faecium], linezolid and tigecycline (maybe also daptomycin). 

3.1 Penicillin resistance 

Penicillin resistance in E. faecalis is rare and if occurring linked to certain clonal lineages 
expressing beta-lactamases similar or identical to the S. aureus penicillinase (Nallapareddy et 
al., 2005; Ruiz-Garbajosa et al., 2006; McBride et al., 2007). Penicillin resistance in E. faecium 
is mediated via point mutations in the housekeeping pbp5 gene leading to reduced penicillin 
binding to the expressed protein (Jureen et al., 2004; Rice et al., 2004; Rice et al., 2009). 
Mutated pbp5’ was also found as an integral part of conjugative transposons, like Tn5382, 
thus encoding transferable ampicillin and VanB-type vancomycin resistance (Carias et al., 
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1998; Valdezate et al., 2009). Results of a recent study suggested additional factors 
independent from pbp5’ contributing to acquired ampicillin resistance in hospital strains of 
E. faecium (Galloway-Pena et al., 2011). 

3.2 Aminoglycoside resistance   

Only the two aminoglycosides gentamicin and streptomycin exemplify a synergistic effect 
when given in combination with a cell-wall active agent like a penicillin or a glycopeptide 
(Murray 1990). Certain aminoglycoside-modifying enzymes mediate acquired high-level 
gentamicin and streptomycin resistance in E. faecalis and E. faecium. The aac6’-aph2’’ (aac(6')-Ie-
aph(2")-Ia) gene encodes a bifunctional enzyme encoding high-level resistance to all 
aminoglycosides except streptomycin (Horodniceanu et al., 1979). It is the most prevalent form 
of acquired gentamicin resistance in both species and associated with homologues of 
transposon Tn4001/Tn5281 flanked by two copies of IS256 and most probably originating 
from staphylococci (Casetta et al., 1998; Hallgren et al., 2003; Saeedi et al., 2004). Gentamicin 
resistance may also be encoded by other determinants such as aac(6')-Ii, aph(2”)-Ie, and ant(6)-
Ia (Jackson et al., 2004; Jackson et al., 2005; Zarrilli et al., 2005; Mahbub et al., 2005). High-level 
streptomycin resistance is encoded by the aadE gene which is an integral part of a multi-
resistance gene cluster aadE-sat4-aphA encoding streptomycin-streptothricin-kanamycin 
resistance. The sat4 gene encoding streptothricin (nourseothricin) resistance has first been 
described in Campylobacter coli (Jacob et al., 1994; Bischoff and Jacob 1996). In staphylococci the 
aadE-sat4-aphA gene cluster is flanked by two copies of IS1182 constituting transposon Tn5405 
(Derbise et al., 1996; Derbise et al., 1997). The aadE-sat4-aphA gene cluster is widespread among 
many Gram-positive genera and it remains to be speculative where this gene clusters 
originates from and subsequently spread to other bacteria. Strikingly, in S. aureus the sat4 gene 
possesses a point mutation within the coding region leading to a pre-mature STOPP codon; 
whereas it is complete and functional in C. coli and enterococci encoding detectable 
streptothricin (nourseothricin) insusceptibility (Schwarz et al., 2001; Werner et al., 2001a; 
Teuber et al., 2003; Werner et al., 2003a). 

3.3 Fluoroquinolone resistance   

The targets of fluoroquinolones are topoisomerases II and IV, and mutational changes 
among genes encoding mainly subunits A and to a lesser extent also subunits B are 
associated with increased MICs to ciprofloxacin and other fluoroquinolones (Hooper 2002; 
Jacoby 2005). Topoisomerase II (DNA gyrase) appears to be the primary target in Gram-
negative bacteria and topoisomerase IV is the primary target in Gram-positive bacteria. 
Corresponding in vitro selection models were also described for enterococci; however, 
results are somehow conflicting regarding the primary target in Enterococcus spp. and the 
necessity of specific mutations in one or both A subunit genes to confer what is specified 
as high-level ciprofloxacin resistance (Onodera et al., 2002; Oyamada et al., 2006a; 
Oyamada et al., 2006b). Molecular studies with high-level ciprofloxacin-resistant clinical 
isolates revealed mutations in both A subunits associated with different levels of 
ciprofloxacin resistance, whereas mutations in gyrB and parE alleles were only 
infrequently found (Woodford et al., 2003; Leavis et al., 2006; Valdezate et al., 2009; 
Werner et al., 2010a). 
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1998; Valdezate et al., 2009). Results of a recent study suggested additional factors 
independent from pbp5’ contributing to acquired ampicillin resistance in hospital strains of 
E. faecium (Galloway-Pena et al., 2011). 
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3.4 Resistance to macrolides, lincosamides and streptogramin B (MLSB)  

Resistance to MLSB antibiotics is encoded by the widespread erm(B) gene and only 
occasionally via erm(A) or erm(C)(Roberts et al., 1999). Erm (“erythromycin resistance 
methylases”) confer resistance by modifying nucleotide A2058 of the bacterial 23S rRNA 
(methylation) leading to resistance to MLSB antibiotics. The resistance phenotype is partly 
overlapping with the spectrum of natural resistances in Enterococcus (lincosamides); 
however, erm genes are widespread among other Gram-positive bacteria such as 
streptococci, staphylococci, lactococci and lactobacilli where the corresponding resistance 
phenotype has been studied in detail (Shaw and Clewell 1985; Novick and Murphy 1985). 
Naturally, the expression of erm genes is induced with low levels of 14-membered 
macrolides (i.e. erythromycin) and results in cross-resistance to all 14-, 15- and 16-membered 
macrolides, lincosamides and streptogramin B antibiotics. Induction results from 
translational relief of attenuation (Horinouchi and Weisblum 1980). Constitutive expression 
of erm(A) and erm(C) in staphylococci results from deletions, duplications, and point 
mutations in the region of the leader peptide, and is selected for by the use of non-inducing 
antibiotics (Werckenthin et al., 1999; Werckenthin and Schwarz 2000; Schmitz et al., 2001). In 
enterococci erm(B) is constitutively expressed (Werner et al., 2000; Werner et al., 2002; Martel 
et al., 2003); however, corresponding modifications in the leader peptide could not be linked 
unambiguously to cause the corresponding phenotype in wildtype isolates (Rosato et al., 
1999; Werner et al., 2002). Recent in vitro studies have linked point mutations rather than 
deletions and duplications to a corresponding erm(B) constitutive phenotype in enterococci 
(Min et al., 2008). The erm(B) determinant is widespread among enterococci, especially E. 
faecium and E. faecalis and is part of many multi-resistance plasmids and often linked to 
Tn1546-like vanA elements (Aarestrup et al., 2000a; Borgen et al., 2002; Werner et al., 2003a; 
Werner et al., 2003b; Manson et al., 2003b; Werner et al., 2006; Laverde Gomez et al., 2010). 
Another mechanism mediating macrolide (and streptogramin B) resistance is conferred by 
the msrA-C genes (Reynolds et al., 2003; Kerr et al., 2005) whereas msrC is discussed as a 
species-specific property in E. faecium (Singh et al., 2001; Werner et al., 2001b) shown to 
encode erythromycin and clarithromycin resistance when expressed in S. aureus (Reynolds 
and Cove 2005). Staphylococcal efflux pumps of the Vgb-type encoding for streptogramin 
type B resistance remain extremely rare among E. faecium (Werner et al., 2002).  

3.5 Streptogramin A resistance  

Two types of acetyltransferases VatD and VatE mediate resistance to streptogramin A in 
enterococci, mainly E. faecium (Werner et al., 2002). E. faecalis is naturally resistant to 
streptogramin A and thus the synergism of the A and B streptogramin combination is 
abolished (Werner et al., 2002; Singh et al., 2002). However, a few studies described also vat 
genes to be prevalent among related lactic acid bacteria (Gfeller et al., 2003) and E. faecalis 
isolates (Simjee et al., 2002; Jones and Deshpande 2004). Their relevance for increasing the level 
of streptogramin resistance in E. faecalis is unclear; nevertheless, resistance determinants could 
further spread to E. faecium and other enterococcal species thus rendering their level of 
streptogramin susceptibility. Staphylococcal efflux pumps of the Vga-type encoding for 
streptogramin type A resistance remain unknown to E. faecium (Werner et al., 2002); except for 
a single Korean E. faecium isolate described recently harbouring streptogramin A resistance 
genes vgaD and vatG on a plasmid fragment encoding for a new efflux pump type and a new 
streptogramin acetyltransferase, respectively (Jung et al., 2010). 
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3.6 Tetracycline resistance 

Resistance to tetracyclines is mediated via different acquired tet genes encoding proteins 
mediating (a) ribosomal protection [tet(O)/(M)(S)] or efflux [tet(K)/(L)] [(Roberts 2005). 
Most wide-spread among enterococci and best studied are elements containing tet(M). The 
tet(M) gene mostly resides on conjugative transposons of the Tn916/Tn1545- or Tn5397-
types that possess a very wide host range and can exist in several functional copies thus 
supporting flexibility and recombinational events within a given bacterial genome (Thal et 
al., 1997; Roberts et al., 2001; Agerso et al., 2006; Rice et al., 2007; Boguslawska et al., 2009; de 
Vries et al., 2009; Rice et al., 2010; Roberts and Mullany 2011).  

3.7 Linezolid resistance 

Linezolid is a synthetic oxazolidinone antibiotic of last resort active against multi- and 
vancomycin-resistant enterococci. It inhibits first steps of ribosome formation [108]. 
Although being fully synthetic, resistance is selected under therapy and is in relation to the 
duration of treatment (Prystowsky et al., 2001; Pai et al., 2002; Ruggero et al., 2003; Seedat et 
al., 2006). However, a few reports documented resistance detection independent from 
linezolid treatment (Rahim et al., 2003; Bonora et al., 2006). Resistance results from point 
mutations in 23S rRNA, preferably at position 2576 (G > T)(Sinclair et al., 2003; Werner et al., 
2004; Qi et al., 2006; Werner et al., 2007a) and the level of resistance is dependent on the 
number of mutated alleles per genome (Marshall et al., 2002; Lobritz et al., 2003; Bourgeois-
Nicolaos et al., 2007; Boumghar-Bourtchai et al., 2009). Once established, resistance levels 
quickly arise due to recombinational exchange of mutated 23S rDNA alleles under selective 
pressure (Willems et al., 2003; Boumghar-Bourtchai et al., 2009). In Staphylococcus, a Cfr 
methylase is able to modify 23S rRNA at position A2503 leading to cross-resistance to a 
number of antibiotics including oxazolidinones (Toh et al., 2007); however, the 
corresponding cfr gene has not been described in enterococci so far.  

3.8 Tigecycline resistance 

Tigecycline is a member of a new tetracycline antibiotic class containing a 9-tert-
butylglycylamido group named glycylcyclines and acts similar to tetracyclines by inhibiting 
protein biosynthesis. Tigecycline is active against many Gram-negative and Gram-positive 
bacteria including isolates of Enterococcus. International surveillance studies revealed in 
general potent in vitro activity; non-susceptible isolates are very rare. A single resistance 
mechanism linked to an overexpression of an oxygen- and flavin-dependent 
monooxygenase, TetX, originating from anaerobic bacteria of the genus Bacteroides was 
described (Moore et al., 2005). A single tigecycline-non-susceptible E. faecalis isolate was 
reported recently and investigated in greater details; however, the underlying resistance 
mechanism could not been determined (Werner et al., 2008b).  

3.9 Daptomycin resistance  

Daptomycin is a cyclic lipopeptide antibiotic disrupting cell membrane composition, 
function and permeability (Straus and Hancock 2006a; Straus and Hancock 2006b). 
Daptomycin is active against many Gram-positive bacteria. Its in vivo activity against 
enterococci is still debatable (Canton et al., 2010). Daptomycin resistance developed under 
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therapy in bacteria other than enterococci and was multifactorial and is still not understood 
completely (Fischer et al., 2011).  

3.10 Vancomycin resistance 

Glycopeptide antibiotics consist of a peptide ring to which several sugars are covalently 
linked. They are produced by actinomycetes and have a quite complex structure. This 
voluminous structure prevents penetration through the outer membrane of Gram-negative 
bacteria limiting their therapeutic use only to treat infections with Gram-positive bacteria. 
Two naturally produced antibiotics have been introduced into antimicrobial treatment, 
vancomycin and teicoplanin; the latter only outside North-America. Three semisynthetic 
progenitors designated as lipoglycopeptides or glycolipopeptides (dalbavancin, telavancin, 
oritavancin) are promising new candidate drugs partially active against multi-resistant and 
also vancomycin-(intermediate)resistant bacteria (Zhanel et al., 2010a). The primary target of 
glycopeptides is the C-terminal D-Alanyl-D-Alanine ending of the peptide side chain of the 
enterococcal peptidoglycan cell wall precursor. Due to steric hindrance the cell wall 
synthesis enzymes like transglycosylases, transpeptidases and D,D-carboxypeptidases 
cannot access their target and cell wall synthesis stops. Vancomycin and related 
glycopeptides act as dimers (Batchelor et al., 2010).  

Enterococci were the first pathogens that showed acquired vancomycin resistance and 
corresponding strains have been isolated from clinical samples from patients in Europe and 
the USA in the late 1980s (Leclercq et al., 1988; Leclercq et al., 1989; Sahm et al., 1989). The 
corresponding resistance phenotypes which included inducible resistance to all known 
glycopeptides or vancomycin only were designated VanA and VanB, respectively. In fact, 
the structure, localization and functional interplay of the resistance determinants arranged 
in specific transposable elements in enterococci has been studied with some of the first 
identified VRE: E. faecium BM4147 (vanA genotype) from France (Leclercq et al., 1988) and E. 
faecalis V583 (vanB genotype) from the USA (Sahm et al., 1989). The latter became prominent 
as the first Enterococcus isolate that has been completely sequenced (Paulsen et al., 2003). To 
date eight types of acquired vancomycin resistance in enterocooci are known having a 
related mechanism of resistance and a similar resistance gene cluster composition but show 
major differences in prevalence (Table 1 and Figure 1; see recent reviews for details: 
(Courvalin 2005; Courvalin 2006; Werner et al., 2008a; Werner et al., 2008c). Worldwide by 
far the most prevalent type is vanA followed by vanB. The vanA gene is an integrated part of 
Tn1546 or derivatives of this transposon which are usually located on transferable plasmids 
(Werner et al., 2008a; Werner 2011). vanB could be subdivided into three different allele 
types (vanB1-3) with vanB-2 the most prevalent type worldwide. The vanB alleles are part of 
Tn1547 or the conjugative transposon Tn1549/5382 which are mainly chromosomally located 
and less frequently, on plasmids (Werner et al., 2006; Zheng et al., 2009; Hegstad et al., 2010; 
Bjorkeng et al., 2011). The main clinical relevant reservoir of vanA and vanB elements is in E. 
faecium, at least in Europe, Northern and Latin America and Southeast Asia, although they 
have also been observed occasionally in other enterococcal species (see Table 1 and 
below)(Zirakzadeh and Patel 2005; Werner et al., 2008a; Werner 2011). 

4. The van alphabet in Enterococcus spp. 
Non-susceptibility to glycopeptide antibiotics like vancomycin and teicoplanin is the key 
resistance characteristic in enterococci. Acquired resistance to vancomycin is mediated by  
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The image of the vanC cluster from naturally vancomycin-resistant E. gallinarum and E. casseliflavus were 
introduced for reasons of comparability. Arrows indicate genes and arrowheads show the direction of 
transcription. Colour codes represent functional groups: red, two-component regulatory system; yellow, 
core genes essential for resistance expression; grey, serine racemase; white, additional or unknown 
function. Arrow lengths are according to the size of the genes but are not drawn to scale. * denotes point 
mutations leading to constitutive expression of the VanD-type resistance. For further details see main text 
or references given there. PR and PH are promoters preceding vanR and vanH, respectively. TeR, gene 
associated with decreased teicoplanin susceptibility. For references see legend of Table 1.  

Fig. 1. Structure and composition of the vancomycin resistance clusters vanA-M (see also 
Table 1). Types vanA, vanB, vanD and vanM encode D-Ala-D-Lac mediated resistance; types 
vanC, vanE, vanL and vanG (also vanN, not shown) encode D-Ala-D-Ser mediated resistance 
(see text and Table for details)  

various mechanisms (types VanA/B/D/E/G/L/M/N; Table 1); the vanA and vanB 
resistance genotypes are by far the most prevalent worldwide. Isolates of E. gallinarum and 
E. casseliflavus (= E. flavescens) are naturally (intermediate-)resistant to vancomycin at low 
levels (MIC = 8 mg/L) by a so-called VanC-1/-2 type.  

4.1 The VanA resistance type  

The original vanA gene cluster contains nine genes which are arranged in a transposon 
structure (Arthur et al., 1993)(Fig. 1). It is flanked by two incomplete inverted repeats and 
possesses two coding sequences located at the left end (ORFs 1 and 2 not shown in Fig. 1). 
Their putative proteins show similarity with resolvases and transposases of various 
transposons or plasmids. The entire element is 10,981 bp and designated Tn1546, belonging 
to transposons of the Tn3-family. 
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resistance characteristic in enterococci. Acquired resistance to vancomycin is mediated by  
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The image of the vanC cluster from naturally vancomycin-resistant E. gallinarum and E. casseliflavus were 
introduced for reasons of comparability. Arrows indicate genes and arrowheads show the direction of 
transcription. Colour codes represent functional groups: red, two-component regulatory system; yellow, 
core genes essential for resistance expression; grey, serine racemase; white, additional or unknown 
function. Arrow lengths are according to the size of the genes but are not drawn to scale. * denotes point 
mutations leading to constitutive expression of the VanD-type resistance. For further details see main text 
or references given there. PR and PH are promoters preceding vanR and vanH, respectively. TeR, gene 
associated with decreased teicoplanin susceptibility. For references see legend of Table 1.  

Fig. 1. Structure and composition of the vancomycin resistance clusters vanA-M (see also 
Table 1). Types vanA, vanB, vanD and vanM encode D-Ala-D-Lac mediated resistance; types 
vanC, vanE, vanL and vanG (also vanN, not shown) encode D-Ala-D-Ser mediated resistance 
(see text and Table for details)  

various mechanisms (types VanA/B/D/E/G/L/M/N; Table 1); the vanA and vanB 
resistance genotypes are by far the most prevalent worldwide. Isolates of E. gallinarum and 
E. casseliflavus (= E. flavescens) are naturally (intermediate-)resistant to vancomycin at low 
levels (MIC = 8 mg/L) by a so-called VanC-1/-2 type.  

4.1 The VanA resistance type  

The original vanA gene cluster contains nine genes which are arranged in a transposon 
structure (Arthur et al., 1993)(Fig. 1). It is flanked by two incomplete inverted repeats and 
possesses two coding sequences located at the left end (ORFs 1 and 2 not shown in Fig. 1). 
Their putative proteins show similarity with resolvases and transposases of various 
transposons or plasmids. The entire element is 10,981 bp and designated Tn1546, belonging 
to transposons of the Tn3-family. 
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Expression of VanA type vancomycin resistance in enterococci is inducible via a complex 
mechanism. The consequences of a prevented cell wall synthesis are sensed by an as yet still 
unknown mechanism via a membrane-associated, Tn1546-encoded protein VanS possessing 
a histidine kinase in its cytoplasmatic C-terminus. The histidine kinase function of the VanS 
protein is activated by autophosphorylation and the corresponding phosphate moiety is 
transferred to a cytoplasmic response regulator called VanR also encoded on Tn1546. 
Phosphorylated VanR functions as a transcriptional activator binding at two promoters PR 
and PH in the vanA resistance gene cluster (Arthur et al., 1997). This leads to the expression 
of two transcripts of genes that are arranged in an operon structure and that are transcribed 
unidirectional: the vanRS genes themselves and the gene cluster vanHAXYZ (Fig. 1). The 
proteins VanH, VanA and VanX possess essential functions for the expression of 
glycopeptide resistance whereas VanY encodes a D,D-carboxypeptidase contributing to 
elevated resistance levels and a VanZ protein of unknown function but contributing by an 
unknown mechanism to low-level teicoplanin resistance (Fig. 2)(Arthur and Quintiliani, Jr. 
2001). VanA type vancomycin resistance is mediated via an alternative pathway 
synthesizing cell wall precursors ending in D-Alanyl-D-Lactat (D-Ala-D-Lac) showing 
reduced glycopeptide binding and down-shifting of the regular cell wall synthesis by house-
keeping enzymes (Fig. 1)(Arthur and Quintiliani, Jr. 2001).  

Studies about characterizing the structure of vanA gene clusters in enterococci of different 
ecological and geographical sources displayed a great variety of point mutations, deletions 
(in/of non-essential genes), and insertions of additional DNA (mainly IS elements) leading 
to modified and fragmented Tn1546 structures. This can be demonstrated in a phylogenetic 
tree of relatedness exemplifying elements typically identified in US hospital VRE, poultry 
VRE, pig/human commensal VRE, etc. (Willems et al., 1999; Werner et al., 2006). Typing of 
vanA gene clusters allows elucidating ways of spread of vancomycin resistance either via 
clonal spread of VRE or via horizontal gene transfer between different enterococci (Park et 
al., 2007; Sletvold et al., 2010). 

 
Ddl, D-Ala:D-Ala ligase; adding enzyme is a synthetase; Penta, L-Ala-γ-D-Glu-L-Lys-D-Ala-D-Ala; 
Pentadepsi, L-Ala-γ-D-Glu-L-Lys-D-Ala-D-Lac; Tetra, L-Ala-γ-D-Glu-L-Lys-D-Ala; Tri, L-Ala-γ-D-Glu-
L-Lys. Penta, Tetra, Tri, Pentadepsi represent amino acid side chains linked to the enterococcal 
peptidoglycan disaccharide precursor N-acetyl-glucosamin-N-acetyl-muramic acid. Resistance enzymes 
encoded by the vanA cluster are shown in bold. [Figure adapted from (Courvalin 2006)]. 

Fig. 2. VanA-type glycopeptide resistance. Synthesis of an alternative, vancomycin-
resistant pentadepsipeptide peptidoglycan precursor in VanA-type resistant strains.  
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4.2 The VanB resistance type  

The typical VanB phenotype is characterized by inducible moderate vancomycin resistance 
levels (MICs of 8 - 64 mg/L) and teicoplanin susceptibility. vanB isolates with high-level 
vancomycin resistance have also been identified. Differences in the vanB gene were found 
and three different vanB ligase alleles were assigned which can be used for subtyping [vanB-
1/-2/-3; (Dahl et al., 2003; Werner et al., 2006)]. However, the different vanB genotypes did 
not correlate with the level of vancomycin resistance. Despite being slightly different in 
nucleotide composition, the vanB cluster types 1 to 3 all resemble the core structure of the 
vanA gene cluster (Fig. 1). Genes of related composition and function are arranged in a 
similar manner, an equivalent to vanZ is lacking and an additional gene vanW of unknown 
function was found. Genes encoding the two-component regulatory system vanRBSB are 
only distantly related to their Tn1546 counterparts and regulation of gene expression is 
different, because only vancomycin, but not teicoplanin, is an inducer of the vanB cluster. 
The entire transposon backbone of vanB clusters is different to vanA; distinct vanB cluster 
types are either flanked by certain IS elements or an integral part of larger mobile and/or 
conjugative elements that may be composed of several individual elements [Tn1547, Tn1549, 
Tn5382-like, Tnvamp; (Carias et al., 1998; Dahl and Sundsfjord 2003; Werner et al., 2006; 
Launay et al., 2006; Valdezate et al., 2009; Lopez et al., 2009)]. The conjugative vanB 
transposon Tn1549 or its backbone is widely prevalent among vanB type enterococci and 
related Gram-positive bacteria such as Clostridium spp. (see chapter 5;(Launay et al., 2006; 
Tsvetkova et al., 2010)). Conjugative transposons have been known for a long time in 
Enterococcus and Bacteroides and were lately also identified in Gram-negatives. They have an 
important function for a wide distribution of (resistance) genes across species and genus 
barriers and for genomic rearrangements in bacteria in general (Rice et al., 2005; Roberts and 
Mullany 2009; Rice et al., 2010; Roberts and Mullany 2011). 

Whereas teicoplanin does not induce VanB type resistance, constitutively resistant mutants 
quickly arose in vivo during therapy or in vitro after teicoplanin challenge (Baptista et al., 
1999; Kawalec et al., 2001a; Kawalec et al., 2001b; San Millan et al., 2009b). Accordingly, 
teicoplanin treatment is not recommended for eradicating VanB VRE infections despite a 
correspondingly suggestive diagnostic result (teicoplanin susceptibility).  

Expression via the VanB type two-component regulatory system VanRBSB is differently 
regulated in various Gram-positive hosts. Naturally occurring VanB type Streptococcus 
bovis/gallolyticus isolates retained the VanB phenotype inducible by vancomycin only (Poyart 
et al., 1997; Mevius et al., 1998). Genetic constructs of vanB cluster elements in a Bacillus 
subtilis background did not show an inducible phenotype since VanSB was active also 
without vancomycin addition (San Millan et al., 2009a). In addition, it was shown that the 
phosphorylated regulator VanRB-P was capable of binding to a number of promoter regions 
and thus controlling expression of genes commonly regulated by response regulators.  

4.3 The VanC resistance type  

The two motile species E. gallinarum and E. casseliflavus possess an intrinsic resistance to 
vancomycin at a low level designated VanC-1 and VanC-2, respectively. The corresponding 
vanC-type ligase gene possessed minor sequence diversity resulting in the two described 
subtypes vanC-1 and vanC-2 (Courvalin 2005; Courvalin 2006). The formerly third species E. 
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Expression of VanA type vancomycin resistance in enterococci is inducible via a complex 
mechanism. The consequences of a prevented cell wall synthesis are sensed by an as yet still 
unknown mechanism via a membrane-associated, Tn1546-encoded protein VanS possessing 
a histidine kinase in its cytoplasmatic C-terminus. The histidine kinase function of the VanS 
protein is activated by autophosphorylation and the corresponding phosphate moiety is 
transferred to a cytoplasmic response regulator called VanR also encoded on Tn1546. 
Phosphorylated VanR functions as a transcriptional activator binding at two promoters PR 
and PH in the vanA resistance gene cluster (Arthur et al., 1997). This leads to the expression 
of two transcripts of genes that are arranged in an operon structure and that are transcribed 
unidirectional: the vanRS genes themselves and the gene cluster vanHAXYZ (Fig. 1). The 
proteins VanH, VanA and VanX possess essential functions for the expression of 
glycopeptide resistance whereas VanY encodes a D,D-carboxypeptidase contributing to 
elevated resistance levels and a VanZ protein of unknown function but contributing by an 
unknown mechanism to low-level teicoplanin resistance (Fig. 2)(Arthur and Quintiliani, Jr. 
2001). VanA type vancomycin resistance is mediated via an alternative pathway 
synthesizing cell wall precursors ending in D-Alanyl-D-Lactat (D-Ala-D-Lac) showing 
reduced glycopeptide binding and down-shifting of the regular cell wall synthesis by house-
keeping enzymes (Fig. 1)(Arthur and Quintiliani, Jr. 2001).  

Studies about characterizing the structure of vanA gene clusters in enterococci of different 
ecological and geographical sources displayed a great variety of point mutations, deletions 
(in/of non-essential genes), and insertions of additional DNA (mainly IS elements) leading 
to modified and fragmented Tn1546 structures. This can be demonstrated in a phylogenetic 
tree of relatedness exemplifying elements typically identified in US hospital VRE, poultry 
VRE, pig/human commensal VRE, etc. (Willems et al., 1999; Werner et al., 2006). Typing of 
vanA gene clusters allows elucidating ways of spread of vancomycin resistance either via 
clonal spread of VRE or via horizontal gene transfer between different enterococci (Park et 
al., 2007; Sletvold et al., 2010). 
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resistant pentadepsipeptide peptidoglycan precursor in VanA-type resistant strains.  
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4.2 The VanB resistance type  

The typical VanB phenotype is characterized by inducible moderate vancomycin resistance 
levels (MICs of 8 - 64 mg/L) and teicoplanin susceptibility. vanB isolates with high-level 
vancomycin resistance have also been identified. Differences in the vanB gene were found 
and three different vanB ligase alleles were assigned which can be used for subtyping [vanB-
1/-2/-3; (Dahl et al., 2003; Werner et al., 2006)]. However, the different vanB genotypes did 
not correlate with the level of vancomycin resistance. Despite being slightly different in 
nucleotide composition, the vanB cluster types 1 to 3 all resemble the core structure of the 
vanA gene cluster (Fig. 1). Genes of related composition and function are arranged in a 
similar manner, an equivalent to vanZ is lacking and an additional gene vanW of unknown 
function was found. Genes encoding the two-component regulatory system vanRBSB are 
only distantly related to their Tn1546 counterparts and regulation of gene expression is 
different, because only vancomycin, but not teicoplanin, is an inducer of the vanB cluster. 
The entire transposon backbone of vanB clusters is different to vanA; distinct vanB cluster 
types are either flanked by certain IS elements or an integral part of larger mobile and/or 
conjugative elements that may be composed of several individual elements [Tn1547, Tn1549, 
Tn5382-like, Tnvamp; (Carias et al., 1998; Dahl and Sundsfjord 2003; Werner et al., 2006; 
Launay et al., 2006; Valdezate et al., 2009; Lopez et al., 2009)]. The conjugative vanB 
transposon Tn1549 or its backbone is widely prevalent among vanB type enterococci and 
related Gram-positive bacteria such as Clostridium spp. (see chapter 5;(Launay et al., 2006; 
Tsvetkova et al., 2010)). Conjugative transposons have been known for a long time in 
Enterococcus and Bacteroides and were lately also identified in Gram-negatives. They have an 
important function for a wide distribution of (resistance) genes across species and genus 
barriers and for genomic rearrangements in bacteria in general (Rice et al., 2005; Roberts and 
Mullany 2009; Rice et al., 2010; Roberts and Mullany 2011). 

Whereas teicoplanin does not induce VanB type resistance, constitutively resistant mutants 
quickly arose in vivo during therapy or in vitro after teicoplanin challenge (Baptista et al., 
1999; Kawalec et al., 2001a; Kawalec et al., 2001b; San Millan et al., 2009b). Accordingly, 
teicoplanin treatment is not recommended for eradicating VanB VRE infections despite a 
correspondingly suggestive diagnostic result (teicoplanin susceptibility).  

Expression via the VanB type two-component regulatory system VanRBSB is differently 
regulated in various Gram-positive hosts. Naturally occurring VanB type Streptococcus 
bovis/gallolyticus isolates retained the VanB phenotype inducible by vancomycin only (Poyart 
et al., 1997; Mevius et al., 1998). Genetic constructs of vanB cluster elements in a Bacillus 
subtilis background did not show an inducible phenotype since VanSB was active also 
without vancomycin addition (San Millan et al., 2009a). In addition, it was shown that the 
phosphorylated regulator VanRB-P was capable of binding to a number of promoter regions 
and thus controlling expression of genes commonly regulated by response regulators.  

4.3 The VanC resistance type  

The two motile species E. gallinarum and E. casseliflavus possess an intrinsic resistance to 
vancomycin at a low level designated VanC-1 and VanC-2, respectively. The corresponding 
vanC-type ligase gene possessed minor sequence diversity resulting in the two described 
subtypes vanC-1 and vanC-2 (Courvalin 2005; Courvalin 2006). The formerly third species E. 
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flavescens described as possessing a supposed vanC-3 gene was merged recently with the 
species E. casseliflavus (Naser et al., 2006b) thus leading to two subtypes of E. casseliflavus 
with slightly different vanC-2/-3 subtype variants. Recently, another subtype vanC-4 was 
described in another E. casseliflavus isolate with 93-95% nucleotide identity with vanC-2/-3 
(Naser et al., 2006a). 
 

Resistance 
phenotype VanA VanB2 VanD2 VanE VanG2 VanL VanM VanN4 

MIC vancomycin 

in µg/ml 16 - 1000 4 - 32 
(-1000) 16 - 512 8 - 32 16 8 >256 16 

MIC teicoplanin 
in µg/ml (4-) 16 - 512 0,5 - 1 0,5 - 64 0,5 0,5 S 0.75 / 963 S 

expression inducible inducible constitutive inducible inducible inducible inducible ? 

ligase D-Ala-D-
Lac

D-Ala-D-
Lac

D-Ala-D-
Lac

D-Ala-D-
Ser

D-Ala-D-
Ser

D-Ala-D-
Ser

D-Ala-D-
Lac 

D-Ala-D-
Ser 

localization plasmid/
chrom.

chrom./
plasmid chrom. chrom. chrom. chrom.? plasmid ? 

transferable by 
conjugation +/- +/- - - + - + ? 

Distribution 
among 

enterococcal 
species 

E. faecium
E. faecalis 
E. durans 
E. hirae 

E. 
gallinarum1

E. 
casseliflavus1 

E. raffinosus
E. avium 

E. mundtii 

E. faecium
E. faecalis
E. durans

E. 
gallinarum

1 

E. faecium 
E. faecalis 

E. raffinosus
E. 

gallinarum1 

E. faecalis
 

E. faecalis
 

E. faecalis
 

E. faecium 
 

E. faecium 
 

S, susceptible (no MIC given); 1 Acquisition of vanA, vanB or vanD genes in addition to vanC1/C2 genes 
– rare event; 2 subtypes exist (vanB1-3, vanD1-5, vanG1-2); 3 several strains exist with different 
teicoplanin MICs; 4 data from a presentation given by R. Leclercq, ESCMID conference on Enterococci, 
Barcelona/ES, 18.-20.11.2009. 

Table 1. Types of acquired vancomycin resistance in enterococci  

Nucleotide identity varied also along the other elements of the vanC-4 cluster with genes 
vanXYC, vanTC, vanRC, and vanSc showing 88-93 % identity with corresponding genes of the 
vanC-2/-3 cluster (see below and Fig. 1). VanC type resistance is mediated via a modified D-
Ala-D-Ser moiety similar to VanE/G/L/N types reaching also a similar low level of 
resistance only (Arias et al., 2000). All these resistance types require activity of a serine 
racemase converting L-Ser into D-Ser, the first one of these enzymes/genes was described in 
E. gallinarum (Arias et al., 1999). The vanC-1 gene cluster of E. gallinarum contains a ligase 
gene vanC-1, a combined D-Ala-D-Ala dipeptidase/carboxypeptidase vanXYC gene, a vanT 
racemase gene and two genes encoding a sensor kinase/response regular two-component 
regulatory system vanRC and vanSC (Reynolds et al., 1999; Reynolds and Courvalin 2005). 
The vanC-2 cluster in E. casseliflavus showed a composition similar to the vanC-1 cluster in E. 
gallinarum (Dutta and Reynolds 2002). Due to the different VanC resistance mechanism a 
vanH equivalent is functionally not required and missing. Initially it was thought that VanC 
type resistance was always constitutively expressed as a species-specific property. However, 
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E. casseliflavus expressed an inducible resistance phenotype which was detected several 
hours after induction in vitro (Dutta and Reynolds 2002). E. gallinarum isolates expressing an 
inducible and constitutive phenotypes were identified; mutational changes in the amino 
acid sequences of the corresponding sensor histidine kinases VanSC in constitutive and 
inducible strains were demonstrated (Panesso et al., 2005). Acquisition of mobile vanA, vanB 
and vanD gene clusters additional to the natural vanC-1/-2 cluster in E. 
gallinarum/casseliflavus may lead to high-level vancomycin resistance in these strains; 
however, their prevalence remains low (Foglia et al., 2003; Mammina et al., 2005; Haenni et 
al., 2009; Neves et al., 2009).  

4.4 The VanD resistance type 

The basic organization of the vanD operons, which are located exclusively on the 
chromosome, is similar to that of the vanA and vanB clusters (Casadewall and Courvalin 
1999; Boyd et al., 2000; Depardieu et al., 2003b; Depardieu et al., 2004; Boyd et al., 2004). 
Genes equivalent to vanZ or vanW are absent. The vanD resistance clusters appear as a 
remarkable example of how by certain mutational events regulatory networks adjust and 
finetune gene expression: VanD-type strains have negligible VanXD activity, an enzyme that 
normally shuts down synthesis of vancomycin-susceptible, housekeeping call wall precursors. 
This otherwise physiological drawback is compensated by an inactivated D-Ala-D-Ala ligase 
(deletions, point mutations, insertion) host enzyme, preventing synthesis of vancomycin-
susceptible precursors ending in D-Ala-D-Ala. However, vanD expression and corresponding 
essential cell wall precursor synthesis would still request induction by glycopeptides 
(vancomycin dependence). Consequently all investigated VanD type E. faecalis, E. faecium and 
E. avium strains show a constitutive resistance phenotype resulting from different mutations in 
the VanSD sensor or VanRD regulator. Another unusual feature of VanD-type strains is their 
only slightly diminished susceptibility to teicoplanin (Tab. 1) which cannot be explained on 
the basis of already known DNA sequence diversities. Due to different strategies in 
establishing those complex and highly regulated networks independently and via different 
routes five different vanD cluster types had arranged and were characterized so far (Boyd et 
al., 2000; Depardieu et al., 2004). Up to now, VanD-type resistance still is a rare van 
resistance type among enterococci but has been described in a VanC type E. gallinarum N04-
0414, too (Boyd et al., 2006b). In this strain the vancomycin resistance phenotype is 
constitutive but typical VanD strain features are lacking (mutations in vanSD linked to 
constitutive expression; shut-down of housekeeping D-Ala-D-Ala ligase activity, etc.). A 
vanD cluster was also described in E. raffinosus (Tanimoto et al., 2006). It showed almost 
identity to the vanD4 gene cluster of E. faecium 10/96A and expressed all features of typical 
VanD type resistance such as an inducible resistance phenotype based on VanSD mutations.  

Different VanD-type enterococci present a number of different combinations of mutations 
(mainly in VanSD) suggesting an independent development and convergent evolution 
(Depardieu et al., 2009). These various modifications also led to a wide range of resistance 
phenotypes with low to high-level vancomycin resistant strains (16-512 mg/L) and 
susceptibility (0,5 mg/L) and low to high-level resistance to teicoplanin (≤ 64 mg/L)(Tab. 1). 
Remarkably, VanD strain E. faecium BM4656 had a wildtype Ddl enzyme being the only 
VanD strain with a functional D-Ala-D-Ala ligase. In this strain, also enzymes VanXD and 
VanYD were active being essentiell for shutting down synthesis of glycopeptide-susceptible 
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flavescens described as possessing a supposed vanC-3 gene was merged recently with the 
species E. casseliflavus (Naser et al., 2006b) thus leading to two subtypes of E. casseliflavus 
with slightly different vanC-2/-3 subtype variants. Recently, another subtype vanC-4 was 
described in another E. casseliflavus isolate with 93-95% nucleotide identity with vanC-2/-3 
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racemase converting L-Ser into D-Ser, the first one of these enzymes/genes was described in 
E. gallinarum (Arias et al., 1999). The vanC-1 gene cluster of E. gallinarum contains a ligase 
gene vanC-1, a combined D-Ala-D-Ala dipeptidase/carboxypeptidase vanXYC gene, a vanT 
racemase gene and two genes encoding a sensor kinase/response regular two-component 
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The vanC-2 cluster in E. casseliflavus showed a composition similar to the vanC-1 cluster in E. 
gallinarum (Dutta and Reynolds 2002). Due to the different VanC resistance mechanism a 
vanH equivalent is functionally not required and missing. Initially it was thought that VanC 
type resistance was always constitutively expressed as a species-specific property. However, 
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E. casseliflavus expressed an inducible resistance phenotype which was detected several 
hours after induction in vitro (Dutta and Reynolds 2002). E. gallinarum isolates expressing an 
inducible and constitutive phenotypes were identified; mutational changes in the amino 
acid sequences of the corresponding sensor histidine kinases VanSC in constitutive and 
inducible strains were demonstrated (Panesso et al., 2005). Acquisition of mobile vanA, vanB 
and vanD gene clusters additional to the natural vanC-1/-2 cluster in E. 
gallinarum/casseliflavus may lead to high-level vancomycin resistance in these strains; 
however, their prevalence remains low (Foglia et al., 2003; Mammina et al., 2005; Haenni et 
al., 2009; Neves et al., 2009).  

4.4 The VanD resistance type 

The basic organization of the vanD operons, which are located exclusively on the 
chromosome, is similar to that of the vanA and vanB clusters (Casadewall and Courvalin 
1999; Boyd et al., 2000; Depardieu et al., 2003b; Depardieu et al., 2004; Boyd et al., 2004). 
Genes equivalent to vanZ or vanW are absent. The vanD resistance clusters appear as a 
remarkable example of how by certain mutational events regulatory networks adjust and 
finetune gene expression: VanD-type strains have negligible VanXD activity, an enzyme that 
normally shuts down synthesis of vancomycin-susceptible, housekeeping call wall precursors. 
This otherwise physiological drawback is compensated by an inactivated D-Ala-D-Ala ligase 
(deletions, point mutations, insertion) host enzyme, preventing synthesis of vancomycin-
susceptible precursors ending in D-Ala-D-Ala. However, vanD expression and corresponding 
essential cell wall precursor synthesis would still request induction by glycopeptides 
(vancomycin dependence). Consequently all investigated VanD type E. faecalis, E. faecium and 
E. avium strains show a constitutive resistance phenotype resulting from different mutations in 
the VanSD sensor or VanRD regulator. Another unusual feature of VanD-type strains is their 
only slightly diminished susceptibility to teicoplanin (Tab. 1) which cannot be explained on 
the basis of already known DNA sequence diversities. Due to different strategies in 
establishing those complex and highly regulated networks independently and via different 
routes five different vanD cluster types had arranged and were characterized so far (Boyd et 
al., 2000; Depardieu et al., 2004). Up to now, VanD-type resistance still is a rare van 
resistance type among enterococci but has been described in a VanC type E. gallinarum N04-
0414, too (Boyd et al., 2006b). In this strain the vancomycin resistance phenotype is 
constitutive but typical VanD strain features are lacking (mutations in vanSD linked to 
constitutive expression; shut-down of housekeeping D-Ala-D-Ala ligase activity, etc.). A 
vanD cluster was also described in E. raffinosus (Tanimoto et al., 2006). It showed almost 
identity to the vanD4 gene cluster of E. faecium 10/96A and expressed all features of typical 
VanD type resistance such as an inducible resistance phenotype based on VanSD mutations.  

Different VanD-type enterococci present a number of different combinations of mutations 
(mainly in VanSD) suggesting an independent development and convergent evolution 
(Depardieu et al., 2009). These various modifications also led to a wide range of resistance 
phenotypes with low to high-level vancomycin resistant strains (16-512 mg/L) and 
susceptibility (0,5 mg/L) and low to high-level resistance to teicoplanin (≤ 64 mg/L)(Tab. 1). 
Remarkably, VanD strain E. faecium BM4656 had a wildtype Ddl enzyme being the only 
VanD strain with a functional D-Ala-D-Ala ligase. In this strain, also enzymes VanXD and 
VanYD were active being essentiell for shutting down synthesis of glycopeptide-susceptible 
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cell wall precursors in a background of an active host Ddl enzyme for mediating 
vancomycin resistance (Fig. 3) (Depardieu et al., 2009).  

 
Ddl, D-alanine:D-alanine ligase; adding enzyme is a synthetase; Pentadepsi, L-Ala-γ-D-Glu-L-Lys-D-Ala-
D-Lac; Tri, L-Ala-γ-D-Glu-L-Lys. Tri and Pentadepsi represent amino acid side chains linked to the 
enterococcal peptidoglycan disaccharide precursor N-acetyl-glucosamin-N-acetyl-muramic acid. Resistance 
enzymes encoded by the vanD cluster are shown in bold. [Figure adapted from (Courvalin 2006)]. 

Fig. 3. VanD-type glycopeptide resistance. Synthesis of peptidoglycan precursors in a 
VanD-type resistant strain. Dependence on the presence of vancomycin in a background of 
reduced VanXD activity (VanXD) and a non-functional Ddl is compensated by mutations in 
VanRD or VanSD leading to a constitutive resistance phenotype (not demonstrated in details; 
see also main text and Fig. 2). 

4.5 The VanE resistance type  

Isolates representing a VanE resistance type were described in a few E. faecalis strains from 
Northern America and Australia (Fines et al., 1999; Abadia Patino et al., 2002; Boyd et al., 
2002; Abadia Patino et al., 2004). The vanE resistance cluster resembles structures of the 
vanC1 cluster naturally occurring in E. gallinarum (Fig. 2) and shows also highest similarities 
with the corresponding proteins. Therefore resistance is mediated by producing D-Ala-D-
Ser-terminated cell wall precursors (Tab. 1). Due to that and as compared to the VanC 
resistance type, VanE type vancomycin resistance requires a VanT racemase converting L-
Ser into D-Ser (Fines et al., 1999; Abadia Patino et al., 2002). VanE strains remain teicoplanin-
susceptible and show moderate to low levels of inducible vancomycin resistance. Despite 
this phenotype, sequence determination suggested a putative non-functional VanSE protein 
indicating cross-talk between the VanRE response regulator and other functional membrane-
located kinase activators. All five consecutive genes of the vanE gene cluster were 
cotranscribed from a single promoter (Abadia Patino et al., 2004). Downstream the vanE 
cluster in a single Canadian VanE-type E. faecalis an integrase gene is found, which may 
have been involved in the acquisition of this operon; however, when tested in vitro the vanE 
cluster was in all attempts not transferable (Boyd et al., 2002). Initially a van gene cluster 
designated vanE has been described in Paenibacillus popilliae showing 74-79 % protein 
sequence identity with the corresponding essential proteins VanH/A/X in vanA clusters 
(Patel et al., 2000; Patel 2000; Guardabassi et al., 2005; Guardabassi and Agerso 2006). This 
has later been renamed into vanF (see chapter 5).  

4.6 The VanG resistance type  

E. faecalis possessing a vanG cluster were low-level vancomycin-resistant and teicoplanin-
susceptible (McKessar et al., 2000; Depardieu et al., 2003a; Boyd et al., 2006a). Resistance is 
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mediated via inducible synthesis of D-Ala-D-Ser-terminated cell wall precursors. Only few 
isolates have been described and vanG gene clusters identified allow differentiation into two 
subtypes. The chromosomal vanG cluster consists of seven genes which according to its 
order and gene composition appear to be reassembled from different van operons (Fig. 1). In 
contrast to all the other van operons, the vanG cluster encodes three putative gene products 
with regulatory functions. Besides the common vanRG and vanSG determinants a vanUG gene 
encoding an additional putative transcriptional activator was identified (Depardieu et al., 
2003a; Boyd et al., 2006a). The vanY gene is present but a frame-shift mutation resulting in 
premature termination of the encoded protein accounted for the lack of disaccharide-
tetrapeptide prescursors in the cytoplasm (Depardieu et al., 2003a). VanG-type resistance 
was successfully transferred in vitro and acquisition of the vanG cluster was associated with 
a transfer of a 240 kb chromosomal fragment flanked by imperfect inverted repeats 
(Depardieu et al., 2003a). Crystallisation and X-ray analysis of the VanG D-Ala-D-Ser ligase 
in complex with ADP was described recently (Weber et al., 2009).  

4.7 The VanL resistance type  

A single E. faecalis isolate from Canada (N06-0364) expressed low level vancomycin 
resistance by a new mechanism called VanL (Boyd et al., 2008). The corresponding VanL 
gene mediates D-Ala-D-Ser ligation. The vanL gene cluster was similar in organization to the 
vanC operon, but the VanT serine racemase was encoded by two separate genes, vanTmL 
(membrane binding) and vanTrL (racemase) resembling the two functional domains of the 
otherwise combined vanT type racemase (Fig. 1)(Boyd et al., 2008). The putative VanL ligase 
exhibited 51 and 49% sequence identity to the VanE and VanC ligases, respectively. All 
attempts to transfer the vanL gene cluster in vitro failed. The E. faecalis isolate N06-0364 did 
not demonstrate plasmids assuming that the vanL gene cluster was chromosomally encoded.  

4.8 The VanM resistance type  

The vanM genotype was described in seven Chinese VRE isolates originating from a single 
hospital and revealing three different MLST (ST18, ST78, ST341) and five PFGE 
types/subtypes (Xu et al., 2010). A single VanM VRE was investigated in greater details. The 
translated sequence of VanM, the corresponding ligase, showed highest similarity to the 
VanA, the corresponding VanM gene product mediates ligation of the D-Ala-D-Lac peptide. 
The vanM gene cluster showed a gene arrangement similar to vanB and vanD with the D,D-
carboxypeptidase gene vanYM preceding the ligase gene (Fig. 1). VanM type resistance was 
transferable by conjugation in vitro and plasmid-located. VanM phenotype showed in vitro 
resistance against vancomycin and tecioplanin in six of seven isolates investigated (the 
single ST341 isolate was susceptible to teicoplanin).   

4.9 The vancomycin dependence phenotype  

Soon after the first appearance of vanA- and vanB-type VRE, strains with unusual resistance 
phenotypes were notified including constitutively resistant strains and even vancomycin-
dependent isolates of the species E. faecalis, E. faecium and E. avium (Woodford et al., 1994; 
Rosato et al., 1995; Sifaoui and Gutmann 1997). Features of in vitro selected strains were 
similar to variants identified from clinical cases mostly associated with long term 
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cell wall precursors in a background of an active host Ddl enzyme for mediating 
vancomycin resistance (Fig. 3) (Depardieu et al., 2009).  

 
Ddl, D-alanine:D-alanine ligase; adding enzyme is a synthetase; Pentadepsi, L-Ala-γ-D-Glu-L-Lys-D-Ala-
D-Lac; Tri, L-Ala-γ-D-Glu-L-Lys. Tri and Pentadepsi represent amino acid side chains linked to the 
enterococcal peptidoglycan disaccharide precursor N-acetyl-glucosamin-N-acetyl-muramic acid. Resistance 
enzymes encoded by the vanD cluster are shown in bold. [Figure adapted from (Courvalin 2006)]. 

Fig. 3. VanD-type glycopeptide resistance. Synthesis of peptidoglycan precursors in a 
VanD-type resistant strain. Dependence on the presence of vancomycin in a background of 
reduced VanXD activity (VanXD) and a non-functional Ddl is compensated by mutations in 
VanRD or VanSD leading to a constitutive resistance phenotype (not demonstrated in details; 
see also main text and Fig. 2). 

4.5 The VanE resistance type  

Isolates representing a VanE resistance type were described in a few E. faecalis strains from 
Northern America and Australia (Fines et al., 1999; Abadia Patino et al., 2002; Boyd et al., 
2002; Abadia Patino et al., 2004). The vanE resistance cluster resembles structures of the 
vanC1 cluster naturally occurring in E. gallinarum (Fig. 2) and shows also highest similarities 
with the corresponding proteins. Therefore resistance is mediated by producing D-Ala-D-
Ser-terminated cell wall precursors (Tab. 1). Due to that and as compared to the VanC 
resistance type, VanE type vancomycin resistance requires a VanT racemase converting L-
Ser into D-Ser (Fines et al., 1999; Abadia Patino et al., 2002). VanE strains remain teicoplanin-
susceptible and show moderate to low levels of inducible vancomycin resistance. Despite 
this phenotype, sequence determination suggested a putative non-functional VanSE protein 
indicating cross-talk between the VanRE response regulator and other functional membrane-
located kinase activators. All five consecutive genes of the vanE gene cluster were 
cotranscribed from a single promoter (Abadia Patino et al., 2004). Downstream the vanE 
cluster in a single Canadian VanE-type E. faecalis an integrase gene is found, which may 
have been involved in the acquisition of this operon; however, when tested in vitro the vanE 
cluster was in all attempts not transferable (Boyd et al., 2002). Initially a van gene cluster 
designated vanE has been described in Paenibacillus popilliae showing 74-79 % protein 
sequence identity with the corresponding essential proteins VanH/A/X in vanA clusters 
(Patel et al., 2000; Patel 2000; Guardabassi et al., 2005; Guardabassi and Agerso 2006). This 
has later been renamed into vanF (see chapter 5).  

4.6 The VanG resistance type  

E. faecalis possessing a vanG cluster were low-level vancomycin-resistant and teicoplanin-
susceptible (McKessar et al., 2000; Depardieu et al., 2003a; Boyd et al., 2006a). Resistance is 
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mediated via inducible synthesis of D-Ala-D-Ser-terminated cell wall precursors. Only few 
isolates have been described and vanG gene clusters identified allow differentiation into two 
subtypes. The chromosomal vanG cluster consists of seven genes which according to its 
order and gene composition appear to be reassembled from different van operons (Fig. 1). In 
contrast to all the other van operons, the vanG cluster encodes three putative gene products 
with regulatory functions. Besides the common vanRG and vanSG determinants a vanUG gene 
encoding an additional putative transcriptional activator was identified (Depardieu et al., 
2003a; Boyd et al., 2006a). The vanY gene is present but a frame-shift mutation resulting in 
premature termination of the encoded protein accounted for the lack of disaccharide-
tetrapeptide prescursors in the cytoplasm (Depardieu et al., 2003a). VanG-type resistance 
was successfully transferred in vitro and acquisition of the vanG cluster was associated with 
a transfer of a 240 kb chromosomal fragment flanked by imperfect inverted repeats 
(Depardieu et al., 2003a). Crystallisation and X-ray analysis of the VanG D-Ala-D-Ser ligase 
in complex with ADP was described recently (Weber et al., 2009).  

4.7 The VanL resistance type  

A single E. faecalis isolate from Canada (N06-0364) expressed low level vancomycin 
resistance by a new mechanism called VanL (Boyd et al., 2008). The corresponding VanL 
gene mediates D-Ala-D-Ser ligation. The vanL gene cluster was similar in organization to the 
vanC operon, but the VanT serine racemase was encoded by two separate genes, vanTmL 
(membrane binding) and vanTrL (racemase) resembling the two functional domains of the 
otherwise combined vanT type racemase (Fig. 1)(Boyd et al., 2008). The putative VanL ligase 
exhibited 51 and 49% sequence identity to the VanE and VanC ligases, respectively. All 
attempts to transfer the vanL gene cluster in vitro failed. The E. faecalis isolate N06-0364 did 
not demonstrate plasmids assuming that the vanL gene cluster was chromosomally encoded.  

4.8 The VanM resistance type  

The vanM genotype was described in seven Chinese VRE isolates originating from a single 
hospital and revealing three different MLST (ST18, ST78, ST341) and five PFGE 
types/subtypes (Xu et al., 2010). A single VanM VRE was investigated in greater details. The 
translated sequence of VanM, the corresponding ligase, showed highest similarity to the 
VanA, the corresponding VanM gene product mediates ligation of the D-Ala-D-Lac peptide. 
The vanM gene cluster showed a gene arrangement similar to vanB and vanD with the D,D-
carboxypeptidase gene vanYM preceding the ligase gene (Fig. 1). VanM type resistance was 
transferable by conjugation in vitro and plasmid-located. VanM phenotype showed in vitro 
resistance against vancomycin and tecioplanin in six of seven isolates investigated (the 
single ST341 isolate was susceptible to teicoplanin).   

4.9 The vancomycin dependence phenotype  

Soon after the first appearance of vanA- and vanB-type VRE, strains with unusual resistance 
phenotypes were notified including constitutively resistant strains and even vancomycin-
dependent isolates of the species E. faecalis, E. faecium and E. avium (Woodford et al., 1994; 
Rosato et al., 1995; Sifaoui and Gutmann 1997). Features of in vitro selected strains were 
similar to variants identified from clinical cases mostly associated with long term 
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vancomycin treatment. In vancomycin-dependent VRE the housekeeping D-Ala-D-Ala 
ligase (ddl gene) is not functional due to modifications in the coding sequence (point 
mutations, deletions, insertions). Consequently depletion of D-Ala-D-Ala dipeptides leads 
to an impaired cell wall synthesis. The effect could be complemented by providing the 
missing D-Ala-D-Ala dipeptide (Sng et al., 1998a) or similar di- or depsipeptides. 
Vancomycin is capable of inducing the VanA or VanB type resistance and thus providing D-
Ala-D-Lac as the necessary substrate for a revived cell wall synthesis. These strains remain 
dependent on the inducing effect of vancomycin for an ongoing cell wall synthesis. 
Dependence on vancomycin could be circumvented by subsequent mutations targeting the 
two-component regulatory system of VanR and/or VanS. Mutations in the histidine kinase 
or the regulator may bypass the inducing property of the antimicrobial compound in 
leading to a constitutive resistance phenotype not requiring vancomycin anymore. This 
switch from inducible to constitutive vancomycin resistance phenotype may also appear 
independently from a previous vancomycin dependence phenotype (Sng et al., 1998b; 
Baptista et al., 1999). As described recently in a VanB type VRE, a mutation in the 
transcription terminator of the regulatory genes resulting in transcriptional readthrough of 
the resistance genes from the PRB promoter in the absence of vancomycin may also 
circumvent vancomycin dependence and lead to a constitutive phenotype (San Millan et al., 
2009b). Expression of vancomycin resistance comes along with a fitness burden under non-
selective conditions (in the absence of glycopeptides). Accordingly VRE with a constitutive 
phenotype are less competitive under non-selective conditions (Foucault et al., 2010).  

5. The van alphabet in non-enterococcal strains  
5.1 The van alphabet in intestinal and environmental bacteria and glycopeptide 
producers 

Prevalence studies revealed occurrence of different van genes like vanB, vanD and vanG in 
non-enterococcal, human intestinal colonizers of Clostridium spp., Ruminococcus spp. and 
others (Patel 2000; Stinear et al., 2001; Domingo et al., 2005; Ballard et al., 2005b; Domingo et 
al., 2007). One of these isolates was investigated further and a new, naturally vancomycin-
resistant species, Ruminococcus gauvreauii, was identified possessing a vanD gene cluster 
(Domingo et al., 2008). In strains of Clostridium symbiosum an entire vanB2 type Tn1549 
cluster was identified which was transferable in vitro and in vivo in the digestive tract of 
mice highlighting the important role that commensal, intestinal, non-enterococcal hosts may 
play for acquiring, preserving and distributing (vancomycin) resistance genes to nosocomial 
pathogens (Launay et al., 2006). The corresponding conjugative transposon Tn1549 encodes 
all necessary functions for a successful transfer of the element across species and genus 
barriers also demonstrating its potential to transfer vanB type vancomycin resistance from 
Enterococcus to other important nosocomial pathogens like Staphylococcus spp, C. difficile and 
others (Tsvetkova et al., 2010). A large number of the C. difficile genome of the multi-drug 
resistant, clinical strain 630 consisted of mobile, genetic elements (11%) including a tet(M)-
encoding self-conjugative transposon Tn5397 (Sebaihia et al., 2006). Conjugative transposons 
like Tn5397/Tn916 (and also Tn1549) are easily exchanged between members of different 
bacterial species and genera and are identified in a wide range of different, Gram-positive 
bacterial species capable of self-transfer and mobilisation of other, genetic elements (Roberts 
et al., 2001; Jasni et al., 2010; Roberts and Mullany 2011). C. difficile 630 also contained an 
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element with similarity to a vanG type cluster; however, neither this cluster was complete 
nor was the strain vancomycin-resistant (Sebaihia et al., 2006). Clostridium innocuum is 
naturally intermediate-resistant to vancomycin (MIC = 8 mg/L). The mechanism of 
resistance was investigated in strain NCIB 10674 and found to be related due to the activity 
of two chromosomally encoded Ddl ligases and a racemase allowing the synthesis of a 
peptidoglycan precursor terminating in D-Ser similar to VanC/E/G/L type vancomycin 
resistance (David et al., 2004).  

Certain vancomycin-resistant strains of fecal streptococci belonging to the Streptococcus bovis 
group (e.g., S. gallolyticus, S. lutetiensis) were found to contain vanA and vanB genes (Poyart 
et al., 1997; Mevius et al., 1998); however, these strains were not investigated in greater 
molecular details. Results of another study revealed that the entire vanB2 type Tn5397 
conjugative transposon from a S. lutetiensis donor was capable to transfer into E. faecium and 
E. faecalis recipients in a recA-independent manner (Dahl and Sundsfjord 2003).  

Strains of Paenibacillus popilliae and Rhodococcus spp. contain vanA/B-like resistance gene 
clusters originally called vanE in P. popilliae and later on designated vanF (Patel et al., 2000; 
Guardabassi et al., 2004; Guardabassi et al., 2005; Guardabassi and Agerso 2006). P. popilliae 
ATCC 14706 is high-level vancomycin-resistant and contained a gene cluster with vanYF and 
vanZF preceding the vanHFX co-transcribed gene cluster. Two genes encoding a two-
component regulatory system of the VanRS type were identified ca. 3kb upstream vanYF 

associated with an inducible VanF phenotype (Fraimow et al., 2005).  

A number of Lactobacillus, Pediococcus, Leuconostoc and Lactococcus species are naturally 
resistant to vancomycin. This is an intrinsic property of certain species and, as known so far, 
mainly linked to a modified cell wall synthesis mediated via alternative precursors, 
functionally similar but not linked to an acquisition of any van gene cluster (Goffin et al., 
2005). For instance , in Leuconostoc mesenteroides a Ddl enzyme with a residual D-Ala-D-Lac 
activity was identified allowing the production of vancomycin-resistant cell wall precursors 
(Kuzin et al., 2000). In Lactobacillus plantarum vancomycin resistance is also mediated via a 
species-specific Ddl ligase capable of synthesising D-Ala-D-Lac depsipeptides and, in 
addition, an intrinsic VanX-like D-Ala-D-Ala dipeptidase destroying vancomycin-
susceptible cell wall precursors (Deghorain et al., 2007).  

Certain soil bacteria produce glycopeptide antibiotics including vancomycin (Amycolatopsis 
orientalis) and teicoplanin (Actinoplanes teichomyceticus) as secondary metabolites. They 
prevent themselves from sensitivity against their own products by intrinsic resistance 
mechanisms similar but not identical to acquired resistance types in Enterococcus spp. 
(Marshall et al., 1997; Marshall et al., 1998; Patel 2000). It was speculated that enterococcal 
resistance genes originated from corresponding glycopeptide producers (Marshall et al., 
1998; Patel 2000); however, comparably weak amino acid and nucleotide similarities among 
key genes and proteins involved in the resistance mechanism and the comparably high % 
GC of the VanRS regulatory system in the glycopeptide producers Streptomyces toyocaensis 
and A. orientalis suggested that a possible exchange between glycopeptide producers and 
nosocomial pathogens having acquired resistance properties did not happen recently 
(Courvalin 2005).  

The anaerobic, Gram-positive, dehalogenating bacterium Desulfitobacterium hafniense Y51 
was vancomycin-resistant by an inducible resistance phenotype (Patel et al., 2000). The 
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vancomycin treatment. In vancomycin-dependent VRE the housekeeping D-Ala-D-Ala 
ligase (ddl gene) is not functional due to modifications in the coding sequence (point 
mutations, deletions, insertions). Consequently depletion of D-Ala-D-Ala dipeptides leads 
to an impaired cell wall synthesis. The effect could be complemented by providing the 
missing D-Ala-D-Ala dipeptide (Sng et al., 1998a) or similar di- or depsipeptides. 
Vancomycin is capable of inducing the VanA or VanB type resistance and thus providing D-
Ala-D-Lac as the necessary substrate for a revived cell wall synthesis. These strains remain 
dependent on the inducing effect of vancomycin for an ongoing cell wall synthesis. 
Dependence on vancomycin could be circumvented by subsequent mutations targeting the 
two-component regulatory system of VanR and/or VanS. Mutations in the histidine kinase 
or the regulator may bypass the inducing property of the antimicrobial compound in 
leading to a constitutive resistance phenotype not requiring vancomycin anymore. This 
switch from inducible to constitutive vancomycin resistance phenotype may also appear 
independently from a previous vancomycin dependence phenotype (Sng et al., 1998b; 
Baptista et al., 1999). As described recently in a VanB type VRE, a mutation in the 
transcription terminator of the regulatory genes resulting in transcriptional readthrough of 
the resistance genes from the PRB promoter in the absence of vancomycin may also 
circumvent vancomycin dependence and lead to a constitutive phenotype (San Millan et al., 
2009b). Expression of vancomycin resistance comes along with a fitness burden under non-
selective conditions (in the absence of glycopeptides). Accordingly VRE with a constitutive 
phenotype are less competitive under non-selective conditions (Foucault et al., 2010).  

5. The van alphabet in non-enterococcal strains  
5.1 The van alphabet in intestinal and environmental bacteria and glycopeptide 
producers 

Prevalence studies revealed occurrence of different van genes like vanB, vanD and vanG in 
non-enterococcal, human intestinal colonizers of Clostridium spp., Ruminococcus spp. and 
others (Patel 2000; Stinear et al., 2001; Domingo et al., 2005; Ballard et al., 2005b; Domingo et 
al., 2007). One of these isolates was investigated further and a new, naturally vancomycin-
resistant species, Ruminococcus gauvreauii, was identified possessing a vanD gene cluster 
(Domingo et al., 2008). In strains of Clostridium symbiosum an entire vanB2 type Tn1549 
cluster was identified which was transferable in vitro and in vivo in the digestive tract of 
mice highlighting the important role that commensal, intestinal, non-enterococcal hosts may 
play for acquiring, preserving and distributing (vancomycin) resistance genes to nosocomial 
pathogens (Launay et al., 2006). The corresponding conjugative transposon Tn1549 encodes 
all necessary functions for a successful transfer of the element across species and genus 
barriers also demonstrating its potential to transfer vanB type vancomycin resistance from 
Enterococcus to other important nosocomial pathogens like Staphylococcus spp, C. difficile and 
others (Tsvetkova et al., 2010). A large number of the C. difficile genome of the multi-drug 
resistant, clinical strain 630 consisted of mobile, genetic elements (11%) including a tet(M)-
encoding self-conjugative transposon Tn5397 (Sebaihia et al., 2006). Conjugative transposons 
like Tn5397/Tn916 (and also Tn1549) are easily exchanged between members of different 
bacterial species and genera and are identified in a wide range of different, Gram-positive 
bacterial species capable of self-transfer and mobilisation of other, genetic elements (Roberts 
et al., 2001; Jasni et al., 2010; Roberts and Mullany 2011). C. difficile 630 also contained an 
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element with similarity to a vanG type cluster; however, neither this cluster was complete 
nor was the strain vancomycin-resistant (Sebaihia et al., 2006). Clostridium innocuum is 
naturally intermediate-resistant to vancomycin (MIC = 8 mg/L). The mechanism of 
resistance was investigated in strain NCIB 10674 and found to be related due to the activity 
of two chromosomally encoded Ddl ligases and a racemase allowing the synthesis of a 
peptidoglycan precursor terminating in D-Ser similar to VanC/E/G/L type vancomycin 
resistance (David et al., 2004).  

Certain vancomycin-resistant strains of fecal streptococci belonging to the Streptococcus bovis 
group (e.g., S. gallolyticus, S. lutetiensis) were found to contain vanA and vanB genes (Poyart 
et al., 1997; Mevius et al., 1998); however, these strains were not investigated in greater 
molecular details. Results of another study revealed that the entire vanB2 type Tn5397 
conjugative transposon from a S. lutetiensis donor was capable to transfer into E. faecium and 
E. faecalis recipients in a recA-independent manner (Dahl and Sundsfjord 2003).  

Strains of Paenibacillus popilliae and Rhodococcus spp. contain vanA/B-like resistance gene 
clusters originally called vanE in P. popilliae and later on designated vanF (Patel et al., 2000; 
Guardabassi et al., 2004; Guardabassi et al., 2005; Guardabassi and Agerso 2006). P. popilliae 
ATCC 14706 is high-level vancomycin-resistant and contained a gene cluster with vanYF and 
vanZF preceding the vanHFX co-transcribed gene cluster. Two genes encoding a two-
component regulatory system of the VanRS type were identified ca. 3kb upstream vanYF 

associated with an inducible VanF phenotype (Fraimow et al., 2005).  

A number of Lactobacillus, Pediococcus, Leuconostoc and Lactococcus species are naturally 
resistant to vancomycin. This is an intrinsic property of certain species and, as known so far, 
mainly linked to a modified cell wall synthesis mediated via alternative precursors, 
functionally similar but not linked to an acquisition of any van gene cluster (Goffin et al., 
2005). For instance , in Leuconostoc mesenteroides a Ddl enzyme with a residual D-Ala-D-Lac 
activity was identified allowing the production of vancomycin-resistant cell wall precursors 
(Kuzin et al., 2000). In Lactobacillus plantarum vancomycin resistance is also mediated via a 
species-specific Ddl ligase capable of synthesising D-Ala-D-Lac depsipeptides and, in 
addition, an intrinsic VanX-like D-Ala-D-Ala dipeptidase destroying vancomycin-
susceptible cell wall precursors (Deghorain et al., 2007).  

Certain soil bacteria produce glycopeptide antibiotics including vancomycin (Amycolatopsis 
orientalis) and teicoplanin (Actinoplanes teichomyceticus) as secondary metabolites. They 
prevent themselves from sensitivity against their own products by intrinsic resistance 
mechanisms similar but not identical to acquired resistance types in Enterococcus spp. 
(Marshall et al., 1997; Marshall et al., 1998; Patel 2000). It was speculated that enterococcal 
resistance genes originated from corresponding glycopeptide producers (Marshall et al., 
1998; Patel 2000); however, comparably weak amino acid and nucleotide similarities among 
key genes and proteins involved in the resistance mechanism and the comparably high % 
GC of the VanRS regulatory system in the glycopeptide producers Streptomyces toyocaensis 
and A. orientalis suggested that a possible exchange between glycopeptide producers and 
nosocomial pathogens having acquired resistance properties did not happen recently 
(Courvalin 2005).  

The anaerobic, Gram-positive, dehalogenating bacterium Desulfitobacterium hafniense Y51 
was vancomycin-resistant by an inducible resistance phenotype (Patel et al., 2000). The 
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strain contained a resistance Ddl enzyme with a preferred D-Ala-D-Lac ligase activity and a 
vancomycin resistance gene cluster showing a slightly different gene arrangement as 
compared with vanA/B clusters. The essential vanH homologue was missing in this cluster 
element; however, genome analysis of D. hafniense Y51 revealed at least four D-isomer-
specific 2-hydroxyacid dehydrogenase genes capable in situ to perform the relevant vanH-
type reaction. Nevertheless, the physiological role, the overall prevalence of this gene cluster 
and the phylogenetic relation to acquired resistance gene clusters in Enterococcus spp. 
remain unclear so far (Patel 2000). 

It is known that intestinal colonisation could precede subsequent infections with VRE 
(Donskey 2004). Screening patients at risk for a colonisation with VRE is an important 
indicator in preventing and controlling VRE infections and outbreaks (Zirakzadeh and Patel 
2006). Molecular assays provide certain advantages over microbiological tests in terms of 
time, sensitivity and accuracy. Prevalence of van genes, especially vanB in intestinal, non-
enterococcal species impairs performance of rapid, molecular screening assays targeting the 
corresponding resistance genes only (Stamper et al., 2007; Mak et al., 2009; Usacheva et al., 
2010). Results of a number of studies performed with various commercially available 
diagnostic assays in Northern America, Australia, Asia and different countries in Europe 
also revealed that vanB is generally prevalent among human intestinal colonizers and that 
this is not a specific property of human intestinal colonisers in certain parts of the world 
(Ballard et al., 2005a; Stamper et al., 2007; Mak et al., 2009; Usacheva et al., 2010; Lee et al., 
2010; Marner et al., 2011; Werner et al., 2011c).  

5.2 The vanA gene cluster in Staphylococcus aureus 

Vancomycin is the antibiotic of choice for treating MRSA infected patients. Insusceptibility 
to vancomycin associated with treatment failure is insofar a matter of serious concern. 
Various microbiological changes could lead to reduced susceptibility against vancomycin 
including increased cell wall thickness, activated cell wall synthesis and reduced autolysis. 
The former changes are based on a modified host gene expression of determinants involved 
in cell wall synthesis leading to a so-called “trapping effect” where more unlinked cell wall 
precursors are present being able to bind (more) vancomycin (“to trap” the drug)(Cui et al., 
2005; Werner et al., 2008c; Nannini et al., 2010). The Vancomycin intermediate-resistant 
phenotype (VISA) could be expressed homogeneously or only in a subset of investigated 
strains (1 of 105 cells = heterogeneous VISA - hVISA), the latter requires a sophisticated 
diagnostics via a population-based-analysis profiling (PAP)(Howden et al., 2010). VISA or 
hVISA phenotypes are not associated with (van) gene acquisition.  

Early in vitro studies demonstrated the capability of a transfer of the enterococcal VanA 
type resistance into S. aureus/MRSA rendering descendents as vancomycin- and oxacillin-
resistant (Noble et al., 1992). The first clinical vanA-mediated high-level vancomycin-
resistant MRSA (VRSA) was isolated from a dialysis patient in Michigan, USA (Weigel et al., 
2003; Chang et al., 2003). Since then, less than a dozen additional cases have been described, 
nine in the United States (Michigan [n= 7], New York and Pennsylvania) and each one in 
India and in Iran (the latter two were not confirmed elsewhere) (Sievert et al., 2008; Finks et 
al., 2009; Nannini et al., 2010).  

The US VRSA isolates showed high-level vancomycin resistance of >32 mg/L. All US 
patients affected by VRSA infections had a history of several underlying conditions and 
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accordingly, all of them were treated extensively with antibiotics including vancomycin and 
most of them were co-colonized with VRE, respectively. The US VRSA isolates exhibited the 
SmaI macrorestriction patterns USA100, SCCmecII and USA800, SCCmecIV and all isolates 
could be assigned to sequence type 5 by multilocus sequence typing (MLST). Typing of 
corresponding strains, their resistance plasmids and corresponding Tn1546-like vanA 
clusters revealed that the isolates were unique and had evolved separately (see next 
paragraph).  

From the first case patient a MRSA strain, a vanA-type E. faecalis and a vanA-type MRSA 
were isolated which allowed constructing a scenario where the MRSA received the vanA 
type resistance from the resistant co-colonising E. faecalis. This has been confirmed by 
molecular analysis of the corresponding vanA-type plasmids from related VRSA and MRSA 
isolates (Weigel et al., 2003; Clark et al., 2005; Zhu et al., 2008). The VRSA isolate contained a 
58 kb conjugative plasmid pLW1043, the MRSA a ca. 47 kb pAM829 plasmid and the VRE 
two plasmids of 45 and 95 kb. Restriction digestion revealed similar patterns for the 
pLW1043 and pAM829 plasmids but not for the E. faecalis plasmids (Weigel et al., 2003). 
pLW1043 was fully sequenced and revealed a Tn1546-like vanA cluster integrated between 
the blaZ (beta-lactamase) and the aacA-aphD (gentamicin resistance) regions. It showed a 
mosaic-like structure, but the backbone was similar to staphylococcal type pSK41 plasmids 
and different from typical enterococcal plasmids suggesting acquisition of the vanA cluster 
by a resident staphylococcal-type plasmid (Kwong et al., 2008; Weaver et al., 2009). 
Interestingly, majority of other VRSA and co-colonising VRE isolates contained inc18-type 
vanA plasmids investigated in a follow up study (Zhu et al., 2008). The inc18-type plasmids 
represent broad-host range plasmids widely prevalent among Gram-positive bacteria of 
different enterococcal, staphylococcal and streptococcal species (Weaver et al., 2009). 
Plasmids from three VRSA cases were sequenced [plasmids pWZ7140 (47,277 bp), pWZ909 
(42,602 bp), and pWZ1668 (48,365 bp)]. They were almost identical among each other and to 
a corresponding vanA plasmid from co-colonising E. faecalis strains revealing a possible 
direct transfer from an E. faecalis donor into MRSA (Zhu et al., 2008). Molecular studies with 
isogenic MRSA and VRSA isolates revealed that acquired VanA-type resistance was highly 
costly to the host, when induced (Foucault et al., 2009). In the absence of induction, the 
determined biological cost was minimal suggesting a serious potential for the dissemination 
of VRSA clinical isolates. 

An comparison of US VRSA isolates (Michigan VRSA, Pennsylvania VRSA) to the vanA-
type E. faecalis from the index patient, the possible donor of the resistance gene cluster for 
the Michigan VRSA, revealed interesting details on the resistance gene regulation and 
expression in different hosts (Perichon and Courvalin 2004). The Michigan VRSA was highly 
resistant to both glycopeptides, whereas the Pennsylvania VRSA displayed low-level 
resistance to vancomycin and reduced susceptibility to teicoplanin. Resistance genes were 
expressed at similarly high levels in the two VRSA and the vanA-type E. faecalis; however, 
resistance expression was notably delayed in the Pennsylvania strain. Resistance was lost at 
non-selective condition from the Pennsylvania VRSA. In contrast, it was stable in the 
Michigan VRSA and the VRE (Perichon and Courvalin 2004). Two Michigan VRSA isolates, 
designated VRSA-7 and VRSA-9 showed a vancomycin dependence phenotype. Molecular 
studies revealed a similar mechanism as known from enterococci with the corresponding 
resistance phenotype. VRSA-7 and VRSA-9 contained different mutations in the 
housekeeping D-Ala-D-Ala ligase leading to a decreased activity and dependence on the 
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strain contained a resistance Ddl enzyme with a preferred D-Ala-D-Lac ligase activity and a 
vancomycin resistance gene cluster showing a slightly different gene arrangement as 
compared with vanA/B clusters. The essential vanH homologue was missing in this cluster 
element; however, genome analysis of D. hafniense Y51 revealed at least four D-isomer-
specific 2-hydroxyacid dehydrogenase genes capable in situ to perform the relevant vanH-
type reaction. Nevertheless, the physiological role, the overall prevalence of this gene cluster 
and the phylogenetic relation to acquired resistance gene clusters in Enterococcus spp. 
remain unclear so far (Patel 2000). 

It is known that intestinal colonisation could precede subsequent infections with VRE 
(Donskey 2004). Screening patients at risk for a colonisation with VRE is an important 
indicator in preventing and controlling VRE infections and outbreaks (Zirakzadeh and Patel 
2006). Molecular assays provide certain advantages over microbiological tests in terms of 
time, sensitivity and accuracy. Prevalence of van genes, especially vanB in intestinal, non-
enterococcal species impairs performance of rapid, molecular screening assays targeting the 
corresponding resistance genes only (Stamper et al., 2007; Mak et al., 2009; Usacheva et al., 
2010). Results of a number of studies performed with various commercially available 
diagnostic assays in Northern America, Australia, Asia and different countries in Europe 
also revealed that vanB is generally prevalent among human intestinal colonizers and that 
this is not a specific property of human intestinal colonisers in certain parts of the world 
(Ballard et al., 2005a; Stamper et al., 2007; Mak et al., 2009; Usacheva et al., 2010; Lee et al., 
2010; Marner et al., 2011; Werner et al., 2011c).  

5.2 The vanA gene cluster in Staphylococcus aureus 

Vancomycin is the antibiotic of choice for treating MRSA infected patients. Insusceptibility 
to vancomycin associated with treatment failure is insofar a matter of serious concern. 
Various microbiological changes could lead to reduced susceptibility against vancomycin 
including increased cell wall thickness, activated cell wall synthesis and reduced autolysis. 
The former changes are based on a modified host gene expression of determinants involved 
in cell wall synthesis leading to a so-called “trapping effect” where more unlinked cell wall 
precursors are present being able to bind (more) vancomycin (“to trap” the drug)(Cui et al., 
2005; Werner et al., 2008c; Nannini et al., 2010). The Vancomycin intermediate-resistant 
phenotype (VISA) could be expressed homogeneously or only in a subset of investigated 
strains (1 of 105 cells = heterogeneous VISA - hVISA), the latter requires a sophisticated 
diagnostics via a population-based-analysis profiling (PAP)(Howden et al., 2010). VISA or 
hVISA phenotypes are not associated with (van) gene acquisition.  

Early in vitro studies demonstrated the capability of a transfer of the enterococcal VanA 
type resistance into S. aureus/MRSA rendering descendents as vancomycin- and oxacillin-
resistant (Noble et al., 1992). The first clinical vanA-mediated high-level vancomycin-
resistant MRSA (VRSA) was isolated from a dialysis patient in Michigan, USA (Weigel et al., 
2003; Chang et al., 2003). Since then, less than a dozen additional cases have been described, 
nine in the United States (Michigan [n= 7], New York and Pennsylvania) and each one in 
India and in Iran (the latter two were not confirmed elsewhere) (Sievert et al., 2008; Finks et 
al., 2009; Nannini et al., 2010).  

The US VRSA isolates showed high-level vancomycin resistance of >32 mg/L. All US 
patients affected by VRSA infections had a history of several underlying conditions and 
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accordingly, all of them were treated extensively with antibiotics including vancomycin and 
most of them were co-colonized with VRE, respectively. The US VRSA isolates exhibited the 
SmaI macrorestriction patterns USA100, SCCmecII and USA800, SCCmecIV and all isolates 
could be assigned to sequence type 5 by multilocus sequence typing (MLST). Typing of 
corresponding strains, their resistance plasmids and corresponding Tn1546-like vanA 
clusters revealed that the isolates were unique and had evolved separately (see next 
paragraph).  

From the first case patient a MRSA strain, a vanA-type E. faecalis and a vanA-type MRSA 
were isolated which allowed constructing a scenario where the MRSA received the vanA 
type resistance from the resistant co-colonising E. faecalis. This has been confirmed by 
molecular analysis of the corresponding vanA-type plasmids from related VRSA and MRSA 
isolates (Weigel et al., 2003; Clark et al., 2005; Zhu et al., 2008). The VRSA isolate contained a 
58 kb conjugative plasmid pLW1043, the MRSA a ca. 47 kb pAM829 plasmid and the VRE 
two plasmids of 45 and 95 kb. Restriction digestion revealed similar patterns for the 
pLW1043 and pAM829 plasmids but not for the E. faecalis plasmids (Weigel et al., 2003). 
pLW1043 was fully sequenced and revealed a Tn1546-like vanA cluster integrated between 
the blaZ (beta-lactamase) and the aacA-aphD (gentamicin resistance) regions. It showed a 
mosaic-like structure, but the backbone was similar to staphylococcal type pSK41 plasmids 
and different from typical enterococcal plasmids suggesting acquisition of the vanA cluster 
by a resident staphylococcal-type plasmid (Kwong et al., 2008; Weaver et al., 2009). 
Interestingly, majority of other VRSA and co-colonising VRE isolates contained inc18-type 
vanA plasmids investigated in a follow up study (Zhu et al., 2008). The inc18-type plasmids 
represent broad-host range plasmids widely prevalent among Gram-positive bacteria of 
different enterococcal, staphylococcal and streptococcal species (Weaver et al., 2009). 
Plasmids from three VRSA cases were sequenced [plasmids pWZ7140 (47,277 bp), pWZ909 
(42,602 bp), and pWZ1668 (48,365 bp)]. They were almost identical among each other and to 
a corresponding vanA plasmid from co-colonising E. faecalis strains revealing a possible 
direct transfer from an E. faecalis donor into MRSA (Zhu et al., 2008). Molecular studies with 
isogenic MRSA and VRSA isolates revealed that acquired VanA-type resistance was highly 
costly to the host, when induced (Foucault et al., 2009). In the absence of induction, the 
determined biological cost was minimal suggesting a serious potential for the dissemination 
of VRSA clinical isolates. 

An comparison of US VRSA isolates (Michigan VRSA, Pennsylvania VRSA) to the vanA-
type E. faecalis from the index patient, the possible donor of the resistance gene cluster for 
the Michigan VRSA, revealed interesting details on the resistance gene regulation and 
expression in different hosts (Perichon and Courvalin 2004). The Michigan VRSA was highly 
resistant to both glycopeptides, whereas the Pennsylvania VRSA displayed low-level 
resistance to vancomycin and reduced susceptibility to teicoplanin. Resistance genes were 
expressed at similarly high levels in the two VRSA and the vanA-type E. faecalis; however, 
resistance expression was notably delayed in the Pennsylvania strain. Resistance was lost at 
non-selective condition from the Pennsylvania VRSA. In contrast, it was stable in the 
Michigan VRSA and the VRE (Perichon and Courvalin 2004). Two Michigan VRSA isolates, 
designated VRSA-7 and VRSA-9 showed a vancomycin dependence phenotype. Molecular 
studies revealed a similar mechanism as known from enterococci with the corresponding 
resistance phenotype. VRSA-7 and VRSA-9 contained different mutations in the 
housekeeping D-Ala-D-Ala ligase leading to a decreased activity and dependence on the 
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vanA-type D-Ala-D-Lac ligase for an ongoing cell wall synthesis (Moubareck et al., 2009; 
Meziane-Cherif et al., 2010). Strikingly, peptidoglycan precursors ending in D-Ala-D-Lac are 
not processed by PBP2a, the oxacillin-resistant penicillin binding protein encoded by mecA 
and consequently the VRSA-7 and VRSA-9 were fully susceptible to oxacillin, despite the 
production of a wild-type PBP2a (Moubareck et al., 2009). This also means that the 
combination of a beta-lactam and a glycopeptide antibiotic shows a synergistic effect for 
VRSA in general (Perichon and Courvalin 2006). Comparison of the two vancomycin-
dependent VRSA isolates (VRSA-7/-9) indicated that the levels of vancomycin dependence 
and susceptibility to β-lactams correlate with the degree of D-Ala-D-Ala ligase impairment 
(Meziane-Cherif et al., 2010). 

6. Prevalence of VRE among the hospital setting  
Modern molecular typing techniques (AFLP, MLVA, MLST)2 allow differentiating between 
commensal and hospital-associated/outbreak E. faecium isolates including vancomycin-
resistant and vancomycin-susceptible variants (Willems and Bonten 2007; Willems and van 
Schaik W. 2009). Genomic diversity is higher in commensal E. faecium isolates 
(animal/human) as compared to hospital strains types that especially show a predominance 
of a number of specific MLST or MLVA types (Werner et al., 2007b; Werner et al., 2011a). 
Results of a comparative genome-based study revealed a distinct composition of the 
accessory genome in hospital-associated E. faecium strains (Leavis et al., 2007). Results have 
been confirmed by recent comparative analyses of completely sequenced E. faecium genomes 
(van Schaik et al., 2010; Palmer et al., 2010). The current model predicts that spread of 
ampicillin-resistant, hospital-associated E. faecium strains is a pre-requisite for successful 
establishment of VRE and further dissemination of vancomycin resistance among the 
hospital E. faecium population in general (Willems and Bonten 2007; Galloway-Pena et al., 
2009; Willems and van Schaik W. 2009). To a larger or lesser extent, non-microbiological 
factors such as antibiotic consumption (particular classes and in general); “colonisation 
pressure”, “understaffing”, compliance with hand hygiene and other infection control 
measures also affect the role and number of enterococcal infections (Bonten et al., 1998; 
Cetinkaya et al., 2000; Murray 2000; Bonten et al., 2001; Panesso et al., 2010). Therefore, it 
might not come as a big surprise that despite having similar starting points and 
preconditions different countries experienced diverse trends in VRE prevalence. Already 
during the early and mid-1990s, epidemic clonal types of E. faecium were prevalent in 
hospitals in many countries, and this coincided in some European countries with a high 
prevalence of vancomycin resistance among E. faecium from animals and healthy volunteers 
linked to a widespread use of avoparcin as a growth promoter in commercial animal 
husbandry (Murray 1990; Murray 2000; Bonten et al., 2001; Panesso et al., 2010). However, 
VRE rates in clinical isolates increased in many countries and peaked only almost ten years 
later when glycopeptide resistance had already declined in the non-hospital reservoir. 
Retrospective epidemiological analyses in hospitals experiencing larger VRE outbreaks 
revealed that changes in specific procedures such as antibiotic policy, staffing, infection 
prevention and control regimes were, in some instances, significantly associated with 
increasing VRE rates, whereas in other settings this could not be shown. Increased VRE 
                                                 
2 AFLP, Amplified-fragment length polymorphism; MLVA, Multiple Locus Variable number of tandem 
repeat Analysis; MLST, Multi-Locus Sequence Typing 
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prevalence is partly associated with spread of single, distinct epidemic clones or types 
(Klare et al., 2005; Top et al., 2007; Bonora et al., 2007; Werner et al., 2007c; Valdezate et al., 
2009; Zhu et al., 2010; Johnson et al., 2010; Hsieh et al., 2010). In contrast, VRE outbreaks in 
single centres tend to be polyclonal suggesting a diverse population of hospital-acquired E. 
faecium strains and a highly mobile resistance determinant capable of spreading widely 
among suitable recipient strains (Yoo et al., 2006; Deplano et al., 2007; Kawalec et al., 2007; 
Borgmann et al., 2007; Werner et al., 2007c; Hsieh et al., 2009). Many facets of VRE and 
vancomycin resistance epidemiology are currently not fully understood and the question 
why vancomycin resistance is still mainly limited to E. faecium remains mainly unanswered 
(Garcia-Migura et al., 2007; Garcia-Migura et al., 2008; Werner et al., 2010b). 

The main prevalent genotypes of acquired vancomycin resistance in enterococci worldwide 
are vanA and to a lesser extent vanB. The reservoir for vanA/B gene clusters is mainly in E. 
faecium; vanA/B-type resistant E. faecalis remain rare all over the world. Countries 
experiencing problems with increasing or significant higher rates of VRE always report 
about vancomycin-resistant E. faecium. Infections with members of other enterococcal 
species remain rare although also outbreaks with vanA/B-type resistant E. faecalis, E. 
raffinosus or VanC-type E. gallinarum were reported (Foglia et al., 2003; Kawalec et al., 2007; 
Neves et al., 2009; Shirano et al., 2010). In conclusion, the problem of VRE is mainly an issue 
of vanA-type vancomycin-resistant E. faecium (see the following). 

6.1 Europe 

Several national and European surveillance systems collect data on vancomycin resistance 
in enterococci. In some countries mandatory VRE surveillance is already established, in 
others coverage for the general population or selected settings is rather limited and the 
available data do not allow reliable statistical analyses and in some countries data are 
completely lacking. The most successful European antibiotic resistance surveillance scheme 
is the European Antimicrobial Resistance Surveillance System/network (EARSS/EARS-
Net),3 which was established in 1998 and is now funded by the European Centre for Disease 
Prevention and Control ECDC. EARS-Net collects data on antibiotic resistances in indicator 
bacteria exclusively from invasive (bloodstream) infections currently covering Streptococcus 
pneumoniae, S. aureus, Escherichia coli, E. faecalis/E. faecium, Klebsiella pneumoniae and 
Pseudomonas aeruginosa. In 2008 over 900 microbiological laboratories serving more than 
1,500 hospitals from 33 countries provided susceptibility data from more than 700,000 
invasive isolates. Inter-country comparison of collected data in the given setting reveals 
some drawbacks and limitations (not discussed here, see EARS reports and website). 
Accordingly, simple comparisons of surveillance data over time and between countries or 
even within single countries should be done carefully (see also chapter 4 in the EARS 
Annual Report 2008)(EARSS 2009). VRE surveillance within Europe has recently been 
reviewed and the reader is referred to this paper for any further details (Werner et al., 
2008a). In the following only a short summary and, in addition, some new aspects to these 
previous reports are given.  

                                                 
3 http://ecdc.europa.eu/en/activities/surveillance/EARS-Net/about_EARS-Net/Pages/about_networ 
k.aspx  
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vanA-type D-Ala-D-Lac ligase for an ongoing cell wall synthesis (Moubareck et al., 2009; 
Meziane-Cherif et al., 2010). Strikingly, peptidoglycan precursors ending in D-Ala-D-Lac are 
not processed by PBP2a, the oxacillin-resistant penicillin binding protein encoded by mecA 
and consequently the VRSA-7 and VRSA-9 were fully susceptible to oxacillin, despite the 
production of a wild-type PBP2a (Moubareck et al., 2009). This also means that the 
combination of a beta-lactam and a glycopeptide antibiotic shows a synergistic effect for 
VRSA in general (Perichon and Courvalin 2006). Comparison of the two vancomycin-
dependent VRSA isolates (VRSA-7/-9) indicated that the levels of vancomycin dependence 
and susceptibility to β-lactams correlate with the degree of D-Ala-D-Ala ligase impairment 
(Meziane-Cherif et al., 2010). 

6. Prevalence of VRE among the hospital setting  
Modern molecular typing techniques (AFLP, MLVA, MLST)2 allow differentiating between 
commensal and hospital-associated/outbreak E. faecium isolates including vancomycin-
resistant and vancomycin-susceptible variants (Willems and Bonten 2007; Willems and van 
Schaik W. 2009). Genomic diversity is higher in commensal E. faecium isolates 
(animal/human) as compared to hospital strains types that especially show a predominance 
of a number of specific MLST or MLVA types (Werner et al., 2007b; Werner et al., 2011a). 
Results of a comparative genome-based study revealed a distinct composition of the 
accessory genome in hospital-associated E. faecium strains (Leavis et al., 2007). Results have 
been confirmed by recent comparative analyses of completely sequenced E. faecium genomes 
(van Schaik et al., 2010; Palmer et al., 2010). The current model predicts that spread of 
ampicillin-resistant, hospital-associated E. faecium strains is a pre-requisite for successful 
establishment of VRE and further dissemination of vancomycin resistance among the 
hospital E. faecium population in general (Willems and Bonten 2007; Galloway-Pena et al., 
2009; Willems and van Schaik W. 2009). To a larger or lesser extent, non-microbiological 
factors such as antibiotic consumption (particular classes and in general); “colonisation 
pressure”, “understaffing”, compliance with hand hygiene and other infection control 
measures also affect the role and number of enterococcal infections (Bonten et al., 1998; 
Cetinkaya et al., 2000; Murray 2000; Bonten et al., 2001; Panesso et al., 2010). Therefore, it 
might not come as a big surprise that despite having similar starting points and 
preconditions different countries experienced diverse trends in VRE prevalence. Already 
during the early and mid-1990s, epidemic clonal types of E. faecium were prevalent in 
hospitals in many countries, and this coincided in some European countries with a high 
prevalence of vancomycin resistance among E. faecium from animals and healthy volunteers 
linked to a widespread use of avoparcin as a growth promoter in commercial animal 
husbandry (Murray 1990; Murray 2000; Bonten et al., 2001; Panesso et al., 2010). However, 
VRE rates in clinical isolates increased in many countries and peaked only almost ten years 
later when glycopeptide resistance had already declined in the non-hospital reservoir. 
Retrospective epidemiological analyses in hospitals experiencing larger VRE outbreaks 
revealed that changes in specific procedures such as antibiotic policy, staffing, infection 
prevention and control regimes were, in some instances, significantly associated with 
increasing VRE rates, whereas in other settings this could not be shown. Increased VRE 
                                                 
2 AFLP, Amplified-fragment length polymorphism; MLVA, Multiple Locus Variable number of tandem 
repeat Analysis; MLST, Multi-Locus Sequence Typing 
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prevalence is partly associated with spread of single, distinct epidemic clones or types 
(Klare et al., 2005; Top et al., 2007; Bonora et al., 2007; Werner et al., 2007c; Valdezate et al., 
2009; Zhu et al., 2010; Johnson et al., 2010; Hsieh et al., 2010). In contrast, VRE outbreaks in 
single centres tend to be polyclonal suggesting a diverse population of hospital-acquired E. 
faecium strains and a highly mobile resistance determinant capable of spreading widely 
among suitable recipient strains (Yoo et al., 2006; Deplano et al., 2007; Kawalec et al., 2007; 
Borgmann et al., 2007; Werner et al., 2007c; Hsieh et al., 2009). Many facets of VRE and 
vancomycin resistance epidemiology are currently not fully understood and the question 
why vancomycin resistance is still mainly limited to E. faecium remains mainly unanswered 
(Garcia-Migura et al., 2007; Garcia-Migura et al., 2008; Werner et al., 2010b). 

The main prevalent genotypes of acquired vancomycin resistance in enterococci worldwide 
are vanA and to a lesser extent vanB. The reservoir for vanA/B gene clusters is mainly in E. 
faecium; vanA/B-type resistant E. faecalis remain rare all over the world. Countries 
experiencing problems with increasing or significant higher rates of VRE always report 
about vancomycin-resistant E. faecium. Infections with members of other enterococcal 
species remain rare although also outbreaks with vanA/B-type resistant E. faecalis, E. 
raffinosus or VanC-type E. gallinarum were reported (Foglia et al., 2003; Kawalec et al., 2007; 
Neves et al., 2009; Shirano et al., 2010). In conclusion, the problem of VRE is mainly an issue 
of vanA-type vancomycin-resistant E. faecium (see the following). 

6.1 Europe 

Several national and European surveillance systems collect data on vancomycin resistance 
in enterococci. In some countries mandatory VRE surveillance is already established, in 
others coverage for the general population or selected settings is rather limited and the 
available data do not allow reliable statistical analyses and in some countries data are 
completely lacking. The most successful European antibiotic resistance surveillance scheme 
is the European Antimicrobial Resistance Surveillance System/network (EARSS/EARS-
Net),3 which was established in 1998 and is now funded by the European Centre for Disease 
Prevention and Control ECDC. EARS-Net collects data on antibiotic resistances in indicator 
bacteria exclusively from invasive (bloodstream) infections currently covering Streptococcus 
pneumoniae, S. aureus, Escherichia coli, E. faecalis/E. faecium, Klebsiella pneumoniae and 
Pseudomonas aeruginosa. In 2008 over 900 microbiological laboratories serving more than 
1,500 hospitals from 33 countries provided susceptibility data from more than 700,000 
invasive isolates. Inter-country comparison of collected data in the given setting reveals 
some drawbacks and limitations (not discussed here, see EARS reports and website). 
Accordingly, simple comparisons of surveillance data over time and between countries or 
even within single countries should be done carefully (see also chapter 4 in the EARS 
Annual Report 2008)(EARSS 2009). VRE surveillance within Europe has recently been 
reviewed and the reader is referred to this paper for any further details (Werner et al., 
2008a). In the following only a short summary and, in addition, some new aspects to these 
previous reports are given.  

                                                 
3 http://ecdc.europa.eu/en/activities/surveillance/EARS-Net/about_EARS-Net/Pages/about_networ 
k.aspx  
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VRE surveillance in the Nordic European countries, Norway, Denmark, Sweden, Finland 
and Iceland, is based on national public health programmes for containment of 
antimicrobial resistance, participation in EARS and in some countries case notification from 
laboratories and clinicians. The Nordic countries have traditionally had a low prevalence of 
antimicrobial resistance, and this is also true for VRE. Within the last years a recognisable 
reservoir of vancomycin resistance among animal enterococci was demonstrated despite the 
ban of using any antimicrobial growth promoter, especially avoparcin (Sorum et al., 2006; 
Nilsson et al., 2009a; Nilsson et al., 2009b). It is still unclear if and to what extent this 
reservoir influences the situation in the clinical setting. In Sweden, the situation has been 
stable with 18–53 cases of VRE infections and colonisations being reported annually 
between 2000 and 2007. However, the situation has changed rapidly with the predominant 
spread of a vanB E. faecium clone with 634 among 760 VRE cases described within a 20 
months’ period from 2007-2009 (Soderblom et al., 2010). General prevalence of VRE in a 
Swedish hospital during a post-outbreak situation was still low (Fang et al., 2010). 

There is no single comprehensive surveillance scheme for monitoring VRE infections in the 
United Kingdom (UK). However, bacteraemia caused by VRE is monitored by four 
complementary surveillance programmes, with varying degrees of coverage and 
participation (Werner et al., 2008a). Numbers of VRE cases from invasive infections and 
general prevalence of vancomycin resistance in enterococci from the clinical setting is 
comparably high in relation to other European countries. Given the tremendous activities 
and partial success in reducing the MRSA burden in UK hospitals one might expect that 
these measures also lead to a reduction of VRE bacteraemia cases. Rates of vancomycin 
resistance among invasive E. faecium isolates varied between 33% (2005), 18% (2006), 21% 
(2007), 28% (2008), 13% (2009) (data from EARS-Net). The Department of Health mandatory 
glycopeptide-resistant enterococcal bacteraemia reporting scheme collects the total number 
of VRE bacteraemias in England each year. A supposed reduction in bacteraemia cases in 
both surveillance schemes conflicts with a possible reporting bias of participating hospitals 
and laboratories and it has to be shown that the supposed trends will be stable for the 
coming years4. The British Society for Antimicrobial Chemotherapy (BSAC) Bacteraemia 
Surveillance Programme reports data until 2008; however, a specific trend cannot be 
specified for “E. faecium“ and “vancomycin resistance”5.  

Certain European countries (Netherlands, Denmark, Spain) showed a wide prevalence of 
hospital-associated clonal types of E. faecium but vancomycin resistance rates are still low 
(Oteo et al., 2007; Lester et al., 2008; Top et al., 2008b; Valdezate et al., 2009; Lester et al., 
2009). In other countries rates of VRE remain at a comparably high rate such as Ireland and 
Portugal5 (Novais et al., 2008; Morris-Downes et al., 2010). Decreasing rates were considered 
significant in countries like Italy, France, Israel and Greece; however, it has to be 
documented if these trends are indeed lasting and not biased by other, so far unknown 
factors (see EARS-Net data).  
                                                 
4 http://www.hpa.org.uk/web/HPAwebFile/HPAweb_C/GGTSPU-vaccine-see.rki.de-11200-6823805-
DAT/1278944284940 
5 http://www.bsacsurv.org/mrsweb/bacteraemia?organism=E.%20faecium&antimicrobial=van&year= 
All&country=All&summary=Enzyme%20Production&formname=bsac_bacteraemia&submit=Search%2
0%28%20this%20tab%20%29  
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Molecular typing of clinical enterococci sent to the German Focal Laboratory for 
Enterococcus revealed a significant increase in the number of vanB-type E. faecium among 
vancomycin-resistant E. faecium prevalent in different German hospitals (2006: 53/302, 18%; 
2007: 65/249, 26%; 2008: 95/298, 32%; 2009: 157/333, 52%; (Klare et al., 2010)). Preliminary 
findings direct to a similar trend in other European countries like Sweden (Soderblom et al., 
2010; Fang et al., 2010). If this increased VanB-type prevalence is linked to a supposed 
reservoir of vanB among enterococcal or non-enterococcal intestinal colonizers (Stamper et 
al., 2007; Young et al., 2007; Graham et al., 2008; Usacheva et al., 2010; Bourdon et al., 2010; 
Werner et al., 2011c) or simply linked to an improved and better identification of low-level 
expressed VanB-type resistance (Pendle et al., 2008; Grabsch et al., 2008a; Grabsch et al., 
2008b; Stamper et al., 2010) in relation to a reduced breakpoint as defined by EUCAST 
(EUCAST Clinical Breakpoint Table v. 1.1 2010-04-27)6 remains to be elucidated in further 
studies.  

6.2 Northern America 

Canada and the USA illustrate two divergent scenarios concerning vancomycin resistance 
rates among enterococci. In Canada resistance rates are persistently low (Karlowsky et al., 
1999; Zhanel et al., 2000; Nichol et al., 2006; Zhanel et al., 2008a; Zhanel et al., 2010b). Results 
of a recent CANWARD study performed in 2008 among 10 participating Canadian hospitals 
revealed 3.1% VRE among 320 clinical enterococcal isolates (Zhanel et al., 2010b). All 10 VRE 
were vanA-type E. faecium. VRE prevalence among Canadian ICU patients is low as well; 
VRE accounted for <1% (n= 17/ 4133) of all isolates and 6.7% (n= 17/255) of enterococcal 
isolates, majority of them (88%) possessed vanA (Zhanel et al., 2008b). Despite the low 
prevalence of the more common vancomycin resistance genotypes, a number of new and 
still rare vancomycin resistance genotypes of the vanD, vanE, vanG and vanL classes were 
identified in Canadian enterococci (Boyd et al., 2000; Van Caeseele et al., 2001; Boyd et al., 
2002; Boyd et al., 2004; Boyd et al., 2006a; Boyd et al., 2008). 

In contrast to the situation in Canada, vancomycin resistance among clinical enterococci 
from US medical centres is highly prevalent. It is mainly encoded by vanA-type resistance 
widely prevalent among hospital-associated clonal types of E. faecium (Karlowsky et al., 
2004; Nichol et al., 2006). The rapid increase in vancomycin resistance among the E. faecium 
population in US hospitals in general and the intensive care setting especially after its first 
appearance within a 10 years’ time span is a dramatic example of a fast growing resistance 
problem that nowadays neither can be controlled nor prevented or reversed. The obvious 
coincidence of a number of unfortunate circumstances and factors from either side, the 
health care setting (e. g., delayed compliance with infection control and prevention 
strategies; permission of oral vancomycin use) and the bacteria themselves (e. g., rapid 
spread of hospital-associated epidemic clones; vancomycin resistance genes in a stable and 
transferable genetic background) may have led to such a scenario (Martone 1998; Nichol et 
al., 2006). The Surveillance Network (TSN) collects data on blood culture isolates from 
patients from 268 US hospitals. Data for 2002 revealed in 67% vancomycin resistance among 
altogether 1.285 E. faecium isolates whereas the same resistance characteristics still remained 
                                                 
6 http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Disk_test_documents/EUCAST_b 
reakpoints_v1.1.pdf  



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

322 

VRE surveillance in the Nordic European countries, Norway, Denmark, Sweden, Finland 
and Iceland, is based on national public health programmes for containment of 
antimicrobial resistance, participation in EARS and in some countries case notification from 
laboratories and clinicians. The Nordic countries have traditionally had a low prevalence of 
antimicrobial resistance, and this is also true for VRE. Within the last years a recognisable 
reservoir of vancomycin resistance among animal enterococci was demonstrated despite the 
ban of using any antimicrobial growth promoter, especially avoparcin (Sorum et al., 2006; 
Nilsson et al., 2009a; Nilsson et al., 2009b). It is still unclear if and to what extent this 
reservoir influences the situation in the clinical setting. In Sweden, the situation has been 
stable with 18–53 cases of VRE infections and colonisations being reported annually 
between 2000 and 2007. However, the situation has changed rapidly with the predominant 
spread of a vanB E. faecium clone with 634 among 760 VRE cases described within a 20 
months’ period from 2007-2009 (Soderblom et al., 2010). General prevalence of VRE in a 
Swedish hospital during a post-outbreak situation was still low (Fang et al., 2010). 
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United Kingdom (UK). However, bacteraemia caused by VRE is monitored by four 
complementary surveillance programmes, with varying degrees of coverage and 
participation (Werner et al., 2008a). Numbers of VRE cases from invasive infections and 
general prevalence of vancomycin resistance in enterococci from the clinical setting is 
comparably high in relation to other European countries. Given the tremendous activities 
and partial success in reducing the MRSA burden in UK hospitals one might expect that 
these measures also lead to a reduction of VRE bacteraemia cases. Rates of vancomycin 
resistance among invasive E. faecium isolates varied between 33% (2005), 18% (2006), 21% 
(2007), 28% (2008), 13% (2009) (data from EARS-Net). The Department of Health mandatory 
glycopeptide-resistant enterococcal bacteraemia reporting scheme collects the total number 
of VRE bacteraemias in England each year. A supposed reduction in bacteraemia cases in 
both surveillance schemes conflicts with a possible reporting bias of participating hospitals 
and laboratories and it has to be shown that the supposed trends will be stable for the 
coming years4. The British Society for Antimicrobial Chemotherapy (BSAC) Bacteraemia 
Surveillance Programme reports data until 2008; however, a specific trend cannot be 
specified for “E. faecium“ and “vancomycin resistance”5.  

Certain European countries (Netherlands, Denmark, Spain) showed a wide prevalence of 
hospital-associated clonal types of E. faecium but vancomycin resistance rates are still low 
(Oteo et al., 2007; Lester et al., 2008; Top et al., 2008b; Valdezate et al., 2009; Lester et al., 
2009). In other countries rates of VRE remain at a comparably high rate such as Ireland and 
Portugal5 (Novais et al., 2008; Morris-Downes et al., 2010). Decreasing rates were considered 
significant in countries like Italy, France, Israel and Greece; however, it has to be 
documented if these trends are indeed lasting and not biased by other, so far unknown 
factors (see EARS-Net data).  
                                                 
4 http://www.hpa.org.uk/web/HPAwebFile/HPAweb_C/GGTSPU-vaccine-see.rki.de-11200-6823805-
DAT/1278944284940 
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Molecular typing of clinical enterococci sent to the German Focal Laboratory for 
Enterococcus revealed a significant increase in the number of vanB-type E. faecium among 
vancomycin-resistant E. faecium prevalent in different German hospitals (2006: 53/302, 18%; 
2007: 65/249, 26%; 2008: 95/298, 32%; 2009: 157/333, 52%; (Klare et al., 2010)). Preliminary 
findings direct to a similar trend in other European countries like Sweden (Soderblom et al., 
2010; Fang et al., 2010). If this increased VanB-type prevalence is linked to a supposed 
reservoir of vanB among enterococcal or non-enterococcal intestinal colonizers (Stamper et 
al., 2007; Young et al., 2007; Graham et al., 2008; Usacheva et al., 2010; Bourdon et al., 2010; 
Werner et al., 2011c) or simply linked to an improved and better identification of low-level 
expressed VanB-type resistance (Pendle et al., 2008; Grabsch et al., 2008a; Grabsch et al., 
2008b; Stamper et al., 2010) in relation to a reduced breakpoint as defined by EUCAST 
(EUCAST Clinical Breakpoint Table v. 1.1 2010-04-27)6 remains to be elucidated in further 
studies.  

6.2 Northern America 

Canada and the USA illustrate two divergent scenarios concerning vancomycin resistance 
rates among enterococci. In Canada resistance rates are persistently low (Karlowsky et al., 
1999; Zhanel et al., 2000; Nichol et al., 2006; Zhanel et al., 2008a; Zhanel et al., 2010b). Results 
of a recent CANWARD study performed in 2008 among 10 participating Canadian hospitals 
revealed 3.1% VRE among 320 clinical enterococcal isolates (Zhanel et al., 2010b). All 10 VRE 
were vanA-type E. faecium. VRE prevalence among Canadian ICU patients is low as well; 
VRE accounted for <1% (n= 17/ 4133) of all isolates and 6.7% (n= 17/255) of enterococcal 
isolates, majority of them (88%) possessed vanA (Zhanel et al., 2008b). Despite the low 
prevalence of the more common vancomycin resistance genotypes, a number of new and 
still rare vancomycin resistance genotypes of the vanD, vanE, vanG and vanL classes were 
identified in Canadian enterococci (Boyd et al., 2000; Van Caeseele et al., 2001; Boyd et al., 
2002; Boyd et al., 2004; Boyd et al., 2006a; Boyd et al., 2008). 

In contrast to the situation in Canada, vancomycin resistance among clinical enterococci 
from US medical centres is highly prevalent. It is mainly encoded by vanA-type resistance 
widely prevalent among hospital-associated clonal types of E. faecium (Karlowsky et al., 
2004; Nichol et al., 2006). The rapid increase in vancomycin resistance among the E. faecium 
population in US hospitals in general and the intensive care setting especially after its first 
appearance within a 10 years’ time span is a dramatic example of a fast growing resistance 
problem that nowadays neither can be controlled nor prevented or reversed. The obvious 
coincidence of a number of unfortunate circumstances and factors from either side, the 
health care setting (e. g., delayed compliance with infection control and prevention 
strategies; permission of oral vancomycin use) and the bacteria themselves (e. g., rapid 
spread of hospital-associated epidemic clones; vancomycin resistance genes in a stable and 
transferable genetic background) may have led to such a scenario (Martone 1998; Nichol et 
al., 2006). The Surveillance Network (TSN) collects data on blood culture isolates from 
patients from 268 US hospitals. Data for 2002 revealed in 67% vancomycin resistance among 
altogether 1.285 E. faecium isolates whereas the same resistance characteristics still remained 
                                                 
6 http://www.eucast.org/fileadmin/src/media/PDFs/EUCAST_files/Disk_test_documents/EUCAST_b 
reakpoints_v1.1.pdf  
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rare with <5% among E. faecalis isolates (Karlowsky et al., 2004). Results of other studies 
revealed similar rates (Nichol et al., 2006; Deshpande et al., 2007). The overall situation is 
even impaired during the last years showing a rise in the total number of hospitalisations 
due to VRE infections (Ramsey and Zilberberg 2009). The Nationwide Inpatient Sample 
available through the Healthcare Costs and Utilization Project Website showed increased 
incidence of VRE infections from 3.2 to 6.5 between 2003 and 2006. An increased use of 
vancomycin to treat increasing numbers of MRSA and Clostridium difficile infections was one 
of the major drivers. 

6.3 Latin America 

In Latin America, prevalence of VRE is generally considered to be low with rates <5% 
among enterococci in general and before 2005 (Quinones Perez 2006); however, reliable data 
based on comprehensive studies or data sets were missing. Results of a recent SENTRY 
study revealed a recognizable change of vancomycin resistance rates among clinical 
enterococcal isolates from participating Latin American countries/hospitals increasing from 
5 to 15.5% within 6 years (between 2003 and 2008). The most significant increase was 
demonstrated for Brazil with VRE rates rising from 7 to 31% (Sader et al., 2009). Considering 
that the majority of enterococcal isolates is E. faecalis which mainly remained susceptible to 
vancomycin, the increase of vancomycin resistance among E. faecium isolates seems even 
more dramatic based on the numbers specified. A molecular characterization of 
prospectively collected 732 enterococcal isolates from 2006 to 2008 from 32 hospitals in 
Colombia, Ecuador, Peru and Venezuela revealed vancomycin resistance in 6% of all isolates 
(Panesso et al., 2010). Considering only isolates of E. faecium (n= 111) prevalence of 
vancomycin resistance ranged from 24 to 48%; however, sample size per country was quite 
limited and a sampling bias cannot be excluded. Nevertheless, all vancomycin-resistant E. 
faecium were of the vanA genotype and represented hospital-associated strain types as 
determined by MLST (ST17, ST18, ST203, ST280 and others). Tn5382-vanB2 encoded VanB 
type resistance was demonstrated to be linked to two epidemic clones; a ST201 E. faecalis 
and a ST64 E. faecium disseminated among 9 and 15 Chilean hospitals, respectively (Lopez et 
al., 2009).  

6.4 Asia, Australia and New Zealand  

VanB-type resistance is only highly prevalent in certain parts of the world, for instance, in 
Australia (Christiansen et al., 2004; Pearman 2006; Worth et al., 2008; Pendle et al., 2008; 
Johnson et al., 2010) or Singapore (Koh et al., 2006; Koh et al., 2009) where vanB-type 
vancomycin resistance among clinical E. faecium is more prevalent than the vanA-type. The 
reason(s) for this remain unknown and are not linked to a supposed larger reservoir of the 
vanB cluster in commensal intestinal colonizers (Padiglione et al., 2000), rates of which were 
similar in Australian, US-American and European studies (Stamper et al., 2007; Graham et 
al., 2008; Grabsch et al., 2008b; Bourdon et al., 2010; Werner et al., 2011c). A larger reservoir 
of vanB-type resistance in isolates from commercial animal farming associated with an 
avoparcin use is unlikely; avoparcin use was ceased in Australia in 2000 and Singapore has 
no significant agriculture at all thus excluding a distinct animal vanB-type VRE reservoir 
(see chapter 7). However, community carriage linked to a consumption of imported and 
contaminated food cannot be excluded. Studies performed in New Zealand described a 

 
Current Trends of Emergence and Spread of Vancomycin-Resistant Enterococci 

 

325 

supposed dissemination of vanA-type resistance among E. faecalis strains rather then E. 
faecium in a background of generally low level of vancomycin resistance (Manson et al., 
2003a; Manson et al., 2003b). VRE epidemiology in other Australasian countries reflects a 
similar scenario as in Europe or Northern America with vanA-type resistance highly 
prevalent among E. faecium. Several studies performed during outbreaks in Taiwanese 
hospitals revealed a preferred prevalence of (hospital-associated) vanA-type vancomycin-
resistant E. faecium strains (Hsieh et al., 2009; Hsieh et al., 2010). In South-Korean hospitals 
(and outside hospitals) vanA-genotype (VanB phenotype) E. faecium were widely prevalent 
(Ko et al., 2005; Shin et al., 2006; Park et al., 2008). Recent reports from China revealed also a 
preferred prevalence of vanA-type vancomycin resistance among clinical VRE (Zheng et al., 
2007a; Zheng et al., 2007b; Zhu et al., 2009). 

7. Vancomycin resistance among enterococci from farm animals, feedstuff 
and non-hospitalized humans and the environment 
Surveillance of antimicrobial resistance among enterococci as commensal colonizers of food-
producing animals became prominent during the early and mid 1990ies. At this time 
scientific and public awareness arose due to the argument that use of antimicrobial growth 
promoters, focused on the glycopeptide avoparcin, added to the feed of food animals in sub-
inhibitory concentrations is capable of selecting antibiotic-resistant bacteria; here 
glycopeptide/vancomycin-resistant enterococci. Large studies were initiated when higher 
numbers of VRE were suspiciously found in environmental samples without any known 
reservoir in or link to use of glycopeptides in human medicine (Klare et al., 1993; Torres et 
al., 1994). Soon after, avoparcin, another glycopeptide class antibiotic used in animal 
husbandry as a feed additive (growth promoter) was identified to select VRE in the animal 
setting (Bates et al., 1994; Klare et al., 1995a; Klare et al., 1995b; Bates 1997). Consequently, 
meat samples from commercially raised animals were highly contaminated with VRE 
including samples of pork, beef, chicken and turkey (Klare et al., 1995a; Klare et al., 1995b; 
Schouten et al., 1997; Klein et al., 1998; Simonsen et al., 1998; Kruse et al., 1999). Samples 
from organic or private farms of smaller sizes that did not use avoparcin or feed additives at 
all were free of VRE (Klare et al., 1995b; Klare and Witte 1998). Following the food chain, 
VRE reached humans and were capable of colonizing the intestines of healthy people; in 
contrast, a small study in vegetarians showed no detectable VRE counts (Schouten et al., 
1997; Van Den Bogaard et al., 1997; Stobberingh et al., 1999). Similar studies were performed 
all over Europe and data have already been reviewed in previous papers and book chapters 
and are thus not discussed in greater details here (Woodford et al., 1998; Klare and Witte 
1998; Aarestrup et al., 2000b; Bonten et al., 2001; Klare et al., 2003). In countries within the 
EU, avoparcin was abandoned in Norway and Denmark in 1995, Germany 1996 and in the 
remaining EU countries in 1997. Studies performed in some European countries soon after 
identified a reduced prevalence of VRE, their numbers dropped qualitatively and 
quantitatively in samples from commercial animal farms, food samples and following the 
food chain in humans of the general population (Klare et al., 1999). However, studies from 
Denmark and Norway showed that other antimicrobial growth promoters may lead to a co-
selection phenomenon and reduced VRE numbers were only documentable when other 
growth promoters like macrolides (spiramycin, tylosin) were also banned. The reason was a 
genetic linkage of both resistance determinants erm(B) and vanA on similar plasmids 
(Aarestrup 2000; Borgen et al., 2002). Based on the precautionary principle the European 
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rare with <5% among E. faecalis isolates (Karlowsky et al., 2004). Results of other studies 
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even impaired during the last years showing a rise in the total number of hospitalisations 
due to VRE infections (Ramsey and Zilberberg 2009). The Nationwide Inpatient Sample 
available through the Healthcare Costs and Utilization Project Website showed increased 
incidence of VRE infections from 3.2 to 6.5 between 2003 and 2006. An increased use of 
vancomycin to treat increasing numbers of MRSA and Clostridium difficile infections was one 
of the major drivers. 

6.3 Latin America 

In Latin America, prevalence of VRE is generally considered to be low with rates <5% 
among enterococci in general and before 2005 (Quinones Perez 2006); however, reliable data 
based on comprehensive studies or data sets were missing. Results of a recent SENTRY 
study revealed a recognizable change of vancomycin resistance rates among clinical 
enterococcal isolates from participating Latin American countries/hospitals increasing from 
5 to 15.5% within 6 years (between 2003 and 2008). The most significant increase was 
demonstrated for Brazil with VRE rates rising from 7 to 31% (Sader et al., 2009). Considering 
that the majority of enterococcal isolates is E. faecalis which mainly remained susceptible to 
vancomycin, the increase of vancomycin resistance among E. faecium isolates seems even 
more dramatic based on the numbers specified. A molecular characterization of 
prospectively collected 732 enterococcal isolates from 2006 to 2008 from 32 hospitals in 
Colombia, Ecuador, Peru and Venezuela revealed vancomycin resistance in 6% of all isolates 
(Panesso et al., 2010). Considering only isolates of E. faecium (n= 111) prevalence of 
vancomycin resistance ranged from 24 to 48%; however, sample size per country was quite 
limited and a sampling bias cannot be excluded. Nevertheless, all vancomycin-resistant E. 
faecium were of the vanA genotype and represented hospital-associated strain types as 
determined by MLST (ST17, ST18, ST203, ST280 and others). Tn5382-vanB2 encoded VanB 
type resistance was demonstrated to be linked to two epidemic clones; a ST201 E. faecalis 
and a ST64 E. faecium disseminated among 9 and 15 Chilean hospitals, respectively (Lopez et 
al., 2009).  
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VanB-type resistance is only highly prevalent in certain parts of the world, for instance, in 
Australia (Christiansen et al., 2004; Pearman 2006; Worth et al., 2008; Pendle et al., 2008; 
Johnson et al., 2010) or Singapore (Koh et al., 2006; Koh et al., 2009) where vanB-type 
vancomycin resistance among clinical E. faecium is more prevalent than the vanA-type. The 
reason(s) for this remain unknown and are not linked to a supposed larger reservoir of the 
vanB cluster in commensal intestinal colonizers (Padiglione et al., 2000), rates of which were 
similar in Australian, US-American and European studies (Stamper et al., 2007; Graham et 
al., 2008; Grabsch et al., 2008b; Bourdon et al., 2010; Werner et al., 2011c). A larger reservoir 
of vanB-type resistance in isolates from commercial animal farming associated with an 
avoparcin use is unlikely; avoparcin use was ceased in Australia in 2000 and Singapore has 
no significant agriculture at all thus excluding a distinct animal vanB-type VRE reservoir 
(see chapter 7). However, community carriage linked to a consumption of imported and 
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supposed dissemination of vanA-type resistance among E. faecalis strains rather then E. 
faecium in a background of generally low level of vancomycin resistance (Manson et al., 
2003a; Manson et al., 2003b). VRE epidemiology in other Australasian countries reflects a 
similar scenario as in Europe or Northern America with vanA-type resistance highly 
prevalent among E. faecium. Several studies performed during outbreaks in Taiwanese 
hospitals revealed a preferred prevalence of (hospital-associated) vanA-type vancomycin-
resistant E. faecium strains (Hsieh et al., 2009; Hsieh et al., 2010). In South-Korean hospitals 
(and outside hospitals) vanA-genotype (VanB phenotype) E. faecium were widely prevalent 
(Ko et al., 2005; Shin et al., 2006; Park et al., 2008). Recent reports from China revealed also a 
preferred prevalence of vanA-type vancomycin resistance among clinical VRE (Zheng et al., 
2007a; Zheng et al., 2007b; Zhu et al., 2009). 
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and non-hospitalized humans and the environment 
Surveillance of antimicrobial resistance among enterococci as commensal colonizers of food-
producing animals became prominent during the early and mid 1990ies. At this time 
scientific and public awareness arose due to the argument that use of antimicrobial growth 
promoters, focused on the glycopeptide avoparcin, added to the feed of food animals in sub-
inhibitory concentrations is capable of selecting antibiotic-resistant bacteria; here 
glycopeptide/vancomycin-resistant enterococci. Large studies were initiated when higher 
numbers of VRE were suspiciously found in environmental samples without any known 
reservoir in or link to use of glycopeptides in human medicine (Klare et al., 1993; Torres et 
al., 1994). Soon after, avoparcin, another glycopeptide class antibiotic used in animal 
husbandry as a feed additive (growth promoter) was identified to select VRE in the animal 
setting (Bates et al., 1994; Klare et al., 1995a; Klare et al., 1995b; Bates 1997). Consequently, 
meat samples from commercially raised animals were highly contaminated with VRE 
including samples of pork, beef, chicken and turkey (Klare et al., 1995a; Klare et al., 1995b; 
Schouten et al., 1997; Klein et al., 1998; Simonsen et al., 1998; Kruse et al., 1999). Samples 
from organic or private farms of smaller sizes that did not use avoparcin or feed additives at 
all were free of VRE (Klare et al., 1995b; Klare and Witte 1998). Following the food chain, 
VRE reached humans and were capable of colonizing the intestines of healthy people; in 
contrast, a small study in vegetarians showed no detectable VRE counts (Schouten et al., 
1997; Van Den Bogaard et al., 1997; Stobberingh et al., 1999). Similar studies were performed 
all over Europe and data have already been reviewed in previous papers and book chapters 
and are thus not discussed in greater details here (Woodford et al., 1998; Klare and Witte 
1998; Aarestrup et al., 2000b; Bonten et al., 2001; Klare et al., 2003). In countries within the 
EU, avoparcin was abandoned in Norway and Denmark in 1995, Germany 1996 and in the 
remaining EU countries in 1997. Studies performed in some European countries soon after 
identified a reduced prevalence of VRE, their numbers dropped qualitatively and 
quantitatively in samples from commercial animal farms, food samples and following the 
food chain in humans of the general population (Klare et al., 1999). However, studies from 
Denmark and Norway showed that other antimicrobial growth promoters may lead to a co-
selection phenomenon and reduced VRE numbers were only documentable when other 
growth promoters like macrolides (spiramycin, tylosin) were also banned. The reason was a 
genetic linkage of both resistance determinants erm(B) and vanA on similar plasmids 
(Aarestrup 2000; Borgen et al., 2002). Based on the precautionary principle the European 
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Commission postponed the further use of four antimicrobial growth promoters with a 
supposed link (same antibiotic class) to antibiotics used in human medicine in 1998. This 
decision was confirmed in 2003 specifying the phasing out of all antimicrobial growth 
promoters within the EU [Regulation (EC) No. 1831/2003 on additives for use in animal 
nutrition]. However, VRE counts did not drop to zero. Studies in animal farms performed 
several years after the ban of several growth promoters including avoparcin revealed a 
permanent reservoir of VRE (Borgen et al., 2000; Borgen et al., 2001; Ghidan et al., 2008). 
Recent studies performed in Swedish animal farms still highlighted a considerable reservoir 
of VRE (Nilsson et al., 2009b). Sweden banned avoparcin and other growth promoters 
already in 1986 and VRE prevalence among the clinical setting as well as the general 
population was and still is very low but somehow widely found in sewage (Sahlstrom et al., 
2009). Phenotypic and genotypic characterization of the sewage VRE identified for the 
majority of them (a) species E. faecium and (b) the vanB-type. PFGE analysis revealed 
different strains prevalent over the study period. This finding is especially noticeable since a 
few years later rates of VanB-type E. faecium increased in certain Swedish hospitals 
(Soderblom et al., 2010; Fang et al., 2010). 

Outside Europe similar scenarios of VRE epidemiology were described. In Korea, VRE were 
still prevalent in livestock samples four years after banning avoparcin (Lim et al., 2006). VRE 
were isolated from 17% of the chicken samples (n= 57 strains from 342 meat samples) and 
2% of the pig samples (4 from 214 fecal samples) whereas no VRE were isolated from 110 
bovine samples. All the 61 VRE isolates were vanA-type E. faecium. A study performed in 
Japan three years after the ban of avoparcin (1997) did not identify any VRE among 515 
fresh faecal samples from 178 beef cattle, 179 pig and 158 broiler chicken farms representing 
all 47 Japanese prefectures (Kojima et al., 2010) whereas in 1996, one year before the ban, 3% 
(8/263) of enterococci tested were vancomycin-resistant (Yoshimura et al., 1998). However, 
in these two studies it was only screened for enterococci in general and subsequently 
resistances were determined. So it cannot be ruled out that samples contained VRE but at 
lower numbers then statistically recognizable with the described non-selective screening 
strategy. Avoparcin use was banned in Taiwan in 2000. A nationwide surveillance was 
initiated to study VRE prevalence on chicken farms from 2000 to 2003 (Lauderdale et al., 
2007). VRE were still identified, but counts dropped in a quantitative manner, only 8.8% (n= 
7/80) of the chicken farms surveyed harboured VRE in 2003 compared with 25% (15/60) in 
2000. Interestingly, majority were vancomycin-resistant E. faecalis (see below). This reflects a 
somehow different VRE epidemiology than in the rest of the world; similar to Australia 
where vanB-type E. faecium and vanA-type E. faecalis predominate (Worth et al., 2008; 
Johnson et al., 2010). In Australia, the general scenario appears to be different; a larger 
reservoir of VRE outside the clinical setting could not be identified despite an ongoing high 
use of avoparcin. For instance, prevalence rates of VRE in the general population were 
extremely low (0,2%), the two identified VRE among 1085 community specimens were vanB-
type E. faecium (Padiglione et al., 2000).  

In the US, avoparcin has never been used as a feed additive, a reservoir for VRE outside the 
clinical setting could not be identified when screening samples from various animal farms, 
meat, environmental sources and stool samples from healthy people during this time 
(Coque et al., 1996; McDonald et al., 1997; Martone 1998). However, situation changed the 
last years and vancomycin resistance was prevalent among 6 of 55 pig samples investigated 
in 2008 (Donabedian et al., 2010). 
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8. Localization and spread of vanA- and vanB-type resistance 
Vancomycin resistance in animal, human commensal and environmental sources is mostly 
encoded by vanA-type resistance clusters and its reservoir is in isolates of E. faecium; thus it 
reflects the same situation as in the clinical setting in most parts of the world. Exchange of 
resistant strains among different ecosystems is less probable due to the supposed ecovar 
association, especially among hospital-associated E. faecium strains (see chapter 5), although 
dissemination across host barriers of vancomycin- and multi-resistant enterococci was 
described anecdotally, especially for the less strongly host-adapted E. faecalis strains 
(Manson et al., 2003a; Manson et al., 2003b; Manson et al., 2004; Agerso et al., 2008; Larsen et 
al., 2010; Hammerum et al., 2010; Freitas et al., 2011a). Vancomycin resistance among 
enterococci most probably spreads via a dissemination of mobile genetic elements of 
variants of the vanA-type element Tn1546 mostly located on mobilizable or conjugative 
plasmids (Sletvold et al., 2007; Novais et al., 2008; Sletvold et al., 2008; Freitas et al., 2009; 
Rosvoll et al., 2009; Sletvold et al., 2010; Laverde Gomez et al., 2011; Werner et al., 2011b; 
Freitas et al., 2011b). In vitro transfer of vanA plasmids has been determined in a number of 
studies (Werner et al., 1997; van den Braak et al., 1998; Werner et al., 2010b) and transfer in 
vivo in digestive tracts of animals and human volunteers was also shown (Moubareck et al., 
2003; Lester et al., 2006; Lester and Hammerum 2010). Transfer rates under natural 
conditions may be higher than determined in vitro (Dahl et al., 2007). 

Molecular studies revealed a tremendous number of deletions, insertions, and modifications 
of the original Tn1546-like structure in different not epidemiologically linked VRE leading 
to a wide diversity of various Tn1546 subtypes (van den Braak et al., 1998; Willems et al., 
1999; Huh et al., 2004; Werner et al., 2006; Lim et al., 2006; Yoo et al., 2006). Despite its high 
diversity, identical cluster types were identified among clinical human and animal 
commensal and environmental strains suggesting a common reservoir and exchange of its 
mobile elements via conjugative plasmids or as part of larger mobile genomic islands in 
European, Asian and Australian studies (van den Braak et al., 1998; Jensen et al., 1998; 
Willems et al., 1999; Werner et al., 2006; Jung et al., 2007). Garcia-Migura and co-workers 
identified a hot spot for integration of Tn1546-like elements and it could be speculated if this 
integration site is more prevalent among plasmids and is the reason for the preferred 
prevalence of vanA clusters on specific plasmids (Garcia-Migura et al., 2008). Results of a 
recent study about horizontal transferability of vanA plasmids among enterococci, other 
lactic acid bacteria and bifidobacteria revealed a preferred transfer into and a possible host 
restriction within the species E. faecium (Werner et al., 2010b). In contrast, vanB-type 
elements preferably integrate into the chromosome, but are mobile as part of integrative and 
conjugative elements ICE (Paulsen et al., 2003; Hegstad et al., 2010). Occasionally vanB 
resides on (transferable) plasmids (Rice et al., 1998; Zheng et al., 2009); as noticed recently 
associated with larger VanB-type VRE outbreaks (Sivertsen et al., 2011; Bjorkeng et al., 2011). 
Many surveillance studies failed to recognize a considerable reservoir of vanB among 
enterococcal colonizers in animals and humans, whereas recent real-time based studies 
targeting vanB or improved methods of detection revealed a considerable reservoir among 
intestinal colonizers, maybe also non-enterococcal bacteria (see above). In general, the 
supposed low expression of vancomycin resistance among vanB strains may have lead to an 
underestimation of its general prevalence, since in many screening studies comparably high 
vancomycin concentrations were used to select VRE (Poole et al., 2005; Hershberger et al., 
2005). Rates of clinical vanB-type VRE are increasing, at least in some European countries 
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Commission postponed the further use of four antimicrobial growth promoters with a 
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several years after the ban of several growth promoters including avoparcin revealed a 
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were isolated from 17% of the chicken samples (n= 57 strains from 342 meat samples) and 
2% of the pig samples (4 from 214 fecal samples) whereas no VRE were isolated from 110 
bovine samples. All the 61 VRE isolates were vanA-type E. faecium. A study performed in 
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resistances were determined. So it cannot be ruled out that samples contained VRE but at 
lower numbers then statistically recognizable with the described non-selective screening 
strategy. Avoparcin use was banned in Taiwan in 2000. A nationwide surveillance was 
initiated to study VRE prevalence on chicken farms from 2000 to 2003 (Lauderdale et al., 
2007). VRE were still identified, but counts dropped in a quantitative manner, only 8.8% (n= 
7/80) of the chicken farms surveyed harboured VRE in 2003 compared with 25% (15/60) in 
2000. Interestingly, majority were vancomycin-resistant E. faecalis (see below). This reflects a 
somehow different VRE epidemiology than in the rest of the world; similar to Australia 
where vanB-type E. faecium and vanA-type E. faecalis predominate (Worth et al., 2008; 
Johnson et al., 2010). In Australia, the general scenario appears to be different; a larger 
reservoir of VRE outside the clinical setting could not be identified despite an ongoing high 
use of avoparcin. For instance, prevalence rates of VRE in the general population were 
extremely low (0,2%), the two identified VRE among 1085 community specimens were vanB-
type E. faecium (Padiglione et al., 2000).  

In the US, avoparcin has never been used as a feed additive, a reservoir for VRE outside the 
clinical setting could not be identified when screening samples from various animal farms, 
meat, environmental sources and stool samples from healthy people during this time 
(Coque et al., 1996; McDonald et al., 1997; Martone 1998). However, situation changed the 
last years and vancomycin resistance was prevalent among 6 of 55 pig samples investigated 
in 2008 (Donabedian et al., 2010). 
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encoded by vanA-type resistance clusters and its reservoir is in isolates of E. faecium; thus it 
reflects the same situation as in the clinical setting in most parts of the world. Exchange of 
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vivo in digestive tracts of animals and human volunteers was also shown (Moubareck et al., 
2003; Lester et al., 2006; Lester and Hammerum 2010). Transfer rates under natural 
conditions may be higher than determined in vitro (Dahl et al., 2007). 

Molecular studies revealed a tremendous number of deletions, insertions, and modifications 
of the original Tn1546-like structure in different not epidemiologically linked VRE leading 
to a wide diversity of various Tn1546 subtypes (van den Braak et al., 1998; Willems et al., 
1999; Huh et al., 2004; Werner et al., 2006; Lim et al., 2006; Yoo et al., 2006). Despite its high 
diversity, identical cluster types were identified among clinical human and animal 
commensal and environmental strains suggesting a common reservoir and exchange of its 
mobile elements via conjugative plasmids or as part of larger mobile genomic islands in 
European, Asian and Australian studies (van den Braak et al., 1998; Jensen et al., 1998; 
Willems et al., 1999; Werner et al., 2006; Jung et al., 2007). Garcia-Migura and co-workers 
identified a hot spot for integration of Tn1546-like elements and it could be speculated if this 
integration site is more prevalent among plasmids and is the reason for the preferred 
prevalence of vanA clusters on specific plasmids (Garcia-Migura et al., 2008). Results of a 
recent study about horizontal transferability of vanA plasmids among enterococci, other 
lactic acid bacteria and bifidobacteria revealed a preferred transfer into and a possible host 
restriction within the species E. faecium (Werner et al., 2010b). In contrast, vanB-type 
elements preferably integrate into the chromosome, but are mobile as part of integrative and 
conjugative elements ICE (Paulsen et al., 2003; Hegstad et al., 2010). Occasionally vanB 
resides on (transferable) plasmids (Rice et al., 1998; Zheng et al., 2009); as noticed recently 
associated with larger VanB-type VRE outbreaks (Sivertsen et al., 2011; Bjorkeng et al., 2011). 
Many surveillance studies failed to recognize a considerable reservoir of vanB among 
enterococcal colonizers in animals and humans, whereas recent real-time based studies 
targeting vanB or improved methods of detection revealed a considerable reservoir among 
intestinal colonizers, maybe also non-enterococcal bacteria (see above). In general, the 
supposed low expression of vancomycin resistance among vanB strains may have lead to an 
underestimation of its general prevalence, since in many screening studies comparably high 
vancomycin concentrations were used to select VRE (Poole et al., 2005; Hershberger et al., 
2005). Rates of clinical vanB-type VRE are increasing, at least in some European countries 
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during last years (Johnson et al., 2010; Soderblom et al., 2010; Bourdon et al., 2011) and a link 
to a supposed reservoir outside the clinical setting, for instance, among mammal intestinal 
colonizers is discussed also in areas where vanB-type vancomycin resistance is more 
prevalent (Christiansen et al., 2004; Johnson et al., 2010). 

9. Genereal conclusion  
Vancomycin resistance in enterococci has established as an important health care problem 
worldwide. Eight genotypes of acquired vancomycin resistance in enterococci are known. 
The vanA-type resistance encoded by transposon Tn1546 and Tn1546-derived elements is 
the most prevalent resistance determinant followed by vanB-type clusters which are mainly 
part of integrative and conjugative elements (ICE) mostly residing within the chromosome. 
The main van genotype reservoir is in E. faecium. Prevalence of VRE among the clinical 
setting varies in different parts of the world. Their increased incidence is linked to 
characteristic predisposing factors in affected patients but also to the bacteria themselves. 
The latter concerns a preferred spread of hospital-associated strain types among health care 
settings. These strains differ from commensal strains by their core genomes (different MLST 
types and clonal complexes) and an additional genomic content including specific 
(resistance) plasmids. However, countries and institutions having similar pre-conditions 
may experience different developments and changes in VRE prevalence are multifactorial 
and cannot be simply addressed to or predicted from specific factors and circumstances. 
VRE and their resistance determinants are still prevalent among commercial animal 
husbandry despite the glycopeptide avoparcin and other antimicrobial substances were 
banned for growth promotion in many parts of the world. Their role to feed the 
(vancomycin) resistance gene pool of hospital-associated strain types remains to be 
elucidated in further studies.  
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1. Introduction  

Traditional microbiological methods, which involve the study of populations rather than 
individual cells, obscure heterogeneity of microorganisms. Now this phenomenon is widely 
reported and study of individual cells rather than populations seems to be highly 
reasonable. Differences between cells can be observed, especially in bacterial biofilm 
structure. In the case of wide variety of cells in the mixture, flow cytometry has proved to be 
a successful method in investigating varied populations of cells. This technique operates 
essentially by monitoring bacteria in suspension flowing, so that only one cell at a time 
passes by a sensor. The information acquired based on size and inner complexity of particles 
as well as fluorescence emission following previous staining can deliver great amount of 
information. This process also provides an immediate assessment of cells populations.  

Although more than three decades ago flow cytometry has been applied to measure bacteria 
(Paau et al. 1977, Bailey et al. 1977), its use in microbiology is still underestimated and far 
from fully utilized. One of the reasons for that is that bacteria in comparison to mammalian 
cells are so much more difficult to work with in terms of their size and cell structure. 
Nevertheless with increasingly sensitive equipment, flow cytometry is finding its utility in 
dealing with highly heterogeneous bacterial populations.  

The best known example of heterogeneity of bacteria is antibiotic resistance (Davey et al., 
2003; Falagas et al., 2008). It is defined as resistance to antibiotics expressed by a 
subpopulation of cells within strains susceptible to antibiotics according to traditional in-
vitro susceptibility testing. The heteroresistance has been observed in a range of microbes, 
including Staphylococcus aureus, coagulase-negative staphylococci, Acinetobacter 
baumannii , Mycobacterium tuberculosis, Streptococcus pneumoniae , Enterococcus faecium 
and Cryptococcus neoformans (Alvarez-Barrientos et al., 2000). Most observations on 
heteroresistance reported in the literature concern staphylococci resistant to methicillin, 
vancomycin, and/or inhibitors of teichoic acid synthesis (Finan at all., 2002). Recently, β-
lactams heteroresistance of S. pneumoniae and vancomycin heteroresistance of enterococci 
have been also reported (Hasman et al., 2006; Nottasorn et al., 2005). The mechanism of β-
lactams resistance is a change in the affinity of penicillin-binding proteins or overproduction 
of specific penicillin-binding proteins. Williamson et al. showed that at least five PBPs had 
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been found in E. faecalis. Vancomycin resistance is usually determined by one of the two 
related gene clusters, vanA and vanB, that encode a dehydrogenase (VanH or VanHB) and 
ligase (VanA or VanB). Expression of VanA- and VanB-type resistance is regulated by the 
VanRS and VanRBSB two-component regulatory systems, respectively (Arthur et al., 1992; 
Evers and Courvalin, 1996).  

As flow cytometry involves the study of single cells, it is an excellent method for studying 
heterogeneous populations. While analyzing many more cells than by conventional 
cytometry, rare cell types are more likely to be detected and the results are accessible to 
statistical analysis. The multiparametric nature of flow cytometric measurements is also an 
advantage. These include differences in cell size, DNA content or antigenic properties. 
Additionally, many supplementary modifications of flow cytometry are used. An example is 
the study of heterogenic vancomycin resistance with the use of reporter system for single-
cell analysis of van gene expression. In the study, plasmid containing gene coding a green 
fluorescent protein was constructed for fluorescence-activated cell sorter (FACS) analysis 
(Cormack et al., 1996).  

So far flow cytometry has been found useful in general microbiology with some clinical 
uses, as well as in its more specific branches such as environmental (Troussellier et al., 1999) 
or industrial microbiology (Gunasekera et al., 2000). First attempts to use flow cytometry for 
bacterial detection in body fluids are dated for the 80’s when a test was developed enabling 
E. coli detection in blood samples (Mansour et al., 1985). The approach using flow cytometry 
has been continued and was reported later to be successful in bile, pleural fluid, ascites and 
cerebrospinal fluid (Takashi et al., 2000). Lately new tools based on flow cytometry have 
been developed, providing detection of significant bacteriuria as well as enumeration of 
bacterial particles, appearing to be an effective screening method (Hiroshi et al., 2006). 

The emergence of multi-drug resistant microbial strains has emphasised the need for rapid 
detection method of antibiotic resistance and in this case as well flow cytometry appeared to 
be an extremely attractive tool.  

Population analysis, among others, is the golden standard for the identification of hetero 
resistant vancomycin intermediate Staphylococcus aureus (hVISA) due to the fact that a 
proportion of MRSA found to harbor hVISA can be up to 8.3%. Moreover, for as yet 
unknown reasons, virtually all clinical E. faecalis isolates are tolerant to β-lactams and 
glycopeptides. Minimal inhibitory concentrations (MICs) of antimicrobials remain the same 
but the minimal bactericidal concentrations (MBCs) increase in tolerance. 

Enterococcus faecalis usually plays a role in commensal flora in the human gastrointestinal 
tract. However, it can become a pathogen involved in various infections such as 
endocarditis, urinary tract infections, meningitis, sepsis and intraabdominal infections. It is 
also a leading cause of nosocomial infections, and the emergence of vancomycin- and 
multidrug-resistant E. faecalis in the clinical setting is of particular concern (Bizzini et al., 
2009). 

Here, the authors will present the analysis of heterogeneity of resistance studied by flow 
cytometry with use of fluorescent antibiotics binding bacterial cells and fluorescent probes 
targeting resistance genes. The proposal of vancomycin and methicilin heteroresistant strain 
model will be presented. With use of the model, results obtained for clinical E.faecalis and 
S.aureus strain are discussed.  
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2. Material and methods  
The study was performed on reference and clinical strains listed in Tab 1. Fourteen MRSA 
strains were isolated from patients of various wards of the University Clinical Centre in 
Gdańsk and 12 Enterococcus faecalis from patients of Kościerzyna Medical Centre. The 
staphylococcal strains were isolated in the hospital laboratory during the period March 2008 
to March 2009 and were sent to the Microbiology Department of the Medical University of 
Gdańsk for epidemiological typing. One isolate per patient was included in the study. 
Bacteria were cultured from swabs: wound (4 isolates), nose (2 isolates) and fluids: 
tracheostomy tube fluid (3 isolates), blood (1 isolate), abscess fluid (1 isolate), pus (1 isolate), 
bronchial fluid (1 isolate), urine (1 isolate). The data about clinical recognitions were not 
available. The isolates were cultured on sheep blood agar and were identified as S.aureus by 
colony morphology, a positive plasma coagulase reaction and by biochemical tests (API, 
bioMerieux, France). Resistance to methicillin was primary tested using disc diffusion 
method with cefoxitin disc (Clinical and Laboratory Standards Institute,2006) and then was 
confirmed by detection of mec A gene by the Polymerase Chain Reaction (PCR) as described 
previously (Barski et al., 1996). DNA of bacterial isolates was extracted according to the 
previous report (Barski et al., 1996). For further analyses, the isolates were subcultured on 
nutrient broth and stored with glycerol at - 70°C.  

Spa typing and BURP analyses. The polymorphic X region of the protein A gene (spa) was 
amplified from the isolates by PCR with primers and according to procedure described by 
Kobayashi (1999). Spa types were determined by using Ridom Staph Type software, 
according to Harmsen et al (2003). The spa types were clustered into spa–CCs (clonal 
complexes) using the algorithm BURP - based upon repeat pattern (Rupptisch et al., 2006). 

Phage typing was performed according to Blair and Williams (1961). Two sets of phages 
were used as follows: a basic set of 23 phages with additional phages 88,89,187 and an 
additional set of phages MR8, MR12, MR25, 30, 33, 38, M3, M5, 622, 56B supplied by the 
Central Public Health Laboratory in London for use on MRSA strains (Richardson et al., 
1999). The phages were used in concentrations at routine test dilution (RTD) and 100xRTD. 
Reactions for phages were noted as described by Blair and Williams (1961). The phage type 
was defined by all the phages with strong reaction.  

The susceptibility of the MRSA isolates to antimicrobial agents other than cefoxitin was 
determined by the disc diffusion method according to the guidelines (Clinical and Laboratory 
Standards Institute. 2006). The following drugs were used for test: erythromycin, clindamycin, 
ciprofloxacin, co–trimoxazole, tetracycline, gentamycin, vancomycin, teicoplanin, fusidic acid, 
rifampicin, linezolid, synercid, chloramphenicol. For isolates identified as resistant to 
erythromycin, but susceptible to clindamycin, D-test was performed to detect inducible 
clindamycin resistance. For vancomycin, additionally, the minimal inhibitory concentration 
(MIC) was determined by E-tests as described by the manufacturer (AB Biodisc, Sweden).  

Enterococci were identified by esculin hydrolysis on Coccosel agar (bioMerieux). Species-level 
identification was based on rapid Strep ID (bioMerieux). Susceptibility testing was performed 
by following the current guidelines of the National Committee for Clinical Laboratory 
Standards (2002). Isolates were additionally tested for resistance to nitrofurantoin, gentamycin, 
amikacin, tobramycin, kanamycin, streptomycin ,neomycin, penicilin, meropenem, ampicillin, 
piperacilin and differentiated by antibiotic resistance pattern.  
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No.  Clinical source Antibiotic resistance pattern Phage 
group 

Phage type  Spa 
type 

SA1 Urine Te C III 42E/53/75/83A 010 
SA1 Nose E Cc Cip III 54/75/83A 003 
SA3 Nose Sensitive I/V 55/94/96 018 
SA4 Tracheostomy 

tube fluid 
E Cc Cip III 47/54/75/83A 003 

SA5 Blood Cip Te C/ NT - 008 
SA6 Wound Cip Te C/ III 53/83A 2065 
SA7 Pus E Cc Cip Sxt Te Rf C/Ge  NT - 037 
SA8 Bronchial fluid E Cc Cip Te Ge NT - 008 
SA9 Tracheostomy 

tube fluid 
E Cc Cip Te Ge III 47/54/75/83A 008 

SA10 Tracheostomy 
tube fluid 

E Cc Cip C III 47/54/75/83A 151 

SA11 Wound E Cc Cip II 55/71 003 
SA1 Abscess E Cc Cip III 75/83A 003 
SA2 Wound E Cc Cip III 83A 003 
SA12 Wound E Cc Cip NT - 002 
SA ATCC 25923  - -  
SA ATCC 29213  - -  
E.F  wound Te,FM, Rf, E,CC,An,NN,K,S - -  
E.F  Bronchial fluid Te,Rf,E,CC,NN,K,N,Me,Am - -  
E.F  urine FM,C,E,CC,Ge,An,NN,K,S,N - -  
E.F  urine CC,An,NN,K,S,N, - -  
E.F  wound FM,Cip,Ra,C,CC,An,NN,K,S,N - -  
E.F  wound Te,FM,CC,Ge,NN,K,S,N - -  
E.F  faeces Te,FM,C,CC,An,NN,K,S - -  
E.F  wound Te,Rf,C,CC,An,NN,K,N,P, - -  
E.F  faeces Te,Cip,Ra,C,CC,NN,K, - -  
E.F  faeces Te,Ra,CC,NN, - -  
E.F  faeces Cip,Ra,C,CC,An,NN,K,S,N - -  
E.F  faeces FM,Cip,Rf,C,CC,An,NN,K,N,P,

Mem,Am,PIP 
- -  

E.F  ATTC 51299 Van-R - -  
E.F  ATTC 29212 Van-S - -  
S.A Staphylococcus aureus, E.F. Enterococcus faecalis, ICU- intensive care unit; DVA - dermatology, 
venerology, alergology department; E - erytromycin; Cc – clindamycin (/ -inducible resistance to 
macrolides); Cip -ciprofloxacin; Te - tetracycline; C - chloramphenicol; Rf – rifampicin; Sxt trimetoprim/ 
sulfamethoxazole; Ge – gentamicin NT - non- typable; ° - inhibition reaction with phages; Cc – clonal 
complex; MIC – minimal inhibitory concentration; Va –vancomycin; FM- Nitrofurantoin, , Ge-
gentamycin, AN- Amikacin, NN –Tobramycin, K- Kanamycin, S-streptomycin , N- Neomycin, P-
penicilin, MeM- Meropenem, AM- Ampicilin, PIP piperacilin  

Table 1. List of strains used in the study.  
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For flow cytometry analysis, the isolates were grown overnight on Tryptic Soy Broth (TSB) 
at 370C and standardized to OD 1 (600 nm). The cells were then centrifuged 5 min at 2500 
rpm, washed and suspended in 200 μl PBS buffer. The binding assay was carried out by 
adding solution of Bocillin @fl or vancomycin @fl respecitivelly to the cell suspension of 
each strain. The reaction mixtures were incubated for 30 min at 370C and centrifuged. The 
pellets were collected and washed three times in 1 ml of PBS. Fluorescence of particles was 
determined by a FACS Scan flow cytometer (Becton Dickinson, San Jose, CA, USA). 

2.1 Optymalisation of bocillin@fl and vancomycin@fl binding  

In the previous study the relation between fluorescence and amount of used bocillin@fl was 
described by equation below; 

 y = 4.469ln(x) + 3.427,  R² = 0.944 (1) 

Following these results (Jarzembowski et al., 2008) and similar results obtained during study 
of vancomycin @fl binding (Jarzembowski et al., 2009) we stained cells by addition of 
1μg/ml vancomycin@fl. Because of inductive mechanism of vancomycin resistance , before 
staining strain was cultured in presence of 2ug/ml vancomycin (Sigma). The reaction 
mixtures were incubated for 45 min at 370C and again centrifuged. The pellets were 
collected and washed three times in 1 ml of PBS. Fluorescence of particles was determined 
with the use of FACS Scan flow cytometer (Becton Dickinson, San Jose, CA, USA). Results of 
induction of reference resistant strain are shown on Fig 1.  

 
Fig. 1. Fluorescence (FL1) inducted (red) and uninducted (black) vancomycin resistant 
reference strain after staining with vancomycin@fl 

To ensure cell nature of analysed particles we have excluded from procedure particles sized 
below 1µm based on value for size standard (Polysciences. Inc) and particles with low PI 
(propidium iodide) binding (Fig2).  

2.2 Modeling of vancomycin heteroresistant strain  

Mixture of the reference strains in proportion staring from 1.25 up to 50 % of resistant cells 
were composed to create model of heteroresistant strain. Cells binding and not binding 
vancomycin @fl were differentiated by markers consisting of 99.69 % of susceptible (M1) 
and 94% of resistant (M2) cells (Fig 3) 
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To ensure cell nature of analysed particles we have excluded from procedure particles sized 
below 1µm based on value for size standard (Polysciences. Inc) and particles with low PI 
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2.2 Modeling of vancomycin heteroresistant strain  

Mixture of the reference strains in proportion staring from 1.25 up to 50 % of resistant cells 
were composed to create model of heteroresistant strain. Cells binding and not binding 
vancomycin @fl were differentiated by markers consisting of 99.69 % of susceptible (M1) 
and 94% of resistant (M2) cells (Fig 3) 
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Fig. 2. Green (x axis) vancomycin@fl fluorescence and red (y axis ) PI fluorescence reference 
susceptible strain. Only upper regions were included into further analysis.  

 
Fig. 3. Fluorescence (FL1) of mixed culture consisting of 25% resistant cells 

2.3 Design and testing of DNA probes  

Oligonucleotide probes were designed with the software package (Biosoft: Beacon Designer) 
and rRNA sequences were obtained from the Ribosomal Database Project (RDP) 
supplemented with newly deposited rRNA sequences from GenBank. As a positive control, 
Enfl84 probe (3′-ACGTGAGTTAACCTTTCTCC, Waar et al. 2005) targeting 16sRNA gene 
was used. Fluorescein-labelled oligonucleotides against selected specific target sequences 
(van genes) of E. faecalis were synthesized commercially (Metabion) and tested for specificity 
against the set of reference organisms. For hybridization, procedure described by Waar et al 
(2005) was adopted. Briefly, cell membrane was permeabilizated by incubation for 30 min at 
37 °C in permeabilization buffer consisting of 1 mg lysozyme ml−1 (DNA Gdańsk). The cells 
were then centrifuged 5 min at 2500 rpm, washed and suspended in 200μl PBS buffer. 
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Subsequently, 200μl hybridization buffer containing FITC- labelled probe (1ng ) was added. 
The probes were hybridizated at 500C for 45 min. 

3. Results and discussion  
Heteroresistance, defined as a presence of subpopulations of resistant cells within susceptible 
majority was observed against β-lactams and glycopeptides. However, mechanism of actions 
of these groups of antibiotics is different.  

The emergence of community acquired methicillin resistant Staphylococcus aureus (cMRSA) 
has renewed interest in the mechanisms of methicillin resistance (Okuma et al., 2002; Nunes 
et al., 2007). In contrast to vancomycin resistance, resistance to β-lactams (methicillin 
resistance) is constitutively mediated by a affinity change in penicillin-binding proteins 
(enzymes involved in cell wall synthesis). Because many genes are involved in cell wall 
biosynthesis, explanation of the nature of heterogeneous expression of methicillin resistance 
is very difficult (Markova et al., 2008). Since 2001, an increase in the number of MRSA 
strains with heteroresistance to oxacillin has been observed in the Netherlands. These strains 
can spread unnoticed, as their phenotypic heterogeneous resistance to beta-lactams affects 
the results of susceptibility testing (Wannet 2002). Coexistence of two subpopulations 
(susceptible and resistant) within a clinical isolate and expression of resistance only in a 
small number of cells leads to diagnostic problems in clinical laboratories (Markova et al., 
2008). In methicillin-resistant Staphylococcus strain degree of heterogeneity is quite low: 
only 1 CFU of 104–107 CFU are phenotypically resistant (De Lencastre et al., 1993).  

Invention of Bocillin@fl, commercially avaible fluorescent penicillin, significantly increased 
possibility of studying heteroresistance (Jarzembowski et al., 2010). Results of flow cytometry 
were found to be correlated with reference heteroresistant strain properties. Furthermore, use 
of fluorescent antibiotics in flow cytometry proved linear nature of heteroresistance (Fig.4.).  

 
Fig. 4. Variance of bocillin @fl binding by medical isolates of S.aureus in relation to reference 
value  
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However, even in susceptible cell culture we always detect at least 1.47% antibiotic unbinding 
particles so it seems that the number of resistant cells in this method is overestimated. 

Results of Markova et al study (2008) showed that also changes of cell structure can be 
involved in mechanism of heteroresistance. Both heteroresistant and methicillin susceptible 
strains (MSSA) may transform into cell wall-deficient form after exposure to sub tolerant 
conditions. The finding that methicillin sensitive strain and heteroresistant strain give rise to 
L-form colonial growth both on oxacillin-free and oxacillin-containing media appeared to be 
remarkable. It is known that the heterogeneous resistance phenotype of mecA-positive 
MRSA strains progresses to homogeneous resistance upon incubation with methicillin 
(Sakoulas et al., 2001). Study results of resistance demonstrate that differences reduction of 
antibiotic binding after preincubation can be proved with the use of flow cytometry (Fig.5). 

 
Fig. 5. Influence of incubation of heteroresistant strain with methicillin on Bocillin@fl binding  

In contrast to MSSA and heteroresistant strains, homogenic MRSA strains did not convert to 
the cell wall-deficient forms (Markova et al., 2008).  

Vancomycin resistance is an example of inductive reaction on presence of antibiotic. In 
presence of vancomycin high amount of cell wall precursor with low affinity to vancomycin 
(d-ala-d alla) is synthesized while native precursors are removed (Hasman et al., 2006). 
Because we aimed to detect resistant cells between susceptible majorities, the induction 
condition should be set to prevent inhibition of growth of susceptible strain. Thus, we set up 
inductive concentration below breakpoint value, at 0.016μg 0.8 μg, 2μg and 4μg/ml. The 
results showed optimal induction with final vancomycin concentration of 2μg/ml (data not 
shown). While there are no reference strains of different degree of vancomycin 
heteroresistance, model obtained by combination of resistant and susceptible strain was 
prepared. Vancomycin@fl binding by cells in this model is presented on fig 6. The high 
correlation between percentage of fluorescent particles and percentage of resistant cells can 
be seen. (Fig. 6) 
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Fig. 6. Correlation between fluorescence (empty circles ), FL1 positive particle (full circles) 
and percentage of resistant cells  

The obtained model of vancomycin heteroresistance was then used for analysis of clinical 
strains. The percentage of stained particles ranged from 6.07% in resistant up to 99.66% in 
susceptible reference strains. Percentage in resistant unindicted strains was similar to the 
susceptible one (94.62 %). Reference strains showed also differences in fluorescence but they 
were not so significant (Tab. 3.) Similar, constant divergence was observed in the study of 
methicillin heteroresistance (Jarzembowski et al., 2010). Despite satisfactory differentiation 
of heteroresistance, the results showed some limitations of the method. Even in resistant 
strains some particles bind vancomycin@fl according to the chosen criteria. Among clinical 
strains, the percentage of unstained particles varies from 46.32 to 98.53 while median 
fluorescence varied from 547 to 1980.96. (Tab 2.). Generally, fluorescence of staphylococci 
was higher than fluorescence of enterococci  
 

 percentage of FL1
 positive particles 

Median 
fluorescence 

Mean fluorescence 
 per particle 

max in staphylococci 97.77 1980.96 37.01 
max in enterococci 98.53 1684.85 27.26 
Min in staphylococci 46.32 572.55 10.87 
Min in enterococci  90.47 547.37 9.01 
resistant reference strain 6.07 239.28 4.6 
Susceptible reference strain  99.69 10009.04 21.2 
Resistant uninducted strains 94.62 403.15 11.5 

Table 2. Comparison of estimator values in groups of strains 
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Fig. 6. Correlation between fluorescence (empty circles ), FL1 positive particle (full circles) 
and percentage of resistant cells  
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strains some particles bind vancomycin@fl according to the chosen criteria. Among clinical 
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In contrast to results of MIC based screening of vancomycin resistance, the results obtained 
in flow cytometry suggest heteroresistance of some strains (Fig. 7). It is obvious if we 
consider that presence of heteroresistant strains in US and Europe is quite high. Nunes et al. 
(2007) found a prevalence of 8.5 % (9/106) of glycopeptides-heteroresistant staphylococci 
isolated from bacteremia while others 7.4% (Frebourg et al., 1998).  

None of the tested strains had a MIC value below 4μg/ml, so all of them should be 
considered as vancomycin susceptible. On the other hand, determination of MICs have 
shown good accuracy only to detect vancomycin intermediate Staphylococcus aureus 
(VISA) and fail in the detection of glycopeptides heteroresistant strains (Nunes et al., 2007). 
Heterogeneous phenotypes of clinical strains of S. aureus and CNS present MIC value below 
4μg/ml (Nunes et al., 2007). That is why heteroresistance of the strains could be missed out 
in routine diagnostic. 

The heteroresistance has been considered responsible for failure in the treatment. 
Unfortunately, there is no widely accepted method to detect heteroresistant strains. The lack 
of a standardized method makes it difficult to determine the clinical significance in the 
treatment of an infection with vancomycin. In the presence of vancomycin not only van 
genes change expression. There is some evidence that vancomycin influences biofilm 
formation, at least in S. epidermidis culture. Changes of cell surface structure and size seen 
in flow cytometry as SSC and FSC values were explained by the studied effect of the 
glycopeptide antibiotic on cell envelope properties and biofilm formation. SEM examination 
of cells grown in the presence of vancomycin revealed the presence of polymorphic form. 
Such changes in cell morphology could be the reason of extremely high fluorescence of some 
strains after staining with vancomycin@fl.  
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Fig. 7. Variance of vancomycin@fl binding by medical isolates of S.aureus and E. faecalis in 
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Both in study of vancomycin heteroresistance and study of methicillin resistance, median 
fluorescence per particle seems to be a very effective estimator (Fig. 1, 7). It is interesting to 
compare FCM results of “native ‘methicillin heteroresistance (Fig. 4) and “artificial’ model of 
vancomycin heteroresistance. Despite different resistance mechanism, changes of estimators 
are very similar. Both fluorescence and percentage of fluorescent particle decrease with 
amount of resistant cells (Fig. 7).  

Detailed information about mechanism of heteroresistance can be explained by the study of 
resistance gene expression. At the first stage of our ongoing study we adopt protocol 
described by Warr (2005) to detect 16sRNA gene. In fact, Fig. 8 demonstrates successful 
detection of E. faecalis cells in flow cytometry. Furthermore, the protocol used determines 
the amount of cells in mixed culture.  

 
Fig. 8. Correlation between percentages of detectable particles in FLOW-FISH and 
proportion of E. faecalis cells in mixed culture stained by fluorescent 16sRNA probe 

Detection of 16s RNA gene, which appeared to be successful in single cells, ranged between 
104 and 105 ribosomes and, consequently, as many copies of 5S and 16Sand 23S-like rRNAs 
(Amman et al., 1990) making it was quite easy to get satisfactory signal. Despite the proven 
usefulness, serious limitations of FLOW- FISH technique in its sensitivity and resolution 
constitute an obstacle. It is believed that probes containing nucleic acid analogs with higher 
affinity for DNA and RNA may have the potential to reduce these problems (Kelly et al., 
2009). An example of such probe is peptide nucleic acid (PNA), which binds to DNA and 
RNA with high affinity. 

For our study, we decided to use another class of nucleic acid analogs in which the ribose 
sugar is constrained by a methylene bridge between 20-oxygen and 40-carbon, resulting in 
an N-type (3-endo) conformation , so called locked nucleic acids (LNAs) (Kelly et al., 2009).  

LNA is able to hybridize with DNA and RNA according to Watson–Crick base-pairing rules 
and does so with unprecedented high affinity. As a result, LNAs have been shown to 
significantly improve the sensitivity and specificity.  
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This technique is expected to be particularly useful for the detection of lower mRNA 
transcript levels. In fact, preliminary results (Fig. 9) are promising. On the other hand, 
further studies are needed for validation of chosen approach.  

 
Fig. 9. Results of regulatory vancomycin gene detection with LNA probe (x axe- binding of 
probe, Y axe PI staining) 

3. Conclusion 
According to obtained results, fluorescent antibiotics are excellent tools both, for detection 
of resistance and studies of heteroresistance in flow cytometry. Model of vancomycin 
heteroresistance was successfully prepared and used in studies of clinical strains. Because it 
is believed that heteroresistance mechanism involves changes of cell structure, it is 
especially profitable in terms of antibiotic binding and changes in cell structure can be 
observed. However, overestimation of resistant cells in culture remain unsolved. 

Preliminary results of FLOW-FISH are also promising. It seems, that use of LNA probes 
allows to express detection in single cells in culture. On the other hand, it is obvious that 
further studies are needed to evaluate the specifity ad sensitivity of this approach.  
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1. Introduction 
In 2007 the Centers for Disease Control and Prevention placed Neisseria gonorrhoeae on the 
infamous “Super Bugs” list to highlight the high prevalence of strains resistant to relatively 
inexpensive antibiotics, such as penicillin, tetracycline and fluoroquinolones, previously 
used in therapy to treat gonorrhea (Shafer et al., 2010). This event was significant because 
the gonococcus, a strict human pathogen, causes > 95 million infections worldwide each 
year and since the mid-1940s mankind has relied on effective antibiotic therapy to treat 
infections and stop local spread of disease. Today, such therapy is threatened by antibiotic 
resistance. Specifically, the third generation cephalosporins, especially ceftriaxone, may be 
losing their effectiveness since some (albeit still rare) isolates in the Far East, most recently 
Japan, and Europe have displayed clinical resistance to currently used levels of ceftriaxone, 
and treatment failures have been reported (Ohnishi et al., 2011; Unemo et al., 2010). Concern 
has been raised that the spectrum of resistance expressed by some gonococcal strains may 
make standard antibiotic treatment for gonorrhea ineffective in the not too distant future 
(Dionne-Odom et al., 2011). Without new, effective antibiotics or novel combination 
therapies of existing antibiotics, the reproductive health of the world’s sexually active 
population may be placed at risk due to such antibiotic resistant gonococci. 

An important question regarding antibiotic resistance is whether a particular resistance 
mechanism has a fitness cost for the bacterium (Andersson & Levin, 1999; Andersson & 
Hughes, 2010), especially in the community where it competes with its antibiotic sensitive 
brethren. A fitness cost is typically experimentally measured as a deleterious change in 
bacterial growth rate in laboratory media or survival in experimental infection in the 
absence of antibiotic pressure. Fitness costs (or benefits) are best viewed during co-
cultivation of isogenic strains that differ only in the resistance mechanism under study. For 
certain antibiotic resistance mechanisms, a significant fitness cost can be incurred. This 
general observation led to the idea that removal of the selective pressure imposed by the 
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antibiotic in question would favor sensitive strains to predominate in the community and 
allow for the return of the antibiotic in question to treat the infection in question. By and 
large, this has proven not be the case (Andersson and Hughes, 2010). There are many 
reasons for this, including the unintentional selective pressure exerted by the widespread 
availability and use of antibiotics to treat bacterial infections in general, over-the-counter 
antimicrobials that confer selective pressure and provide cross-resistance (or decreased 
susceptibility) to the antibiotic in question, and host-derived antimicrobials that select for 
the particular resistance determinant. In addition to antimicrobial pressures, it has been 
repeatedly documented that compensatory, second site mutations can develop that reverse 
fitness costs while maintaining resistance (Schrag et al., 1997; Marcusson et al., 2009; 
Andersson and Hughes, 2010). 

More recently, a new view has been taken regarding antibiotic resistance and fitness: some 
resistance systems actually provide the resistant strain with a fitness advantage over wild-
type strains or can reverse a fitness burden imposed by a separate mutation that also 
participates in resistance to a particular antibiotic. Evidence for enhanced fitness of bacterial 
pathogens, in laboratory media or in experimental infection models, due to mutations or 
gene acquisition events that increase resistance to antibiotics has been provided for 
Campylobacter jejuni (Luo et al., 2005) and Neisseria gonorrhoeae (Warner et al., 2007, 2008). 
The idea that an antibiotic resistance mechanism could have negligible and even beneficial 
effects on fitness could help to explain, in part, why resistant strains persist in the 
community long after the antibiotic has been removed from the treatment regimen. For 
instance, gonococci expressing resistance to penicillin, tetracycline and/or fluoroquinolones 
have persisted in the community despite the removal of these antibiotics from the 
recommended gonorrhea treatment regimen for several years. Against this background, we 
herein review data and provide models as to how two mechanisms of antibiotic resistance 
expressed by N. gonorrhoeae can enhance fitness in vivo. The in vivo system employed in 
these studies is a female mouse model of lower genital tract infection that recapitulates 
many features of infection in human females, most notably the development of 
inflammation that occurs during cervicitis (Jerse, 1999; Packiam et al., 2010; Song et al., 
2008). The two resistance mechanisms discussed below are multi-drug efflux by the MtrC-
MtrD-MtrE pump (Hagman et al., 1995; Jerse et al., 2003) and quinolone resistance that 
develops due to point mutations in gyrA and parC. We discuss concepts regarding the 
evolution of antibiotic resistance expressed by gonococci in the context of how these 
resistance mechanisms may have endowed this strict human pathogen with a fitness 
advantage during infection. 

2. Antimicrobial efflux and gonococcal fitness 
The MtrC-MtrD-MtrE efflux pump of N. gonorrhoeae is a resistance-nodulation-division 
(RND) efflux pump family member that recognizes a diverse array of hydrophobic 
antimicrobial agents and exports these toxic compounds out of the gonococcal cell (Hagman 
et al., 1995). The mtrCDE operon is composed of three structural genes that encode the core 
proteins of the efflux pump: mtrC, which encodes a periplasmic membrane fusion protein; 
mtrD, encoding an energy-dependent inner membrane transporter; and mtrE, which 
encodes a TolC-like outer membrane channel protein (Delahay et al., 1997; Hagman et al., 
1995; Hagman et al., 1997). In addition to these core efflux proteins, an accessory protein 
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termed MtrF is required for high-level resistance to substrates of the pump and its gene 
(mtrF) is also located within the mtr locus (Figure 1) (Veal & Shafer, 2003). 

 
Fig. 1. Organization of the mtr locus of N. gonorrhoeae. Bent arrows mark the mtrR, mtrF, 
and mtrCDE promoters. mtrR and mtrCDE are divergently transcribed on opposite strands. 
Circles represent the transcriptional regulatory proteins MtrR and MtrA. The box represents 
the location of the expanded sequence. The mtrR and mtrCDE promoter elements are 
indicated in the expanded sequence; the dashed box marks the inverted repeat element of 
the mtrR promoter. 

Transcription of the mtrCDE operon is negatively regulated by the TetR family 
transcriptional regulator, MtrR, which represses mtrCDE expression by the binding of two 
homodimers to pseudo-direct repeats within the mtrCDE promoter (Hoffman et al., 2005; 
Lucas et al., 1997). The mtrR gene is located 250 base pairs upstream of and is transcribed 
divergently from mtrCDE (Pan & Spratt, 1994). Additionally, transcription of mtrCDE may 
be induced in the presence of sub-lethal concentrations of nonionic, membrane-acting 
detergents through the action of an AraC/XylS family transcriptional activator, MtrA 
(Rouquette et al., 1999). Expression of mtrF is negatively regulated by both MtrR and the 
AraC family regulator MpeR (Folster and Shafer, 2005), as well as the availability of free iron 
(Mercante et al., 2012). 

The MtrC-MtrD-MtrE efflux pump mediates resistance to structurally diverse hydrophobic 
antimicrobial agents, including ß-lactam antibiotics such as penicillin, macrolide antibiotics 
including erythromycin and azithromycin, dyes such as crystal violet, and detergents such 
as Triton X-100 and nonoxynol-9 (Hagman et al., 1995; Rouquette et al., 1999). Additionally, 
MtrC-MtrD-MtrE confers resistance to host antimicrobial compounds, including fatty acids, 
bile salts, progesterone, and the antimicrobial peptide LL-37 (Jerse et al., 2003; Morse et al., 
1982; Shafer et al., 1995; Shafer et al., 1998). MtrC-MtrD-MtrE efflux pump-deficient mutants 
are highly attenuated in a female BALB/c mouse model of lower genital tract infection, even 
in the absence of pump substrate antibiotic treatment (Jerse et al., 2003). This attenuation is 
likely due to an increased susceptibility to host antimicrobial compounds, highlighting the 
importance of the mtr system in establishing gonococcal infection. 

The production of efflux pumps is an energy-expensive process, and it might be 
hypothesized that high levels of MtrC-MtrD-MtrE production could stress the gonococcus, 
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antibiotic in question would favor sensitive strains to predominate in the community and 
allow for the return of the antibiotic in question to treat the infection in question. By and 
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susceptibility) to the antibiotic in question, and host-derived antimicrobials that select for 
the particular resistance determinant. In addition to antimicrobial pressures, it has been 
repeatedly documented that compensatory, second site mutations can develop that reverse 
fitness costs while maintaining resistance (Schrag et al., 1997; Marcusson et al., 2009; 
Andersson and Hughes, 2010). 

More recently, a new view has been taken regarding antibiotic resistance and fitness: some 
resistance systems actually provide the resistant strain with a fitness advantage over wild-
type strains or can reverse a fitness burden imposed by a separate mutation that also 
participates in resistance to a particular antibiotic. Evidence for enhanced fitness of bacterial 
pathogens, in laboratory media or in experimental infection models, due to mutations or 
gene acquisition events that increase resistance to antibiotics has been provided for 
Campylobacter jejuni (Luo et al., 2005) and Neisseria gonorrhoeae (Warner et al., 2007, 2008). 
The idea that an antibiotic resistance mechanism could have negligible and even beneficial 
effects on fitness could help to explain, in part, why resistant strains persist in the 
community long after the antibiotic has been removed from the treatment regimen. For 
instance, gonococci expressing resistance to penicillin, tetracycline and/or fluoroquinolones 
have persisted in the community despite the removal of these antibiotics from the 
recommended gonorrhea treatment regimen for several years. Against this background, we 
herein review data and provide models as to how two mechanisms of antibiotic resistance 
expressed by N. gonorrhoeae can enhance fitness in vivo. The in vivo system employed in 
these studies is a female mouse model of lower genital tract infection that recapitulates 
many features of infection in human females, most notably the development of 
inflammation that occurs during cervicitis (Jerse, 1999; Packiam et al., 2010; Song et al., 
2008). The two resistance mechanisms discussed below are multi-drug efflux by the MtrC-
MtrD-MtrE pump (Hagman et al., 1995; Jerse et al., 2003) and quinolone resistance that 
develops due to point mutations in gyrA and parC. We discuss concepts regarding the 
evolution of antibiotic resistance expressed by gonococci in the context of how these 
resistance mechanisms may have endowed this strict human pathogen with a fitness 
advantage during infection. 

2. Antimicrobial efflux and gonococcal fitness 
The MtrC-MtrD-MtrE efflux pump of N. gonorrhoeae is a resistance-nodulation-division 
(RND) efflux pump family member that recognizes a diverse array of hydrophobic 
antimicrobial agents and exports these toxic compounds out of the gonococcal cell (Hagman 
et al., 1995). The mtrCDE operon is composed of three structural genes that encode the core 
proteins of the efflux pump: mtrC, which encodes a periplasmic membrane fusion protein; 
mtrD, encoding an energy-dependent inner membrane transporter; and mtrE, which 
encodes a TolC-like outer membrane channel protein (Delahay et al., 1997; Hagman et al., 
1995; Hagman et al., 1997). In addition to these core efflux proteins, an accessory protein 

Clinically Relevant Antibiotic Resistance Mechanisms 
Can Enhance the In Vivo Fitness of Neisseria gonorrhoeae 

 

373 

termed MtrF is required for high-level resistance to substrates of the pump and its gene 
(mtrF) is also located within the mtr locus (Figure 1) (Veal & Shafer, 2003). 

 
Fig. 1. Organization of the mtr locus of N. gonorrhoeae. Bent arrows mark the mtrR, mtrF, 
and mtrCDE promoters. mtrR and mtrCDE are divergently transcribed on opposite strands. 
Circles represent the transcriptional regulatory proteins MtrR and MtrA. The box represents 
the location of the expanded sequence. The mtrR and mtrCDE promoter elements are 
indicated in the expanded sequence; the dashed box marks the inverted repeat element of 
the mtrR promoter. 

Transcription of the mtrCDE operon is negatively regulated by the TetR family 
transcriptional regulator, MtrR, which represses mtrCDE expression by the binding of two 
homodimers to pseudo-direct repeats within the mtrCDE promoter (Hoffman et al., 2005; 
Lucas et al., 1997). The mtrR gene is located 250 base pairs upstream of and is transcribed 
divergently from mtrCDE (Pan & Spratt, 1994). Additionally, transcription of mtrCDE may 
be induced in the presence of sub-lethal concentrations of nonionic, membrane-acting 
detergents through the action of an AraC/XylS family transcriptional activator, MtrA 
(Rouquette et al., 1999). Expression of mtrF is negatively regulated by both MtrR and the 
AraC family regulator MpeR (Folster and Shafer, 2005), as well as the availability of free iron 
(Mercante et al., 2012). 

The MtrC-MtrD-MtrE efflux pump mediates resistance to structurally diverse hydrophobic 
antimicrobial agents, including ß-lactam antibiotics such as penicillin, macrolide antibiotics 
including erythromycin and azithromycin, dyes such as crystal violet, and detergents such 
as Triton X-100 and nonoxynol-9 (Hagman et al., 1995; Rouquette et al., 1999). Additionally, 
MtrC-MtrD-MtrE confers resistance to host antimicrobial compounds, including fatty acids, 
bile salts, progesterone, and the antimicrobial peptide LL-37 (Jerse et al., 2003; Morse et al., 
1982; Shafer et al., 1995; Shafer et al., 1998). MtrC-MtrD-MtrE efflux pump-deficient mutants 
are highly attenuated in a female BALB/c mouse model of lower genital tract infection, even 
in the absence of pump substrate antibiotic treatment (Jerse et al., 2003). This attenuation is 
likely due to an increased susceptibility to host antimicrobial compounds, highlighting the 
importance of the mtr system in establishing gonococcal infection. 

The production of efflux pumps is an energy-expensive process, and it might be 
hypothesized that high levels of MtrC-MtrD-MtrE production could stress the gonococcus, 
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resulting in slower or defective growth, thereby conferring a fitness cost on strains with 
increased mtrCDE expression. In this respect, Eisenstein and Sparling noted that a mutant 
strain displaying the Mtr phenotype, now known to be due to a single base pair deletion in 
the inverted repeat in the mtrR promoter (Figure 1) that results in high-level antibiotic 
resistance through increased transcription of mtrCDE (Hagman & Shafer, 1995), had a 
slower growth rate in vitro (Eisenstein & Sparling, 1978). However, this same mutation 
confers a fitness advantage during competitive infection against wild-type strain FA19 in the 
female mouse model of infection in the absence of antibiotics (Warner et al., 2008) and is 
frequently found in clinical isolates (Shafer et al., 1995; Zarantonelli et al., 1999), particularly 
from men who have sex with men (Shafer et al., 1995; Xia et al., 2000). Additional mutations 
in the mtrR coding region and the mtrR promoter have been identified in clinical isolates 
that increase resistance to MtrC-MtrD-MtrE pump substrates as well as confer a survival 
advantage in the female mouse infection model (Table 1) (summarized in Warner et al., 
2008). Mutations in the mtrR coding region, particularly those resulting in radical amino 
acid changes in the MtrR helix-turn-helix DNA binding domain, lead to low or intermediate 
levels of antimicrobial resistance that corresponds to a low to intermediate survival 
advantage during competitive infection in female mice (Warner et al., 2008). The single 
nucleotide deletion in the inverted repeat of the mtrR promoter and a recently identified 
mutation 120 base pairs upstream of the mtrC start codon (mtr120) confer high-level 
resistance to pump substrates as well as a greater fitness advantage in vivo (Warner et al., 
2008). These changes in fitness require an active efflux pump, as the effects were reversed in 
the regulatory mutant strains when the efflux pump system was genetically inactivated. 
Thus, it appears that the level of antibiotic resistance due to increased mtrCDE expression 
corresponds positively to the strength of the fitness advantage observed in vivo. 
 

Genotype CI at day 3 
Single bp deletion in mtrR promoter 1000 
mtr120 point mutation 1000 
A39T change in DNA binding domain of MtrR 100 
mtrA::KmR 0.005 
mtrA::KmR mtrR1-53 100 
mtrA::KmR mtrRE202G 10 
mpeR::KmR 1 

Table 1. Fitness of mtr regulatory mutants in mice compared to wild-type. CI: competitive 
index. Ratio of mutant to wild-type CFU (vaginal isolates) divided by mutant to wild-type 
CFU (inoculum). 

Induction of mtrCDE expression by the activator MtrA is also important for gonococcal 
survival in vivo. Strains carrying a disrupted mtrA gene display a significant fitness 
disadvantage during competitive infection with wild-type strain FA19 in the female mouse 
model of infection (Warner et al., 2007). MtrA induction of mtrCDE expression occurs in the 
presence of nonionic detergents such as Triton X-100 (Rouquette et al., 1999). The presence 
of host antimicrobial factors that are pump substrates, such as fatty acids or CRAMP-38, the 
mouse homologue of the human cathelicidin LL-37, may have a similar effect. The decreased 
fitness of the mtrA mutants in vivo would therefore be attributed to failure of the gonococcus 
to respond to host defense factors due to inability to upregulate expression of the pump. 
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Interestingly, in a study by Warner et al., 2007, some mtrA-deficient strains developed 
mutations in the mtrR gene (mtrR1-53 and mtrRE202G) after inoculation into mice in the absence 
of antibiotics; these strains were recovered in high numbers and displayed increased 
antibiotic resistance as well as a fitness advantage during subsequent competitive infection 
against wild-type FA19 (Table 1). The development of compensatory mutations to overcome 
the cost of mtrA disruption highlights the importance of the MtrC-MtrD-MtrE efflux pump 
to gonococcal fitness in vivo. 

The importance of the MtrC-MtrD-MtrE efflux pump in vivo, even in the absence of 
antibiotic treatment, suggests that this pump originally evolved as a mechanism to aid the 
gonococcus in escaping host defense mechanisms, rather than in response to the 
introduction of antibiotics to treat gonococcal infection. Increasing antibiotic use and the 
availability of the over-the-counter spermicide nonoxynol-9 may then have selected for 
pump mutants, such as those containing mtrR mutations frequently isolated from patients 
with gonococcal infection. These strains are not only able to resist antibiotic treatment, but 
also better able to resist host antimicrobial compounds, giving them a survival advantage in 
vivo and in the community (Xia et al., 2000). Thus, increased production of the MtrC-MtrD-
MtrE efflux pump represents a mechanism of antibiotic resistance that imparts a fitness 
advantage upon the gonococcus, rather than a fitness cost. It is important to note that 
homologues of both the pump and its regulatory proteins exist in other Gram-negative 
bacteria. For example, the AcrA-AcrB-TolC efflux system of Salmonella enterica enhances the 
capacity of this pathogen to cause experimental infection in chickens (Webber et al., 2009). 
Lessons learned with the gonococcus regarding drug efflux and fitness may therefore have 
broader implications for how bacterial pathogens escape both classical antibiotics and host 
defense compounds. 

3. Quinolone resistance and gonococcal fitness 
The limited use of quinolones in the treatment of bacterial infections began after the 1962 
discovery of nalidixic acid as a product of chloroquine synthesis. Subsequent development 
of fluoroquinolone derivatives amassed broad-spectrum appeal due to their effective 
targeting of many Gram-positive and Gram-negative pathogens (Emmerson, 2003). 
Continued development of this class of antibiotics was fueled by the concurrent progression 
of bacterial resistance to penicillin and tetracycline, including N. gonorrhoeae (Covino et al., 
1990). By 1993, fluoroquinolones were recommended by the CDC as the first-line treatment 
option for uncomplicated gonococcal infections; however, within 10 years, over 80% of 
gonococcal isolates in the western Pacific region were ciprofloxacin resistant (CipR) (Tapsall, 
2005; Trees et al., 2001). The eventual spread of quinolone resistant N. gonorrhoeae (QRNG) in 
the United States led to the removal of fluoroquinolones from the list of recommended first-
line antibiotics for treatment of gonorrhea and related conditions by the CDC in 2007 (CDC, 
2007).  

Quinolones induce bacterial cell death by inhibiting the activity of the bacterial type IIA 
DNA topoisomerases DNA gyrase and topoisomerase IV (Emmerson, 2003; Hooper 1999). 
These enzymes are responsible for managing the topological state of genomic DNA and are 
necessary for resolving regions of topological stress that occur during critical cell processes 
such as DNA replication and the regulation of gene expression. DNA gyrase and 
topoisomerase IV are heterotetramers that bind to DNA and generate a double-stranded 
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resulting in slower or defective growth, thereby conferring a fitness cost on strains with 
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frequently found in clinical isolates (Shafer et al., 1995; Zarantonelli et al., 1999), particularly 
from men who have sex with men (Shafer et al., 1995; Xia et al., 2000). Additional mutations 
in the mtrR coding region and the mtrR promoter have been identified in clinical isolates 
that increase resistance to MtrC-MtrD-MtrE pump substrates as well as confer a survival 
advantage in the female mouse infection model (Table 1) (summarized in Warner et al., 
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Genotype CI at day 3 
Single bp deletion in mtrR promoter 1000 
mtr120 point mutation 1000 
A39T change in DNA binding domain of MtrR 100 
mtrA::KmR 0.005 
mtrA::KmR mtrR1-53 100 
mtrA::KmR mtrRE202G 10 
mpeR::KmR 1 

Table 1. Fitness of mtr regulatory mutants in mice compared to wild-type. CI: competitive 
index. Ratio of mutant to wild-type CFU (vaginal isolates) divided by mutant to wild-type 
CFU (inoculum). 

Induction of mtrCDE expression by the activator MtrA is also important for gonococcal 
survival in vivo. Strains carrying a disrupted mtrA gene display a significant fitness 
disadvantage during competitive infection with wild-type strain FA19 in the female mouse 
model of infection (Warner et al., 2007). MtrA induction of mtrCDE expression occurs in the 
presence of nonionic detergents such as Triton X-100 (Rouquette et al., 1999). The presence 
of host antimicrobial factors that are pump substrates, such as fatty acids or CRAMP-38, the 
mouse homologue of the human cathelicidin LL-37, may have a similar effect. The decreased 
fitness of the mtrA mutants in vivo would therefore be attributed to failure of the gonococcus 
to respond to host defense factors due to inability to upregulate expression of the pump. 
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Interestingly, in a study by Warner et al., 2007, some mtrA-deficient strains developed 
mutations in the mtrR gene (mtrR1-53 and mtrRE202G) after inoculation into mice in the absence 
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against wild-type FA19 (Table 1). The development of compensatory mutations to overcome 
the cost of mtrA disruption highlights the importance of the MtrC-MtrD-MtrE efflux pump 
to gonococcal fitness in vivo. 
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3. Quinolone resistance and gonococcal fitness 
The limited use of quinolones in the treatment of bacterial infections began after the 1962 
discovery of nalidixic acid as a product of chloroquine synthesis. Subsequent development 
of fluoroquinolone derivatives amassed broad-spectrum appeal due to their effective 
targeting of many Gram-positive and Gram-negative pathogens (Emmerson, 2003). 
Continued development of this class of antibiotics was fueled by the concurrent progression 
of bacterial resistance to penicillin and tetracycline, including N. gonorrhoeae (Covino et al., 
1990). By 1993, fluoroquinolones were recommended by the CDC as the first-line treatment 
option for uncomplicated gonococcal infections; however, within 10 years, over 80% of 
gonococcal isolates in the western Pacific region were ciprofloxacin resistant (CipR) (Tapsall, 
2005; Trees et al., 2001). The eventual spread of quinolone resistant N. gonorrhoeae (QRNG) in 
the United States led to the removal of fluoroquinolones from the list of recommended first-
line antibiotics for treatment of gonorrhea and related conditions by the CDC in 2007 (CDC, 
2007).  

Quinolones induce bacterial cell death by inhibiting the activity of the bacterial type IIA 
DNA topoisomerases DNA gyrase and topoisomerase IV (Emmerson, 2003; Hooper 1999). 
These enzymes are responsible for managing the topological state of genomic DNA and are 
necessary for resolving regions of topological stress that occur during critical cell processes 
such as DNA replication and the regulation of gene expression. DNA gyrase and 
topoisomerase IV are heterotetramers that bind to DNA and generate a double-stranded 
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break in one region of the bound DNA duplex, which results results in a complex referred to 
as the G-segment. A second region of distant DNA duplex, referred to as the T-segment, 
passes through the G-segment and the cleaved substrate held in the G-segment is 
subsequently religated to complete a single round of topological adjustment (Bates et al., 
2011; Chen and Lo 2003; Morais Cabral et al., 1997). Quinolones specifically target the G-
segment of the enzyme-DNA complex. Presently, there is no universally accepted 
mechanism of how quinolones kill bacteria; however, mounting evidence suggests that two 
quinolone molecules stabilize the cleaved DNA duplex, resulting in the accumulation of 
lethal lesions within the genome of the cell (Laponogov et al., 2009).  

Quinolone resistance in N. gonorrhoeae is due to point mutations in the quinolone resistance 
determining region (QRDR) of the A subunits of DNA gyrase (gyrA) and topoisomerase IV 
(parC) (Tanaka et al., 2000; Trees et al., 2001). Belland and colleagues were the first to 
delineate the genetic basis of quinolone resistance in N. gonorrhoeae in 1994. By analyzing 
ciprofloxacin resistant (CipR) mutants selected in vitro, these investigators showed CipR in N. 
gonorrhoeae is a two step process in which intermediate level ciprofloxacin resistance (CipI) 
occurs via point mutations in gyrA that encode amino acid substitutions at positions Ser91 
and Asp95. CipI gyrA mutants then become CipR when point mutations occur in parC 
(Belland et al., 1994). This sequence of events is consistent with data from numerous 
molecular epidemiologic studies (Kam et al., 2003; Morris et al., 2009; Starnino et al., 2010; 
Tanaka, 1992; Trees et al., 2001; Vereshchagin et al., 2004). Analyses of clinical isolates have 
also provided insights into the nature of mutations directly associated with fluoroquinolone 
resistance in N. gonorrhoeae. Commonly isolated substitutions in the Ser91 position of the 
GyrA subunit include amino acids with bulky side chains (phenylalanine and tyrosine) and 
the hydrophobic leucine, while arginine is the most common substitution at position Asp95 
(Kam et al., 2003; Morris et al., 2009; Ruiz et al., 2001; Starnino et al., 2010; Tanaka et al., 
2000; Trees et al., 2001; Vereshchagin et al., 2004; Vernel-Paulillac et al., 2009). Double point 
mutations in gyrA that result in these amino acid substitutions are sufficient and also largely 
responsible for sterically hindering the intercalation of quinolone molecules (Xiong et al., 
2011). The location specificity of parC mutations that lead to high level CipR appears to be 
less stringent than mutations in gyrA, with alterations at position 91 (the most common), 86, 
87, or 88 identified among CipR isolates (Dewi et al., 2004; Morris et al., 2009; Tanaka et al., 
2000; Trees et al., 2001) (Figure 2). 

The impact of quinolone resistance mutations on microbial fitness has been studied in 
several bacterial species. Topoisomerase mutations often are associated with an in vitro 
fitness cost, although not all gyrA mutations or combinations of gyrA mutations or gyrA, 
parC mutations result in decreased growth in vitro (Bagel et al., 1999; Marcusson et al., 2009, 
Pope et al., 2008; Luo et al., 2005). Interestingly, in 2005 Zhang and colleagues showed gyrA 
mutations confer a fitness benefit to C. jejuni in vivo using a chicken intestinal colonization 
model (Luo et al., 2005). Based on this report and the wide prevalence of QRNG strains, we 
hypothesized that fluoroquinolone resistance mutations in N. gonorrhoeae may be 
accompanied by a transmission or survival advantage. To address the possibility that 
QRNG may be more fit in vivo, we constructed CipI and CipR mutants in N. gonorrhoeae 
strain FA19 that carry the commonly isolated gyrA (Ser91Phe and Asp95Asn) or gyrA 
(Ser91Phe and Asp95Asn) and parC (Asp86Asn) mutations, respectively, and measured their 
fitness relative to the CipS parent strain in the murine genital tract infection model. No in vitro 

Clinically Relevant Antibiotic Resistance Mechanisms 
Can Enhance the In Vivo Fitness of Neisseria gonorrhoeae 

 

377 

 
Fig. 2. Evolution of quinolone resistance in N. gonorrhoeae. Quinolone resistance in N. 
gonorrhoeae is a two-step process, beginning with point mutations in the QRDR of gyrA, which 
increase resistance to intermediate levels. Positions 91 and 95 are most often altered, with 
Ser91Phe and Asp95Asn the most common substitutions. Other substitutions have also been 
reported. High level resistance occurs upon mutation of the QRDR of parC mutation. parC 
mutations carried by CipR gonococci most often cause amino acid substations at position 91, 
86, 87 or 88 (Kam et al., 2003; Ghanem et al., 2005; Morris et al., 2009; Ruiz 2001; Starnino et al., 
2010; Tanaka et al., 2000; Trees et al., 2001; Vereshchagin et al., 2004; Vernel-Paulillac 2009). 

fitness cost was associated with acquisition of the gyrA91/95 mutations based on comparing 
the growth rates of the gyrA91/95 mutant and the CipS wild-type strain, although a slight 
reduction (3-fold) in the recovery of the mutant was observed when co-cultured with the 
CipS wild-type strain (Table 2). Interestingly, however, the CipI gyrA91/95 mutant exhibited a 
clear fitness advantage in vivo as evidenced by high competitive indices (CIs) over time and 
the isolation of only CipI bacteria from some mice on days 5 and 7 post-inoculation. In 
contrast, the CipR gyrA91/95, parC86 mutant grew significantly more slowly in vitro and 
exhibited reduced fitness in vivo relative to the wild-type CipS strain (Table 2) (Kunz et al., In 
Press). 
 

Genotype CI at day 3  
gyrA91/95 5-fold increase; 30-fold increase on day 5 compared to CipS 

wild-type strain 
gyrA91/95, parC86 2-fold decrease compared to CipS wild-type strain 
gyrA91/95, mtrR-79 40-fold increase compared to CipS mtr-56mutant parent strain 
gyrA91/95, parC86, mtrR-79 50-fold decrease compared to CipS mtr-56 mutant parent strain 

Table 2. Fitness of FQ-R mutations in mice compared to wild-type or mtr mutant Gc. CI: 
competitive index. Ratio of mutant to wild-type CFU (vaginal isolates) divided by mutant to 
wild-type CFU (inoculum). 
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fitness cost was associated with acquisition of the gyrA91/95 mutations based on comparing 
the growth rates of the gyrA91/95 mutant and the CipS wild-type strain, although a slight 
reduction (3-fold) in the recovery of the mutant was observed when co-cultured with the 
CipS wild-type strain (Table 2). Interestingly, however, the CipI gyrA91/95 mutant exhibited a 
clear fitness advantage in vivo as evidenced by high competitive indices (CIs) over time and 
the isolation of only CipI bacteria from some mice on days 5 and 7 post-inoculation. In 
contrast, the CipR gyrA91/95, parC86 mutant grew significantly more slowly in vitro and 
exhibited reduced fitness in vivo relative to the wild-type CipS strain (Table 2) (Kunz et al., In 
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wild-type strain 
gyrA91/95, parC86 2-fold decrease compared to CipS wild-type strain 
gyrA91/95, mtrR-79 40-fold increase compared to CipS mtr-56mutant parent strain 
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Table 2. Fitness of FQ-R mutations in mice compared to wild-type or mtr mutant Gc. CI: 
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As discussed, it is well established that mtr locus mutations increase gonococcal fitness in 
the mouse model, and we therefore wondered whether the fitness benefit conferred by 
gyrA91/95 mutations would enhance the fitness advantage afforded by increased efflux of 
host substrates through the MtrC-MtrD-MtrE active efflux pump. Our alternative 
hypothesis was that increasing numbers of resistance mutations would impair growth to 
such an extent as to abrogate the fitness benefits associated with either resistance mutation. 
To test this hypothesis, we constructed gyrA91/95 and gyrA91/95, parC86 mutants in an mtr 
mutant of strain FA19 that carries a commonly isolated mtrR promoter mutation (the single 
base pair deletion in the mtrR promoter termed hereafter as mtrR-79). The gyrA91/95, mtrR-79 
mutant (CipI) showed no fitness difference compared to the mtrR-79 mutant parent strain in 
vitro, but significantly out-competed the mtrR-79 mutant during experimental murine 
infection. In contrast, the highly CipR gyrA91/95, parC86, mtrR-79 mutant was severely 
attenuated both in vitro and in vivo relative to the mtrR-56 mutant, with only mtrR-56 mutant 
gonococci recovered from a majority of mice 5 days after inoculation (Table 2) (Kunz et al., 
In Press). 

From these studies we conclude that the gyrA91/95 mutation confers a fitness benefit to N. 
gonorrhoeae that is independent of the MtrC-MtrD-MtrE efflux pump system, but that an 
additional parC86 mutation results in a net fitness cost. These data are intriguing and may 
help to explain the frequent isolation of CipR gonococci that also carry mtrR promoter or 
mtrR structural gene mutations, which has been interpreted by others as evidence that active 
efflux through the MtrC-MtrD-MtrE pump is another mechanism of fluoroquinolone 
resistance in N. gonorrhoeae (Dewi et al., 2004; Vereshchagin et al., 2004). The fact that we 
found no difference in the Cip MICs of the gyrA91/95 versus gyrA91/95, MtrR-79 mutants or of 
gyrA91/95, parC86 versus gyrA91/95, parC86, mtrR-79 mutants (Kunz et al., submitted), is strong 
genetic evidence that mtr mutations do not contribute to CipR in N. gonorrhoeae. Instead, the 
prevalence of CipR mtr strains may reflect increased microbial fitness conferred by these 
mutations.  

It is important to remember that while mutations in both gyrA and parC led to reduced 
fitness in the mouse model, compensatory mutations may occur in nature that restore fitness 
while maintaining high level CipR. There is much evidence that fitness compensation can 
occur in bacteria without loss of antibiotic resistance (Balsalobre et al., 2011; Bjorkholm et al., 
2001; Bjorkman et al., 1998; Giraud et al., 1999; Komp Lindgren et al., 2005; Marcussen et al., 
2009; Nagaev et al., 2001). In support of this possibility for QRNG, we have observed that 
while CipR gonococci were outcompeted by CipS (wild-type) or CipI bacteria in a majority of 
mice tested, only CipR gonococci were recovered from some mice (10-17%) as infection 
progressed in each of several experiments (Figure 3). To further investigate this observation, 
we analyzed CipR bacteria isolated on day 5 in pure culture from a mouse inoculated with a 
mixture of CipI (gyrA91/95, mtrR-79) and CipR (gyrA91/95, parC86, mtrR-79) mutants. 
Interestingly, these CipR bacteria grew better than the Cip I and CipR strains used to 
inoculate the mouse and the CipS mtr parent of the CipI and CipR strains. Unlike either of 
these strains, the in vivo-selected CipR mutant had a wild-type mtr locus and a gyrA allele 
that was predicted to encode a leucine instead of phenylalanine residue at position 91 
(Phe91Leu) (Kunz et al., In Press). We conclude that one or more compensatory mutations 
occurred during infection that allowed highly CipR gonococci to out-compete CipI bacteria 
in vivo. 
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Fig. 3. The fitness disadvantage of CipR gonococci can be overcome by selection for 
compensatory mutations. Vaginal inoculation of estradiol-treated BALB/c mice with 
populations of CipS or CipI gonococci (white) mixed with similar numbers of CipR gonococci 
(black) results in the recovery of a higher proportion of CipS or CipI CFU, with some mice 
clearing the CipR bacteria. However, in 10-17% of mice tested, high numbers of only CipR 
CFU were recovered as infection progressed, most likely due to compensatory mutations 
(Kunz et al, In Press).  

The basis for the reported in vivo fitness benefit shown by gyrA mutants in N. gonorrhoeae or 
C. jejuni (Luo et al., 2005) is not known. As topoisomerase mutations are accompanied by 
alterations in supercoiling (Bagel et al., 1999; Luo et al., 2005), changes in the expression of 
genes important for colonization, growth on mucosal surfaces, or evasion of host defenses 
are one possible explanation (Luo et al., 2005; Zhang et al., 2006). It is also possible that the 
in vivo fitness benefit exhibited by gyrA91/95 mutants in N. gonorrhoeae is due to secondary 
mutations that were selected to compensate for alterations in GyrA as proposed by 
Marcusson et al. to explain the increased fitness of gyrA mutants of E. coli in a urinary tract 
infection model (Marcusson et al., 2009). The E. coli mutants tested in this study showed 
various degrees of fitness costs in vitro, however, and thus it is reasonable to assume that 
one or more compensatory mutations would be needed to promote fitness in vivo. In 
contrast, while gyrA mutations are associated with increased in vivo fitness in C. jejuni (Luo 
et al., 2005) and N. gonorrhoeae (Kunz et al., In Press), these mutations do not confer a 
significant growth cost in vitro; therefore, secondary mutations that restore growth may not 
be required for full fitness in vivo. Additionally, while not definitive evidence that gyrA 
mutations alone are responsible for the fitness we observe in the mouse model, we recently 
demonstrated that gyrA91/95 mutations are accompanied by a pronounced fitness benefit in 
two other N. gonorrhoeae strains, and that this benefit was detected within one day of 
infection (Jonathan A. D’Ambrozio & Ann E. Jerse, unpublished observation).  
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Identification of the mechanism by which gyrA mutations enhance gonococcal fitness during 
experimental murine infection is important as it may reveal new and interesting facets of 
gonococcal pathogenesis. Additionally, our data suggest CipI strains may serve as a 
reservoir for CipR in N. gonorrhoeae since a single step mutation in parC is all that is then 
required for high-level resistance. We postulate the following scenario by which this may 
occur. First, low-levels of antibiotic pressure due to fluoroquinolone treatment for other 
infections or self-medication selects for CipI strains. CipI strains are then maintained within 
sexual networks, or even flourish, due to the fitness benefit conferred by the gyrA91/95 

mutations. Highly CipR strains would not flourish, possibly due to the more severe growth 
defect construed by mutation in parC86 or the possibility that the parC86 mutation or the 
combination of the parC86, gyrA91/95 mutations may have a negative impact on the expression 
of genes important for survival in vivo. However, some CipR gonococci will be selected due 
to compensatory mutations that restore fitness while maintaining high level CipR. 
Continued study of the frequency and nature of compensatory mutations that allow 
maintenance of high level CipR is important for understanding the spread of QRNG. 

4. Conclusion 
Antibiotic resistance expressed by many of the bacterial pathogens that infect humans 
represents one of the most important public health challenges for clinical medicine in the 21st 
century. During the early years of the antibiotic era of medicine (circa. 1945-1950) it became 
clear to physicians that antibiotic treatment failures were frequently the result of the infecting 
bacteria being resistant to the antibiotic being used; indeed, penicillinase-producing strains of 
Staphylococcus aureus were recognized and became wide-spread soon after penicillin was 
introduced as a therapeutic agent in 1943 (Bud, 2007). As the antibiotic era progressed and 
more antibiotics became available, disturbing reports of treatment failures became more 
prevalent. Fortunately, researchers trained in microbial physiology and bacterial genetics 
undertook studies to learn the mechanisms used by bacteria to resist a given antibiotic. These 
early investigators soon learned that while an antibiotic resistant strain had an advantage over 
a susceptible strain in the presence of the antibiotic in question, the resistance mechanism 
frequently came at a cost in the absence of the antibiotic. Thus, in the absence of the selective 
pressure brought by the antibiotic, the resistant strain frequently grew slower in vitro and in 
model systems of infection (cell culture or animals). However, for some resistance 
mechanisms, there was little if any cost when compared to a sensitive, but otherwise isogenic 
strain. The resulting dogma from this work was that antibiotic resistance in the absence of 
selective pressures could be costly for bacteria. In this case, removing the selective pressure 
would result in the evolution of more susceptible strains that would have an advantage in the 
community. By and large, this has not been the case (Anderson & Hughes, 2010). 

Less clear, however, was whether in the absence of selective pressure, a resistant strain would 
have a fitness benefit during an infection over a sensitive counterpart. In this respect, the 
report of Luo et al. (2005) dealing with the increased fitness of a ciprofloxacin resistant strain of 
C. jejuni over a sensitive parent strain in vivo was a “game-changer” for antibiotic resistance 
researchers. Briefly, it forced us to consider the rather scary possibility that a mechanism of 
antibiotic resistance can actually enhance the ability of a pathogen to survive in the 
community. This possibility has a number of important implications for our understanding of 
bacterial pathogenesis and bacterial infections that should be considered. First, are there 
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“antibiotic substitutes” in vivo that the resistance mechanism recognizes, allowing the resistant 
strain to out-compete the sensitive strain? Might these “host antibiotics” provide the selective 
pressure in the community? This is certainly likely for the fitness benefit imparted to those N. 
gonorrhoeae strains that over-express the Mtr efflux pump system. This pump, along with 
similar pumps produced by other Gram-negatives (Shafer et al., 2010), recognizes host 
antimicrobials (e.g., antimicrobial peptides) in addition to antibiotics such as beta-lactams and 
macrolides. In this context, efflux pump inhibitors (Lomovskaya & Bostian, 2006) may have 
clinical use as they would increase bacterial susceptibility to classical antibiotics as well as host 
antimicrobials. A second issue that requires further investigation is whether a resistance 
mechanism has secondary effects on the physiology of the resistant strain that results in an 
advantage during infection. This hypothesis may help to explain why gyrA91/95 mutations can 
enhance the fitness of CipI strains of N. gonorrhoeae. Hopefully, ongoing transcriptional 
profiling studies that compare isogenic CipI and CipS strains will provide insights that will 
help us to understand fitness differences. A third point merits consideration: stable mutations 
that decrease bacterial susceptibility to a given antibiotic, but not to an extent that it pushes 
them across the MIC breakpoint, may be more advantageous for the bacteria than previously 
thought. In this respect, as emphasized throughout this text, mutations in mtrR or gyrA 
provide gonococci with a fitness advantage in vivo, but do not push them across the MIC 
breakpoint for either beta-lactams or quinolones, respectively. Importantly, both are necessary 
for clinically significant levels of resistance imparted by other mutations. Accordingly, strains 
bearing mtrR and/or gyrA mutations may not only be more fit during infection, but also more 
likely to subsequently develop clinical resistance to beta-lactams and quinolones than fully 
sensitive strains. This issue is of greater urgency now because the gonococcal strain that 
caused a ceftriaxone-resistant infection in Japan is an mtrR mutant (Ohnishi et al., 2011) even 
though the mutation by itself has little impact on the level of beta-lactam resistance (Veal & 
Shafer, 2003). Finally, if a resistance mutation enhances fitness and is stably maintained in a 
bacterial pathogen for years, it may be yet another reason why antibiotic re-cycling after 
extended absence from the treatment regimen may not be a viable option to combat the 
emergence and spread of antibiotic resistant bacteria.  

We have used N. gonorrhoeae as a model human pathogen for studies on how bacterial fitness 
can be impacted by mechanisms of antibiotic resistance. Having been intimately associated 
with humans for thousands of years, it is of no surprise that the gonococcus has evolved novel 
ways to evade or resist the multitude of toxic agents that it encounters during infection. The 
continued emergence of strains expressing decreased susceptibility or even clinical resistance 
to frontline antibiotics used today (e.g., ceftriaxone) in therapy emphasizes the remarkable 
adaptive ability of this pathogen. The examples provided herein with the gonococcus 
emphasize that mechanisms of antibiotic resistance can enhance bacterial virulence, as defined 
by increased in vivo fitness. Understanding the processes that lead to increased fitness of the 
gonococcus (or any other pathogen) due to antibiotic resistance may result in novel strategies 
that could be used to inhibit bacterial replication in vivo directly or indirectly by enhancing the 
efficacy of the defensive systems of the host that operate locally. 
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1. Introduction 
In recent years we can observe an increasing number of publications describing different 
incidents of infections, where species of Corynebacterium are isolated as the etiological factor 
of infection (Anderson et al., 2008; Campanile et al., 2009; Chiner et al., 1999; Dela et al., 
2008; Fernandez-Roblas et al., 2009; Funke et al., 1997a; Funke et al., 1997b; Lagrou et al., 
1998; Otsuka et al., 2005; Ostuka et al., 2006; Williams et al., 1993). It is a large and very 
diverse group of microorganisms, in which Corynebacterium diphtheriae is the most important 
species, with the most important human-pathogenic significance (Gomes et al., 2009; 
Wagner et al., 2011; Wilson, 1995). Strains of this species produce a strong exotoxine and are 
responsible for causing diphtheria. Well-developed procedures for diagnosis of diphtheria 
and conducted large-scale vaccinations resulted in erradication of diphtheria in most 
countries. Beside the typical human-pathogenic C. diphtheriae, the genus Corynebacterium 
comprises more than 85 different species of pathogenic significance. This type includes 
species pathogenic for animals, e.g. C. pseudotuberculosis (Baird & Fontanie, 2007; Nieto et al., 
2009), C. kutscheri (Amao et al., 2008; Suzuki et al., 1988), C. canis (Funke et al., 2009) and a 
very large group of species colonizing the skin and mucous membranes of man, which in 
favorable circumstances, may become the cause of serious infections in humans. These 
opportunistic organisms, e.g. C. jeikeium (Ifantidou  et al., 2010; Pitcher et al., 1990; Rosato et 
al., 2001), C. urealyticum (Funke et al., 1997b; Garcia-Bravo et al. 1996; López-Medrano et al., 
2008), C. amycolatum (Anderson et al., 2008; Dela  et al., 2008; Funke et al., 1997b), C. striatum 
(Campanile et al., 2009; Funke et al., 1997b; Martinem-Martinez et al., 1995; Ostuka et al., 
2006; Roberts et al., 1992), C. pseudodiphtehriticum (Chiner et al., 1999; Dorello et al., 2006; 
Freman et al., 1994; Olender & Niemcewicz, 2010), may cause infections of various course: 
mild, chronic and acute, as well as of invasive nature, life-threatening to a patient. The 
genus Corynebacterium includes also species unrelated to the human organism, e.g. C. 
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1. Introduction 
In recent years we can observe an increasing number of publications describing different 
incidents of infections, where species of Corynebacterium are isolated as the etiological factor 
of infection (Anderson et al., 2008; Campanile et al., 2009; Chiner et al., 1999; Dela et al., 
2008; Fernandez-Roblas et al., 2009; Funke et al., 1997a; Funke et al., 1997b; Lagrou et al., 
1998; Otsuka et al., 2005; Ostuka et al., 2006; Williams et al., 1993). It is a large and very 
diverse group of microorganisms, in which Corynebacterium diphtheriae is the most important 
species, with the most important human-pathogenic significance (Gomes et al., 2009; 
Wagner et al., 2011; Wilson, 1995). Strains of this species produce a strong exotoxine and are 
responsible for causing diphtheria. Well-developed procedures for diagnosis of diphtheria 
and conducted large-scale vaccinations resulted in erradication of diphtheria in most 
countries. Beside the typical human-pathogenic C. diphtheriae, the genus Corynebacterium 
comprises more than 85 different species of pathogenic significance. This type includes 
species pathogenic for animals, e.g. C. pseudotuberculosis (Baird & Fontanie, 2007; Nieto et al., 
2009), C. kutscheri (Amao et al., 2008; Suzuki et al., 1988), C. canis (Funke et al., 2009) and a 
very large group of species colonizing the skin and mucous membranes of man, which in 
favorable circumstances, may become the cause of serious infections in humans. These 
opportunistic organisms, e.g. C. jeikeium (Ifantidou  et al., 2010; Pitcher et al., 1990; Rosato et 
al., 2001), C. urealyticum (Funke et al., 1997b; Garcia-Bravo et al. 1996; López-Medrano et al., 
2008), C. amycolatum (Anderson et al., 2008; Dela  et al., 2008; Funke et al., 1997b), C. striatum 
(Campanile et al., 2009; Funke et al., 1997b; Martinem-Martinez et al., 1995; Ostuka et al., 
2006; Roberts et al., 1992), C. pseudodiphtehriticum (Chiner et al., 1999; Dorello et al., 2006; 
Freman et al., 1994; Olender & Niemcewicz, 2010), may cause infections of various course: 
mild, chronic and acute, as well as of invasive nature, life-threatening to a patient. The 
genus Corynebacterium includes also species unrelated to the human organism, e.g. C. 
glutamicum, producing L-glutamic acid and lysine, used in biotechnological processes on the 
industrial scale and in genetic studies (Katsumata et al., 1984; Serwold-Davis et al., 1987; 
Tauch et al., 1998; Wendisch et al., 2006; Valbuena et al., 2007, Yague Guirao et al., 2005).  

Application of modern molecular biology techniques in genetic studies of unknown strains 
isolated from infections resulted in the detection and description of new species such as: C. 
singulare (Riegel etal., 1997), C. auriscanis (Collins et al., 1999), C. resistens (Otsuka et al. 2005), 
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C. imitans (Funke at al., 1997a), C. sputi (Yassin & Siering, 2008) and the reclassification of 
previously inaccurately determined ones, e.g.: C. cystitidis, C. pilosum (Takahashi et al., 1995).  

In view of a widely conducted taxonomic research of species belonging to the genus 
Corynebacterium, the term "dyphteroids" has also been changed, which was used commonly for 
the opportunistic species, suggesting a direct relationship with C. diphtheriae. Nowadays 
taxonomists more and more replace it by a more universal name for this group of bacteria 
"coryneform" (Anderson et al., 2008; Balci et al., 2002; Funke et al., 1996; Funke et al., 1997b; 
Gomez-Garces et al., 2007; Lagrou et al., 1998; Ostuka et al., 2005), which seems fully justified. 

Many opportunistic strains of the genus Corynebacterium, isolated from clinical materials, 
belong to species whose characteristics determining the pathogenic effect on the human 
body have not been thoroughly recognised and characterized yet. Therefore, the assessment 
of their role as pathogens is often very difficult. Undoubtedly, the common occurrence of 
coryneform on mucous membranes and the skin may cause doubts in interpretation of their 
contribution to infections, especially when the material is sampled from places non-sterile 
physiologically and there might be a suspicion of its contamination. 

An increasing number of recognized and described incidents of infections and the observed 
increase in the number of publications on this topic is probably connected with the 
microbiological diagnostics currently carried out at a higher level and development of quick 
commercial tests for identification of species based on their biochemical properties. In 
reference to strains difficult to identify or requiring verification of uncertain biochemical 
determination, oftener methods of molecular biology are used, which has resulted in 
detection of new species and the reclassification of ones previously poorly assayed. 

Infections caused by opportunistic Corynebacterium spp. generally refer to a group of people, 
who experience symptoms of immunodeficiency. The group of patients with a particular 
risk of infection includes primarily people with immunodeficiency due to disorders of bone 
marrow activity, the ongoing processes of cancer, post surgery or urological surgery, 
invasive diagnostic procedures and patients with AIDS. The risk of infection is increased by 
long-term hospitalization, antibiotic therapy, radiotherapy, treatment with cytostatics or 
steroids. A disturbing fact is occurrence of such infections in a group of people called 
"immunocompetent", in whom no symptoms of immunodeficiency were reported before 
(Chiner et al., 1999; Frejman et al., 1994). 

The basis for treatment of infections caused by Corynebacterium spp. is taking up of an 
effective antibiotic therapy. For this group of microorganisms, until recently an obstacle in 
the evaluation of drug resistance was use of different criteria of interpretation that were 
recommended for other groups of microorganisms and determination of drug resistance 
with various methods, yet results presented by different authors have become the basis for 
information about  occurrence of strains with high resistance to antibiotics among 
opportunistic Corynebacterium spp., which indicate existence of different mechanisms of 
resistance in these strains.  

The described multidrug-resistant strains of C. jeikeium (Rosato et al., 2001; Yagye Guirao et 
al., 2005) C. amycolatum (Yagye Guirao et al., 2005; Yoon et al., 2011), C. striatum (Campanile 
et al., 2009; Martinem-Martinez et al., 1995; Otsuka et al., 2006; Roberts et al., 1992) i C. 
resistens (Otsuka et al., 2005) confirm presence in Corynebacterium spp. of different 
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mechanisms of resistance and genes, which may be differently located. Phenotypic tests of 
resistance to antibiotics have become the basis for search of the genes responsible for them 
and their transmission paths. They have also contributed to analyses and study of similarity 
in occurrence of resistance genes in other groups of microorganisms, often unrelated to the 
genus Corynebacterium, such as Staphylococcus spp. (Roberts et al., 1999), Enterococcus 
spp.(Power et al., 1995), E. coli  (Deb & Noth,1999; Serwold-Davis et al., 1990; Serwold-Davis  
et al., 1987). 

2. Mechanisms of resistance to antibiotics most commonly occurring in 
Corynebacterium spp. 
The conducted study characterizing resistance to antibiotics isolated from clinical material 
of different species of the genus Corynebacterium (Anderson et al., 2008; Fernandez-Roblas et 
al., 2009; Funke et al., 1997a; Funke et al., 1997b; Garcia-Bravo et al., 1996; Gomez-Garceset 
al., 2007; Martinem-Martinez et al., 1995; Otsuka et al., 2006; Roberts et al., 1992, Troxler R et 
al., 2001, Weiss et al., 1996 ) draw attention to the most frequently occuring  mechanisms of 
resistance to antibiotics in this group of microorganisms. The results show participation of 
extrachromosomal genetic elements in transmission of resistance genes in both pathogenic 
and potentially pathogenic - opportunistic and typically nonpathogenic ones, e.g. present in 
the soil or strains of Corynebacterium spp. (Kono et al., 1983; Vertes et al., 2005).  

Antibiotic resistance genes in species of Corynebacterium spp. are often located on large 
plasmids, e.g. resistance to tetracycline, chloramphenicol, erythromycin and streptomycin 
on plasmid pTP10 in C. xerosis (Deb & Nath, 1999; Hodgson et al., 1990), but also on 
trensposons (Delal et al., 2008). 

2.1 Resistance to macrolides, lincosamides and streptogramins B 

The occurrence of simultaneous resistance to three groups of antibiotics: macrolides, 
lincosamides and streptogramins B, determined in short as MLSB, is characteristic mainly of 
staphylococci and streptococci. It is connected with occurrence of three different 
mechanisms of the effects of activity: modification of the ribosome binding site associated 
with methylation or mutation, the mechanism of active efflux of antibiotic from the cell and 
the least significant - enzymatic inactivation of the antibiotic. The first two MLSB resistance 
mechanisms are of the highest importance. 

Methylation of the binding site causes conformational changes of the subunit 23S rRNA, 
which prevents binding of the antibiotic molecules in the peptidyltransferase center within 
the 50S ribosome subunit and leads to the blockade of the mRNA translation and inhibition 
of bacterial protein synthesis. In species of the genus Corynebacterium it is connected with 
presence of genes belonging to class erm (erythromycin ribosome methylation), encoding the 
rRNA methylase enzyme, which causes dimethylation of adenine present in the 23S rRNA 
(Arthur et al., 1990). The gene erm occurring in Corynebacterium spp, responsible for this 
mechanism of resistance has been classified as class X of genes erm (Roberts et al., 1999). 
Despite a high degree of homology between genes ermX isolated from different species of 
Corynebacterium (C. diphtheriae, C. jeikeium and C. xerosis), it has been found that they exhibit 
different locations. The gene ermX in C. diphtheriae was found within the 14.5-kbp plasmid 
pNG2 (Coyle et al., 1979), while the gene ermX in C. xerosis turned out to be located on 
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determination, oftener methods of molecular biology are used, which has resulted in 
detection of new species and the reclassification of ones previously poorly assayed. 
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who experience symptoms of immunodeficiency. The group of patients with a particular 
risk of infection includes primarily people with immunodeficiency due to disorders of bone 
marrow activity, the ongoing processes of cancer, post surgery or urological surgery, 
invasive diagnostic procedures and patients with AIDS. The risk of infection is increased by 
long-term hospitalization, antibiotic therapy, radiotherapy, treatment with cytostatics or 
steroids. A disturbing fact is occurrence of such infections in a group of people called 
"immunocompetent", in whom no symptoms of immunodeficiency were reported before 
(Chiner et al., 1999; Frejman et al., 1994). 

The basis for treatment of infections caused by Corynebacterium spp. is taking up of an 
effective antibiotic therapy. For this group of microorganisms, until recently an obstacle in 
the evaluation of drug resistance was use of different criteria of interpretation that were 
recommended for other groups of microorganisms and determination of drug resistance 
with various methods, yet results presented by different authors have become the basis for 
information about  occurrence of strains with high resistance to antibiotics among 
opportunistic Corynebacterium spp., which indicate existence of different mechanisms of 
resistance in these strains.  

The described multidrug-resistant strains of C. jeikeium (Rosato et al., 2001; Yagye Guirao et 
al., 2005) C. amycolatum (Yagye Guirao et al., 2005; Yoon et al., 2011), C. striatum (Campanile 
et al., 2009; Martinem-Martinez et al., 1995; Otsuka et al., 2006; Roberts et al., 1992) i C. 
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mechanisms of resistance and genes, which may be differently located. Phenotypic tests of 
resistance to antibiotics have become the basis for search of the genes responsible for them 
and their transmission paths. They have also contributed to analyses and study of similarity 
in occurrence of resistance genes in other groups of microorganisms, often unrelated to the 
genus Corynebacterium, such as Staphylococcus spp. (Roberts et al., 1999), Enterococcus 
spp.(Power et al., 1995), E. coli  (Deb & Noth,1999; Serwold-Davis et al., 1990; Serwold-Davis  
et al., 1987). 

2. Mechanisms of resistance to antibiotics most commonly occurring in 
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The conducted study characterizing resistance to antibiotics isolated from clinical material 
of different species of the genus Corynebacterium (Anderson et al., 2008; Fernandez-Roblas et 
al., 2009; Funke et al., 1997a; Funke et al., 1997b; Garcia-Bravo et al., 1996; Gomez-Garceset 
al., 2007; Martinem-Martinez et al., 1995; Otsuka et al., 2006; Roberts et al., 1992, Troxler R et 
al., 2001, Weiss et al., 1996 ) draw attention to the most frequently occuring  mechanisms of 
resistance to antibiotics in this group of microorganisms. The results show participation of 
extrachromosomal genetic elements in transmission of resistance genes in both pathogenic 
and potentially pathogenic - opportunistic and typically nonpathogenic ones, e.g. present in 
the soil or strains of Corynebacterium spp. (Kono et al., 1983; Vertes et al., 2005).  

Antibiotic resistance genes in species of Corynebacterium spp. are often located on large 
plasmids, e.g. resistance to tetracycline, chloramphenicol, erythromycin and streptomycin 
on plasmid pTP10 in C. xerosis (Deb & Nath, 1999; Hodgson et al., 1990), but also on 
trensposons (Delal et al., 2008). 

2.1 Resistance to macrolides, lincosamides and streptogramins B 

The occurrence of simultaneous resistance to three groups of antibiotics: macrolides, 
lincosamides and streptogramins B, determined in short as MLSB, is characteristic mainly of 
staphylococci and streptococci. It is connected with occurrence of three different 
mechanisms of the effects of activity: modification of the ribosome binding site associated 
with methylation or mutation, the mechanism of active efflux of antibiotic from the cell and 
the least significant - enzymatic inactivation of the antibiotic. The first two MLSB resistance 
mechanisms are of the highest importance. 

Methylation of the binding site causes conformational changes of the subunit 23S rRNA, 
which prevents binding of the antibiotic molecules in the peptidyltransferase center within 
the 50S ribosome subunit and leads to the blockade of the mRNA translation and inhibition 
of bacterial protein synthesis. In species of the genus Corynebacterium it is connected with 
presence of genes belonging to class erm (erythromycin ribosome methylation), encoding the 
rRNA methylase enzyme, which causes dimethylation of adenine present in the 23S rRNA 
(Arthur et al., 1990). The gene erm occurring in Corynebacterium spp, responsible for this 
mechanism of resistance has been classified as class X of genes erm (Roberts et al., 1999). 
Despite a high degree of homology between genes ermX isolated from different species of 
Corynebacterium (C. diphtheriae, C. jeikeium and C. xerosis), it has been found that they exhibit 
different locations. The gene ermX in C. diphtheriae was found within the 14.5-kbp plasmid 
pNG2 (Coyle et al., 1979), while the gene ermX in C. xerosis turned out to be located on 
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transposon Tn5432, whose carrier is the 50-kbp plasmid pTP10 (Delal et al., 2008). In the 
strain C. jeikeium (Pitcher et al., 1990) and C. striatum (Roberts et al., 1992), the gene ermX 
was found on the chromosome, which has been confirmed also in other analysed strains of 
C. jeikeium (Rosato et al., 2001). Despite detection of different locations of genes ermX in 
certain strains of C. jeikeium and C. xerosis, it is assumed that its most typical location is 
primarily the transposon Tn5432. At the same time in other examined Corynebacterium spp., 
in which the MLSB mechanism is not related to the location of genes ermX on transposon 
Tn5432, interesting results of research were obtained, indicating the possibility of 
reorganization of fragments of the transposon Tn5432 and presence of all its components in 
the strain genome (Hall et al., 1999).  

It is possible that mobile transpositional elements IS1249 containing ermX may create new 
composite transposons containing other multidrug- resistant genes. This phenomenon is 
particularly disturbing since transposition of the insertional sequence IS1249 is known for its 
capabilities to insert and transfer Tn5432 from genomes of unrelated bacteria (Rosato et al., 
2001). 

Different results of studies suggesting different locations of the detected genes ermX referred 
to the species of Corynebacterium, which were isolated from strains coming from different 
geographical regions, which may explain such diversified locations in the genome. The 
strain of C. diphthariae, containing pNG2 and C. striatum came from patients from the north-
western USA (Coyle et al., 1979; Hodgson et al., 1990; Roberts et al., 1992), C. xerosis from 
pTP10 from Japan (Tauch et al.1995), C. jeikeium from France (Rosato et al.2001) and C. 
jeikeium and C. amycolatum from Spain (Yague Guirao et al., 2005).  

It is very likely that different locations of genes ermX may indicate the possibility of acquiring 
resistance genes by multidrug-resistant strains of Corynebacterium spp. from microorganisms 
colonizing the skin or mucous membranes. ErmX occurring in C. diphtheriae is contained in 
plasmid pNG2, similar to plasmids isolated from Corynebacterium spp. occurring on the skin 
(Serwold-Davis & Groman, 1986). The replicon 2.6-kb EcoRI-ClaI fragment (oriR) may be 
possessed by many microorganisms, including a popular commensal E. coli (Deb & Nath, 1999; 
Serwold-Davis et al., 1990; Serwold-Davis et al., 1987).  

At the same time, as research indicates, the plasmid pNG2 seems an unlikely place of origin 
for genes erm occurring in Corynebacterium spp.  More likely is transposon Tn5432 associated 
with the chromosome, which may be mobile (Trauch et al., 1995). Tn5432 was also found in 
the occuring on the skin strains of Propionibacterium acnes, P. granulosum and P. avidum, 
which suggests that multidrug –resistant strains of the genus Corynebacterium may be an 
important source in horizontal transfer of resistance genes to other human pathogens (Ross 
et al., 2002). Another source, from which strains may be derived or to which they may 
arrive, is bacterial flora occurring in animals. It may be confirmed by detection of gene ermX 
in the strain of Corynebacterium spp. isolated from pasteurized milk. It showed resistance to 
erythromycin and/or spiromycin (Perrin-Guyomard et al., 2005).  

Beside gene ermX, in strains of Corynebacterium Group A with the MLSB mechanism of 
resistance, also gene erm class B has been found (Luna et al., 1999), which occurs in 
Enterococcus spp. and Streptococcus spp., which may also suggest the participation of these 
microorganisms in spread of the MLSB mechanism in Corynebacterium spp. 
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The expression of the MLSB resistance may be constitutive or induced. In the case of the 
constitutive type of resistance, active mRNA, permitting synthesis of methylase, is created 
without an inducer, while the induced MLSB - inactive mRNA is synthesized, which is 
activated only under the influence of an inducer, which allows synthesis of the enzyme. 
Occurrence of the constitutive MLSB resistance mechanism is very popular in strains of C. 
pseudodiphtheriticum, present in mucous membranes of the upper respiratory tract in humans 
(Olender & Niemcewicz, 2010). 

Formation of cross-resistance associated with the MLSB mechanism is also accompanied by 
the process of active efflux of antibiotic from the cell. In staphylococci they are transporters 
of the membrane protein nature (ETP - binding cassette), encoded by genes msrA (macrolide 
streptogramin resistance), carried on plasmids. These transporters act as a specific pump 
removing macrolides of 14 - and 15-membered lactone ring and streptogramins B from the 
bacterial cell. Macrolides of 16-membered lactose ring, lincosamides and telithromycin are 
not transported. In this case, this mechanism is referred to as MSB (Leclercq, 2002; 
Douthwaite &Champney, 2001) 

It was found that presence of gene msrA is also associated with resistance to macrolides and 
streptogramins B in strains of Corynebacterium spp. (Ojo et al., 2006) and similarly with 
production of an active transport system of the antibiotic pumped out from the cell 
(macrolide efflux proteins). Gene msrA had been previously found only in Staphylococcus 
spp. (Roberts et al., 1999). It encodes the ATP relay needed by the cell to gain energy from 
hydrolysis ATP for active transport of erythromycin and streptogramin B, and enables 
synthesis of the ABC family of transporters, i.e. multiprotein systems to actively pump out 
the antibiotic from the cell.  

In turn in reference to S.pneumoniae, S. pyogenes, S. agalactiae and other species of streptococci 
and enterococci, the efflux mechanism is associated with presence of the MCF transporters 
(macrolide-specific efflux) and refers only to macrolites with 14 - and 15-membered lactose 
rings. It does not apply to macrolites with a 16-membered lactose ring, ketolides, 
linkosamides and streptogramin B. It is associated with low levels of resistance to 
macrolides (Appelbaum, 2002). 

Gene mef, causing active efflux of macrolides from the bacterial cell was also found in 
Corynebacterium group A, C. jeikeium and strains of Corynebacterium spp. (Luna et al., 1999). 

2.2 Resistance to fluoroquinolones 

In species of the genus Corynebacterium, resistance has been also observed to 
fluoroquinolones. It is associated with point mutations within the structural gene region of 
the gyrase subunit A, which is defined as the region determining resistance to quinolones 
(QRDR - quinolone resistance determining region). 

Mutations are of the spontaneous nature, leading to changes in the amino acid sequences, on 
which depends the range of resistance to certain fluoroquinolones. The resulting level of 
resistance depends largely on the type of the amino acid that has been built-in as a result of 
mutation in place of the pre-existing one. Some of them cause a small loss of affinity and a 
slight decrease in sensitivity, other reduce potently the affinity and activity of 
fluoroquinolones. It is confirmed by studies of strains of C. macginleyi, in which resistance 
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which suggests that multidrug –resistant strains of the genus Corynebacterium may be an 
important source in horizontal transfer of resistance genes to other human pathogens (Ross 
et al., 2002). Another source, from which strains may be derived or to which they may 
arrive, is bacterial flora occurring in animals. It may be confirmed by detection of gene ermX 
in the strain of Corynebacterium spp. isolated from pasteurized milk. It showed resistance to 
erythromycin and/or spiromycin (Perrin-Guyomard et al., 2005).  

Beside gene ermX, in strains of Corynebacterium Group A with the MLSB mechanism of 
resistance, also gene erm class B has been found (Luna et al., 1999), which occurs in 
Enterococcus spp. and Streptococcus spp., which may also suggest the participation of these 
microorganisms in spread of the MLSB mechanism in Corynebacterium spp. 
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The expression of the MLSB resistance may be constitutive or induced. In the case of the 
constitutive type of resistance, active mRNA, permitting synthesis of methylase, is created 
without an inducer, while the induced MLSB - inactive mRNA is synthesized, which is 
activated only under the influence of an inducer, which allows synthesis of the enzyme. 
Occurrence of the constitutive MLSB resistance mechanism is very popular in strains of C. 
pseudodiphtheriticum, present in mucous membranes of the upper respiratory tract in humans 
(Olender & Niemcewicz, 2010). 

Formation of cross-resistance associated with the MLSB mechanism is also accompanied by 
the process of active efflux of antibiotic from the cell. In staphylococci they are transporters 
of the membrane protein nature (ETP - binding cassette), encoded by genes msrA (macrolide 
streptogramin resistance), carried on plasmids. These transporters act as a specific pump 
removing macrolides of 14 - and 15-membered lactone ring and streptogramins B from the 
bacterial cell. Macrolides of 16-membered lactose ring, lincosamides and telithromycin are 
not transported. In this case, this mechanism is referred to as MSB (Leclercq, 2002; 
Douthwaite &Champney, 2001) 

It was found that presence of gene msrA is also associated with resistance to macrolides and 
streptogramins B in strains of Corynebacterium spp. (Ojo et al., 2006) and similarly with 
production of an active transport system of the antibiotic pumped out from the cell 
(macrolide efflux proteins). Gene msrA had been previously found only in Staphylococcus 
spp. (Roberts et al., 1999). It encodes the ATP relay needed by the cell to gain energy from 
hydrolysis ATP for active transport of erythromycin and streptogramin B, and enables 
synthesis of the ABC family of transporters, i.e. multiprotein systems to actively pump out 
the antibiotic from the cell.  

In turn in reference to S.pneumoniae, S. pyogenes, S. agalactiae and other species of streptococci 
and enterococci, the efflux mechanism is associated with presence of the MCF transporters 
(macrolide-specific efflux) and refers only to macrolites with 14 - and 15-membered lactose 
rings. It does not apply to macrolites with a 16-membered lactose ring, ketolides, 
linkosamides and streptogramin B. It is associated with low levels of resistance to 
macrolides (Appelbaum, 2002). 

Gene mef, causing active efflux of macrolides from the bacterial cell was also found in 
Corynebacterium group A, C. jeikeium and strains of Corynebacterium spp. (Luna et al., 1999). 

2.2 Resistance to fluoroquinolones 

In species of the genus Corynebacterium, resistance has been also observed to 
fluoroquinolones. It is associated with point mutations within the structural gene region of 
the gyrase subunit A, which is defined as the region determining resistance to quinolones 
(QRDR - quinolone resistance determining region). 

Mutations are of the spontaneous nature, leading to changes in the amino acid sequences, on 
which depends the range of resistance to certain fluoroquinolones. The resulting level of 
resistance depends largely on the type of the amino acid that has been built-in as a result of 
mutation in place of the pre-existing one. Some of them cause a small loss of affinity and a 
slight decrease in sensitivity, other reduce potently the affinity and activity of 
fluoroquinolones. It is confirmed by studies of strains of C. macginleyi, in which resistance 
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has been found to norfloxacin, ciprofloxacin and levofloxacin. By analyzing gene gyraA 
encoding the gyrase subunit A, a change of the amino acid in position 83 in the QRDR 
region was found (Serine to Arginine), which resulted in resistance in C. macginleyi to 
norfloxacin. A double mutation has been also found, leading to amino acid changes in 
positions 83 and 87, which conditioned resistance to all fluoroquinolones. It was observed 
that double mutations occurred in Ser-83 and Asp-87 in all strains of C. macginleyi with a 
high level of resistance (Eguchi et al., 2008). 

Studies of the gene gyrA sequence were also conducted in strains of C. striatum and C. 
amycolatum (Sierra et al., 2005). A high resistance to quinolones in C.amycolatum resulted 
from a double mutation and amino acid changes in positions 87 and 97 or 87 and 88 
(unusual location of   mutation in gyrA). In the case of C. striatum mutations of amino acids 
in positions 87 and 91 occurred in gyrA, corresponding to resistance characterized by very 
high MIC values for ciprofloxacin and levofloxacin, while only moderately increased MIC 
values for moxifloxacin.  

These studies showed various complex and intricate mechanisms of resistance to quinolones 
in the studied species of Corynebacterium spp. (Sierra et al., 2005), which depend on the 
number of mutations and the type of changed amino acids. 

2.3 Resistance to tetracyclines  

Phenotypic studies constituted the basis for detection of resistance to tetracycline in 
Corynebacterium spp. In the case of C. striatum, it was found in 97% of the tested strains 
(Martinem-Martinez, 1995). These observations were confirmed by detection of the gene 
tetM, responsible for resistance to all tetracyclines, which is due to the protective effect on 
the protein ribosome with the mass of about 72-72.5 kDa (Roberts et al., 1992). 

In strains of C. striatum M82B resistance to tetracycline is associated with the region 50-kb R-
plasmid pTP10. An analysis of the nucleotide sequence revealed two reading frames called 
tetA and tetB. For analysis of the tetAB genes function, their expression in C. glutamicum was 
used and thus it was confirmed that they are responsible for resistance to tetracycline, 
oxytetracycline, and at a low level to other derivatives, such as chlortetracycline, 
minocycline and doxycycline. At the same an increased MIC value for oxacycline was found 
in this strain. This effect is associated with participation of the tetAB genes that determine 
resistance of the transport nature. It creates a powerful mechanism of active transport (efflu) 
causing pumping out of drugs from the cell via specific transport protein localized in the 
cytoplasmic membrane (Tauch et al., 1999). 

R-plasmid pTP10 found in C. xerosis also contains determinants of resistance to tetracycline 
with parallel resistance to other antibiotics, such as chloramphenicol, kanamycin and 
erythromycin (Kono et al., 1983; Tauch et al., 1995) whereas, in strains of C. melassecola, the 
species used to produce glutamate, the resistance gene to tetracycline was found on another 
mobile element - plasmid pAG1 (Deb & Nath, 1999). 

2.4 Resistance to beta-lactam antibiotics 

The common susceptibility to penicillin in toxic and nontoxic strains of C. diphtheriae made it 
one of the most frequently prescribed antibiotics in treatment of diphtheria (Wilson, 1995). 
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Despite this opinion, there have been cases observed in which it showed no efficacy. 
Phenotypic tests consisuted the basis (Von Hunostein et al., 2002), in which penicillin 
sensitivity of 24 nontoxic strains of C. diphtheriae biotype gravis was determined in the broth 
microdilution method and by Etests. The research conducted with two methods showed a 
high 98% consistency of results. MIC values for penicillin were in the range from 0.064 to 
0.250 mg/l, with simultaneous very low values for erythromycin (MIC  0.016 mg/l), 
whereas MBC (Minimal Bactericidal Concentaration) - MBC50 and MBC90 for penicillin 
were respectively 2.0 and 8.0 mg/l and 17.0 and 24.0. In 71% of the tested strains the ratio 
MBC/MIC was ≥ 32. The results of the study indicated the insensitivity (tolerance) to 
penicillin, which was confirmed by a lack of a positive effect of treatment despite the MIC 
values indicating sensitivity of the tested strains to this antibiotic. Such an effect was also 
observed in the case of tolerance to amoxicillin in the strain C. diphtheriae isolated from the 
case of endocarditis (Dupon et al., 1995). 

In other strains of Corynebacterium spp. a similar situation was found, i.e. creation of 
insensitivity to oxacillin with low MIC values. This effect was not associated with the 
existing mechanism of resistance to beta-lactam antibiotics, but with a very high phenotypic 
expression and activity of a pair of genes tetA and tetB present on the Tn3598-transposon 
Class II - 12kb, which determined resistance to tetracycline. The activity of these genes, 
which consists of powerful active pumping, resulted also in removal of a structurally 
different antibiotic, which was oxacillin (Tauch et al., 2000). 

Based on the analysis of results of phenotypic and genotypic studies of different species of 
the genus Corynebacterium showing resistance to beta-laktam antibiotics, it can be concluded 
that both resistance mechanisms organisms occur in these microorganisms, i.e. production 
of beta-laktamases and modification of penicillin-binding proteins. It is confirmed by e.g. 
resistance to penicillin (MIC 90> 4 g/ml) in strains of C. jeikeium and C. urealyticum, 
ampicillin (MIC90> 8 g/ml) (Gomez-Garces et al., 2007), in C. resistens to penicillin, 
cefazolin, cefotiam, cefmetazol, cefepime (MIC> 64 g/ml) and imipenem (MIC> 32 g/ml) 
(Otsuka et al., 2005), in strains of C. striatum to penicillin, ampicillin (MIC90 = 16 g/ml), 
cefazolin, cefotiam, cefotaxime, imipenem (MIC90> 32 g/ml) (Otsuka et al., 2006). Just like 
in hospital strains of C. urealyticum, in which resistance to penicillin and cefotaxime was 
particularly high (MIC90> 512 g/ml) (Garcia-Bravo et al., 1996).  

It can be also confirmed by an analysis of the genome sequence of C. glutamicum, which 
showed presence of four genes encoding proteins PBP (Penicillin Binding Proteins) HMW 
(high-molecular-weight), i.e. PBP1a, PBP1b, PBP2a, PBP2b, two genes encoding PBP4, 
PBP4b (low-molecular-weight) and two probably encoding beta-laktamases (Valbuena et al., 
2007). 

2.5 Resistance to glycopeptides 

An antibiotic recommended by many authors in the empirical treatment of invasive 
infections caused by species of the genus Corynebacterium is vancomycin. It is connected 
with the common sensitivity to this antibiotic of even multidug-resistant species, which pose 
the greatest problems in infections. It refers to such species as C. jeikeium, C. resistant, C. 
amycolatum and C. striatum (Wiliams et al., 1993). Unfortunately, still cases of isolated strains 
of C. aquaticum and C. group B1 resistant to vancomycin have been reported. 
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Only single cases are described, in treatment of which other alternative antibiotics give very 
good results. An example might be a case of infection in a 44-year-old patient with 
endocarditis 4 months after a prosthetic mitral valve (Barnas et al., 1991). The strain of 
Corynebacterium spp. isolated from the blood turned out resistant to vancomycin and 
penicillin G, erythromycin, gentamicin and rifampicin. The use of imipenem and 
ciprofloxacin resulted in an effective cure of the infection. 

In related species of Coryneform Oerskovia turbata 892 and Arcanobacterium (former 
Corynebacterium) haemolyticum 872, resistance to vancomycin and teicoplanin was found of 
the constitutive nature. Presence of the VanA gene was detected, found on plasmids of 15 
and 20 kb. In strains of A. haemolyticum 872 the VanA gene sequence turned out the same as 
in vancomycin-resistant Enterococcus faecium BM4147. In the case of O. turbata 892 a change 
of sequence occurred in three points. Species A. haemoliticum and O. turbata show a natural 
sensitivity to vancomycin and teicoplanin, and resistance found in the tested strains resulted 
from presence of the VanA gene (Power et al., 1995). The resistance phenotype associated 
with presence of the VanA gene is characterized by a high degree of resistance to 
vancomycin and teicoplanin.  

2.6 Resistance to chloramphenicol 

Resistance genes to chloramphenicol were detected on plasmids - in the strain 
Corynebacterium spp. on the pXZ10145 plasmid - 5.3 kb  and in C. xerosis on pTP10 - 45.0 kb 
(Deb & Nath, 1999). In C. striatum strain M82B (former C. xerosis M82B) (Tauch et al., 1998) 
chloramphenicol resistance gene cmx (chloramphenicol and exports) was detected as an 
integral part of the transposon Tn5564, which contains a complete copy of the insertion 
sequence IS1513. The cmx gene is responsible for encoding of a specific protein 
(transmembran chloramphenicol efflux protein), which inhibits the passage of the antibiotic 
into the cytoplasm, and gives the bacetrial cell resistance to chloramphenicol. 

3. Problems with diagnostic of infection by coryneform  
The increasing isolation of multidrug-resistant strains of the genus Corynebacterium from 
clinical materials draws attention to the emerging issues related to treatment of infections 
caused by this group of opportunistic bacteria. The problem is all the more important since 
the infections often concern diagnostically difficult cases, long-hospitalized patients, the 
chronically ill, often with an accompanying disease causing immunosuppression. The 
underrated contribution of coryneform in infections may lead to therapeutic errors. Their 
common occurrence on the mucous membranes and skin causes doubts about their 
recognition as the etiologic factor of the infection.  

The next problem, that may determine the accuracy of microbiology result as well as 
confirmation of the presence of opportunistic Corynebacterium spp. in infection, is a choice of 
appropriate culture method – bacterial culture media, which composition supports the 
growth of different coryneforms species. It is applied mostly for lipophilic species, as C. 
jeikeium, C. urealyticum. It is very important to identify the isolated strains precisely, as this 
enables tracking multi drug-resistance in specific strains, their existence on specific areas 
and routes of transmission. These informations are specifically important for hospital areas, 
facilitating to make proper decision on limiting these types of infections.  
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Accurate microbiological diagnostics of infections caused by species of the genus 
Corynebacterium, identification of strains of the isolated species and determination of 
antibiotic susceptibility with methods enabling determination of the MIC values permit 
assessment of the existing and emerging mechanisms of drug resistance and result in 
making right decisions about the most appropriate antibiotic therapy for a given case. It is 
extremely important to apply correct interpretation criteria of the determined drug 
resistance for species of the genus Corynebacterium, specific for this group of 
microorganisms, based on the established and generally accepted recommendations 
(Clinical and Laboratory Standards Institute [CLSI], 2006; Łętowska & Olender, 2010). 
Application of methods of molecular biology and examination of resistance genes, their 
locations and transmission paths is a very important direction of research on monitoring of 
resistance mechanisms in coryneform and gives the ability to track and determine their role 
in transmission of genes also among other species. 

4. Antibiotic therapy used in infections of Corynebacterium spp. 
The basis for monitoring of the emerging multi-drug resistant strains for all bacteria, as well 
as species of the genus Corynebacterium, is conducting research characterizing their 
sensitivity to antibiotics, which is potentially useful in treating infections. Publication of 
such data is extremely important due to tips received about the most effective antibiotic 
therapy for a given group of microorganisms.  

An analysis of sensistivity to antibiotics of a large group of strains of C. urealyticum, C. 
amycolatum, C. jeikeium, C. coyleae, C. striatum, C. aurimucosum and C. afermentans was 
conducted with assays using Etests (Fernandez-Roblas et al., 2009). The authors found that 
strains of all tested species were susceptible to glycopeptides, linezolid, 
chinupristin/dalphopristin and daptomycin, which was also confirmed in other studies 
(Funke et al., 1997a; Funke et al., 1997b). 

The results obtained from research done in Italy, involving strains of C. striatum isolated 
from different infections, also indicated the need of analysis of drug resistance in 
Corynebacterium. Genetic studies of strains of C. striatum MDR (multidrug-resistant) revealed 
presence of a multidrug-resistant clone, whose strains isolated from cases of pneumonia, 
catheter related bacteremia and wound infections showed, despite resistance to other classes 
of antibiotics, susceptibility to glycopeptides, tigecyclin, chinupristyn/dalphopristin, 
daptomycin and linezolid (Campanile et al., 2009). 

One of the most resistant species, which causes the biggest problems in hospitals and is 
frequently isolated from infections in hospitalized patients, is C. jeikeium. The study of 66 
strains of C. jeikeium (Johnson et al. 2004) showed resistance to penicillin in all of them, in 
94% resistance to erythromycin, and in 74% to tetracycline. Twenty-two strains of other 
examined species of the genus Corynebacterium had a significantly lower level of the 
resistant. But what is extremely important, all examined strains were susceptible to 
vancomycin (MIC = 0.5-4.0 mg/l), linezolid (MIC = 0.5-2.0 mg/l) and daptomycin (MIC ≤ 
1mg/l) with the exception of two isolates of C. auaticum, whose MIC for daptomycin was 8 
mg/l. At the same time effecacy of daptomycin was confirmed in the successfully applied 
combination with rifampicin in a patient with endocarditis caused by C. amycolatum (Dala et 
al., 2008) i C. striatum (Shah & Murillo, 2005). 
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catheter related bacteremia and wound infections showed, despite resistance to other classes 
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daptomycin and linezolid (Campanile et al., 2009). 

One of the most resistant species, which causes the biggest problems in hospitals and is 
frequently isolated from infections in hospitalized patients, is C. jeikeium. The study of 66 
strains of C. jeikeium (Johnson et al. 2004) showed resistance to penicillin in all of them, in 
94% resistance to erythromycin, and in 74% to tetracycline. Twenty-two strains of other 
examined species of the genus Corynebacterium had a significantly lower level of the 
resistant. But what is extremely important, all examined strains were susceptible to 
vancomycin (MIC = 0.5-4.0 mg/l), linezolid (MIC = 0.5-2.0 mg/l) and daptomycin (MIC ≤ 
1mg/l) with the exception of two isolates of C. auaticum, whose MIC for daptomycin was 8 
mg/l. At the same time effecacy of daptomycin was confirmed in the successfully applied 
combination with rifampicin in a patient with endocarditis caused by C. amycolatum (Dala et 
al., 2008) i C. striatum (Shah & Murillo, 2005). 
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Linezolid, as shown in published works, was also characterized by a very good action. High 
activity of linezolid was found in studies of 190 strains of coryneform (Gomez-Garces et 
al.,2007). It confirmed the possibility of equally successful application of this antibiotic in 
infections caused by Coryneform. 

Diversity of antibiotic resistance in species of the genus Corynebacterium is strictly connected 
with the locations, in which the tested strains occur. As found in the conducted studies 
(Garcia-Bravo et al., 1996) strains of C. urealyticum coming from hospitalized patients show 
significantly higher resistance to antibiotics than those isolated from outpatients, from 
outside of the hospital environment. An analysis of frequency and duration of antibiotic 
therapy used in patients from both groups of respondents was conducted. It confirmed 
unequivocally that the hospital environment and more frequently used antibiotics in the 
hospitalized patients is conducive to occurence of multidrug-resistant strains, and the 
hospital environment in which such patients stay is the place from which strains of C. 
urealyticum came, causing infections in the hospitalized patients. At the same time 
considerably lower resistance to antibiotics of isolates coming from the outpatients indicates 
that the strains of C.urealyticum most likely are derived from microflora colonizing the skin 
of the examined outpatients. 

A very disturbing fact is discovery of new multidrug-resistant species of the genus 
Corynebacterium, which suggests a progressive character of multidrug-resistance occurring 
in this group. It is confirmed by a description of a new multidrug-resistant species of C. 
resistens in 2005. It is lipophilic, with low fermentation properties (it ferments glucose), does 
not reduce nitrates, does not produce urease and pyrazinamidase. It is characterized by 
resistance to penicillin and cephalosporins (MIC  64 µg/ml), imipenem (MIC  32 µg/ml), 
aminoglycosides (MIC  3 µg/ml 2), macrolides (MIC  16 µg/ml), quinolones (MIC  32 
µg/ml) and sensitivity to teicoplanin (MIC  0.5 µg/ml) and vancomycin (MIC = 2 µg/ml) 
(Otsuka et al., 2005). 

5. Conclusion 
Presented by several authors results of their studies on antibiotics resistance show, that even 
though Corynebacterium spp. are the members of the normal flora, they are not universally 
susceptible to antibiotics, as could be expected. Opportunistic Corynebacterium spp., until 
now considered as bacteria of low pathogenicity, may pose a diagnostic and therapeutic 
problems, as they are more and more commonly isolated from serious, life-threatening 
invasive infections. Observed in many cases multi drug-resistance may be connected with 
the possibility to acquire resistance genes by gene transfer within bacteria regarded as 
normal flora present in large number on a given body area (skin, mucous membranes). Drug 
resistance occurrence in opportunistic species is the result of antibiotics overuse. It is 
obvious that antibiotics used also influence on saprophytic bacteria. Resulting selection of 
resistant strains is commonly known and regarded as important process leading to multi 
drug-resistance. For these reasons, analysis of the process in opportunistic Corynebacterium is 
an important element in monitoring new multi drug-resistant strains derived from 
saprophytic flora, mostly in infections in patients from risk groups, under 
immunosuppression, hospitalized for long time. Studying mechanisms of drug resistance on 
the basis of phenotypic and genotypic expression is important for proper antibiotic 
therapies in infections caused by this group of microorganisms. 
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Studies on sensitivity to antibiotics of different multidrug-resistant species of the genus 
Corynebacterium indicate that the highest efficacy in treatment of infections is shown by 
glycopeptides, linezolid, daptomycin, tigecyclin and chinupristin/dalphopristin. 
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1. Introduction  
All living organisms have molecular systems that enable them to resist a variety of toxic 
substances and environmental stresses. Proteins belonging to the Multiple antibiotic 
resistance Regulators (MarR) family reportedly regulate the expression of proteins 
conferring resistance to multiple antibiotics, organic solvents, household disinfectants, 
oxidative stress agents and pathogenic factors (Alekshun & Levy, 1999a; Miller & Sulavik, 
1996; Aravind et al., 2005). The marR gene was initially identified as a component of the 
negative regulator encoded by the marRAB locus in Escherichia coli (George & Levy, 1983a, 
b). Currently, a large number of MarR-like proteins (~12,000) can be found in bacterial and 
archaeal domains, and the physiological role of around 100 of them have been characterized. 
Members of the MarR family of transcriptional regulatory proteins form a homodimer to 
bind to their cognate double-stranded DNA (dsDNA). The protein-DNA interactions is 
regulated by specific phenolic (lipophilic) compounds, such as salicylate, ethidium, carbonyl 
cyanide m-chlorophenylhydrazone (CCCP) and benzoate. The MarR homologues contain a 
winged helix-turn-helix (wHtH) motif at the DNA binding site, and this motif is well known 
for DNA binding in eukaryotes, prokaryotes, archaea and viruses. In this chapter, we will 
discuss the identification, three-dimensional structure and interactions with ligand 
(drug)/DNA of MarR family proteins.  

2. Identification and characterization of MarR family proteins  
The MarR family of transcriptional regulators was first identified in multidrug resistant 
strains of E. coli K-12 (George & Levy, 1983a, b). This MarR protein plays a key role in 
regulating the multiple antibiotic resistance (marRAB) regulon, which is responsible for the 
mar phenotype manifesting as resistance to a variety of structurally and medicinally 
important antibiotics, including sodium salicylate, tetracycline, chloramphenicol, penicillins, 
-lactams, puromycin, fluoroquinolones and organic solvents (Cohen et al., 1993a). The 
marA gene encodes a transcriptional regulatory protein MarA, which is a member of the 
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conferring resistance to multiple antibiotics, organic solvents, household disinfectants, 
oxidative stress agents and pathogenic factors (Alekshun & Levy, 1999a; Miller & Sulavik, 
1996; Aravind et al., 2005). The marR gene was initially identified as a component of the 
negative regulator encoded by the marRAB locus in Escherichia coli (George & Levy, 1983a, 
b). Currently, a large number of MarR-like proteins (~12,000) can be found in bacterial and 
archaeal domains, and the physiological role of around 100 of them have been characterized. 
Members of the MarR family of transcriptional regulatory proteins form a homodimer to 
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marRAB expression and the mar phenotype have been experimentally shown to be activated 
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by a wide range of antibiotics and phenolic compounds, such as 2,4-dinitrophenol, 
menadione, plumbagin and salicylate (Cohen etal., 1993b; Seoane & Levy, 1995).  

Similar to MarR, MexR negatively regulates an operon in Pseudomonas aeruginosa that, when 
expressed, encodes a tri-partite multidrug efflux system that results in increased resistance 
to multiple antibiotics, including tetracycline, -lactams, chloramphenicol, novobiocin, 
sulfonamides and fluoroquinolones (Li & Poole, 1999; Srikumar et al., 2000). Analysis of the 
open reading frame of mepA reveals that the gene is part of the mepRAB three gene cluster, 
which encodes MepR, a MarR family member. MepR binds to compounds like ethidium, 
DAPI and rhodamine 6G. Some members of the MarR family of DNA-binding proteins, 
such as hypothetical uricase regulator (HucR) and organic hydroperoxide resistance 
regulator (OhrR), mediate a cellular response to reactive oxidative stress (ROS) (Wilkinson 
& Grove, 2004; 2005). The Deinococcus radiodurans HucR was shown to repress its own 
expression as well as that of a uricase. This repression is alleviated both in vivo and in vitro 
upon binding uric acid, the substrate for uricase. As uric acid is a potent scavenger of 
reactive oxygen species, and D. radiodurans is known for its remarkable resistance to DNA-
damaging agents, these observations indicate a novel oxidative stress response mechanism 
(Hooper et al., 1998; Kean et al., 2000; Ames et al., 1981). Similar to HucR, the OhrR protein 
of Bacillus subtilis also mediates a response to oxidative stress; however, for OhrR, it is 
oxidation of a lone cysteine residue by organic hydroperoxides that abrogates DNA binding 
(Fuangthong et al., 2001; Fuangthong & Helmann, 2002). 

2.1 Crystal structure of MarR homologues 

Recently, much structural information have become available for MarR homologues. The 
MarR proteins exist as homodimers in solution, and as mentioned above each monomer 
consists of a wHtH DNA binding motif. We have recently solved one of the MarR 
regulators, ST1710 in the absence (apo)/presence (complex) of salicylate and in the presence 
of the putative DNA promoter. The overall structure of ST1710 indicates that it belongs to 
the α/β family of proteins and resembles those of the MarR family of proteins. It consists of 
six α-helices and two β-strands, arranged in the order of α1-α2-α3-α4-β1-β2-α5-α6 in the 
primary structure. The asymmetric subunit contains one molecule of ST1710. Two 
monomers of ST1710 are related by a crystallographic 2-fold symmetry to form the dimer, 
and this is consistent with our gel-filtration analysis (Kumarevel et al., 2008) as well as with 
other MarR family proteins (Alekshun et al., 2001; Lim et al., 2002; Liu et al., 2001; Wu et al., 
2003; Hong et al., 2005) (Fig. 1). The N- and C-terminal residues located at the helices of each 
monomer are closely intertwined and form a dimerization domain, which is stabilized by 
hydrophobic and hydrogen bonding interactions between the residues located within these 
regions. Apart from the dimerization domain, as observed in many DNA binding 
transcriptional regulators, the residues located within the α2-α3-α4-β1-β2 structure form the 
wHtH DNA binding motif (Alekshun et al., 2001; Hong et al., 2005; Bordelon et al., 2006; 
Newberry et al., 2007; Saridakis, et al., 2008). The residues involved in dimerization play a 
key role in maintaining the distance between the DNA recognition helices in the wHtH 
loops, which can ultimately affect the fidelity and strength of the protein-DNA interactions. 
Mutagenesis of the residues involved in the dimeric interface has been shown to cause low 
DNA binding affinity (Andresen et al., 2010). Furthermore, C-terminal deletion in MarR 
homologs decreases the ability to form dimers, which correlates with the attenuated DNA 
binding affinity and increased phenotypic resistance in E. coli (Linde et al., 2000). 
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Fig. 1. Crystal structure of ST1710, a member of MarR family proteins. (A) A ribbon diagram 
of ST1710-salicylate complex dimer is shown. The secondary structure assignments and the 
N- /C-termini are labeled on the structure. (B) Close-up stereo view of salicylate binding site 
interactions with protein residues is shown. The hydrogen bonds are indicated by broken 
lines.  

2.2 Structural comparison of MarR homologues 

In a search for proteins with structural similarity to ST1710 protein within the known 
structures available in the Protein Data Bank (www.pdb.org) using the Dali program (Holm 
and Sander, 1996), we have identified many other protein structures within the MarR 
superfamily with good Z-scores. The highest ranked among those proteins is a Syla-like 
protein from Enterococcus faecalis (pdb id, 1lj9, Z-score=17.7, sequence identity=22%), which 
has been shown to up-regulate the expression of molecular chaperones, acid-resistance 
proteins and cytolysin, as well as to down-regulate several biosynthetic enzymes (Wu et al., 
2003). The second highest ranked protein is a hypothetical regulator from P. aeruginosa (pdb 
ids, 2fbh, 2nnn, 2fbi), and the third one is OhrR from B. subtilis, an organic hydroperoxide-



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

404 

by a wide range of antibiotics and phenolic compounds, such as 2,4-dinitrophenol, 
menadione, plumbagin and salicylate (Cohen etal., 1993b; Seoane & Levy, 1995).  

Similar to MarR, MexR negatively regulates an operon in Pseudomonas aeruginosa that, when 
expressed, encodes a tri-partite multidrug efflux system that results in increased resistance 
to multiple antibiotics, including tetracycline, -lactams, chloramphenicol, novobiocin, 
sulfonamides and fluoroquinolones (Li & Poole, 1999; Srikumar et al., 2000). Analysis of the 
open reading frame of mepA reveals that the gene is part of the mepRAB three gene cluster, 
which encodes MepR, a MarR family member. MepR binds to compounds like ethidium, 
DAPI and rhodamine 6G. Some members of the MarR family of DNA-binding proteins, 
such as hypothetical uricase regulator (HucR) and organic hydroperoxide resistance 
regulator (OhrR), mediate a cellular response to reactive oxidative stress (ROS) (Wilkinson 
& Grove, 2004; 2005). The Deinococcus radiodurans HucR was shown to repress its own 
expression as well as that of a uricase. This repression is alleviated both in vivo and in vitro 
upon binding uric acid, the substrate for uricase. As uric acid is a potent scavenger of 
reactive oxygen species, and D. radiodurans is known for its remarkable resistance to DNA-
damaging agents, these observations indicate a novel oxidative stress response mechanism 
(Hooper et al., 1998; Kean et al., 2000; Ames et al., 1981). Similar to HucR, the OhrR protein 
of Bacillus subtilis also mediates a response to oxidative stress; however, for OhrR, it is 
oxidation of a lone cysteine residue by organic hydroperoxides that abrogates DNA binding 
(Fuangthong et al., 2001; Fuangthong & Helmann, 2002). 

2.1 Crystal structure of MarR homologues 

Recently, much structural information have become available for MarR homologues. The 
MarR proteins exist as homodimers in solution, and as mentioned above each monomer 
consists of a wHtH DNA binding motif. We have recently solved one of the MarR 
regulators, ST1710 in the absence (apo)/presence (complex) of salicylate and in the presence 
of the putative DNA promoter. The overall structure of ST1710 indicates that it belongs to 
the α/β family of proteins and resembles those of the MarR family of proteins. It consists of 
six α-helices and two β-strands, arranged in the order of α1-α2-α3-α4-β1-β2-α5-α6 in the 
primary structure. The asymmetric subunit contains one molecule of ST1710. Two 
monomers of ST1710 are related by a crystallographic 2-fold symmetry to form the dimer, 
and this is consistent with our gel-filtration analysis (Kumarevel et al., 2008) as well as with 
other MarR family proteins (Alekshun et al., 2001; Lim et al., 2002; Liu et al., 2001; Wu et al., 
2003; Hong et al., 2005) (Fig. 1). The N- and C-terminal residues located at the helices of each 
monomer are closely intertwined and form a dimerization domain, which is stabilized by 
hydrophobic and hydrogen bonding interactions between the residues located within these 
regions. Apart from the dimerization domain, as observed in many DNA binding 
transcriptional regulators, the residues located within the α2-α3-α4-β1-β2 structure form the 
wHtH DNA binding motif (Alekshun et al., 2001; Hong et al., 2005; Bordelon et al., 2006; 
Newberry et al., 2007; Saridakis, et al., 2008). The residues involved in dimerization play a 
key role in maintaining the distance between the DNA recognition helices in the wHtH 
loops, which can ultimately affect the fidelity and strength of the protein-DNA interactions. 
Mutagenesis of the residues involved in the dimeric interface has been shown to cause low 
DNA binding affinity (Andresen et al., 2010). Furthermore, C-terminal deletion in MarR 
homologs decreases the ability to form dimers, which correlates with the attenuated DNA 
binding affinity and increased phenotypic resistance in E. coli (Linde et al., 2000). 

 
The MarR Family of Transcriptional Regulators – A Structural Perspective 

 

405 

 
Fig. 1. Crystal structure of ST1710, a member of MarR family proteins. (A) A ribbon diagram 
of ST1710-salicylate complex dimer is shown. The secondary structure assignments and the 
N- /C-termini are labeled on the structure. (B) Close-up stereo view of salicylate binding site 
interactions with protein residues is shown. The hydrogen bonds are indicated by broken 
lines.  

2.2 Structural comparison of MarR homologues 

In a search for proteins with structural similarity to ST1710 protein within the known 
structures available in the Protein Data Bank (www.pdb.org) using the Dali program (Holm 
and Sander, 1996), we have identified many other protein structures within the MarR 
superfamily with good Z-scores. The highest ranked among those proteins is a Syla-like 
protein from Enterococcus faecalis (pdb id, 1lj9, Z-score=17.7, sequence identity=22%), which 
has been shown to up-regulate the expression of molecular chaperones, acid-resistance 
proteins and cytolysin, as well as to down-regulate several biosynthetic enzymes (Wu et al., 
2003). The second highest ranked protein is a hypothetical regulator from P. aeruginosa (pdb 
ids, 2fbh, 2nnn, 2fbi), and the third one is OhrR from B. subtilis, an organic hydroperoxide-



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

406 

resistance regulator that controls the expression of the organic hydroperoxide resistance (ohr) 
gene by binding to ohrA promoter elements (Hong et al., 2005). Many proteins (1jgs, 1s3j, 
2a61, 2nyx, 2hr3, 1xma, 3f3x, 2eth, 3nqd, 3nrv, 3bpv, 3bpx, 3s2w, 3deu, 3q5f, 3fm5, 3oop, 
3cdh, 3cjn, 3e6m, 3k0l, 3bro, 3eco, 3jw4, 3bj6, 3g3z, 1lnw, 3bja, 3qww, 3kp6, 3bdd, 1z91, 2pex, 
2bv6, 3hrm, 1ub9) were identified with Z-scores between 10-16. All of these proteins adopt a 
similar topology (rmsd between 1 to 4 Å), despite the low (~15-25%) sequence identities 
between them, and these sequence dissimilarities are reflected throughout the secondary 
structural elements (Figs. 2, 3). In addition, the high flexibility of the DNA binding domains 
displayed in the different crystals provides indirect evidence of the ability of this wHtH 
motif to adapt in order to recognize various DNA targets. In addition, a sequence homology 
search against ST1710 (Q96ZY1 from Sulfolobus tokodaii) in the non-redundant protein 
database using fasta revealed that many archaeal species have conserved motifs resembling 
MarR family regulatory sequences, including Sulfolobus acidocaldarius, Sulfolobus solfataricus,  
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Fig. 2. Three-dimensional structural comparison of ST1710. Superposition of ST1710 with 
related MarR family proteins. (A) ST1710, 1JGS, 1LJ9, 1LNW, 1S3J, 1UB9 and 1XMA are 
colored in red, green, blue, yellow, majenta, cyan and orange, respectively. (B) ST1710, 1Z91, 
2A61, 2BV6, 2ETH and 2FBH are colored in red, green blue, yellow, majenta and cyan, 
respectively. (C) ST1710, 2FBI, 2FNP, 2HR3, 2NNN and 2NYX are colored in red, green blue, 
yellow, majenta and cyan, respectively. (D) ST1710, 2PEX, 2QWW, 3BDD, 3BJ6 and 3BJA are 
colored in red, green blue, yellow, majenta and cyan, respectively. (E) ST1710, 3BPV, 3BPX, 
3BRO, 3CDH and 3CJN are colored in red, green blue, yellow, majenta and cyan, 
respectively. (F) ST1710, 3DEU, 3E6M, 3ECO, 3F3X and 3FM5 are colored in red, green blue, 
yellow, majenta and cyan, respectively. (G) ST1710, 3G3Z, 3HRM, 3JW4, 3KOL and 3KP6 are 
colored in red, green blue, yellow, majenta and cyan, respectively. (H) ST1710, 3NQO, 
3NRV, 3OOP, 3Q5F and 3S2W are colored in red, green blue, yellow, majenta and cyan, 
respectively. 
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Fig. 3. Sequence alignment of ST1710 and its structurally and sequenctially related proteins 
from different species. (A) Structurally related proteins to ST1710, based on the Dali Zscore. 
(B) Sequentially related proteins from the non-reduntant sequence database. The highly 
redundant proteins are removed. The ligand and DNA binding residues are highlighted 
with yellow and green shades, respectively. 

Metallosphaera sedula, Thermoplasma acidophilum, Thermoplasma volcanium, Streptomyces sviceus, 
Pelotomaculum thermopropionicum, Thermotoga lettingae, Clostridium beijerinckii and others. 
Among these, the amino acid sequence of ST1710 displays about 50% identity to the S. 
acidocaldarius (Chen et al., 2005) (17) and S. solfataricus (She et al., 2001) sequences, 41% 
identity to the M. sedula sequence (Copeland et al., 2006) and approximately 30-40% 
identity to others (Fig. 3).  

2.1.1 Interactions between MarR homologues and ligands 

MarR homologues are known to bind a variety of lipophilic compounds, including salicylate, 
ethidium and CCCP (Table 1). These bound molecules control interaction between protein-
DNA molecules. Sodium salicylate is a well-known example of a compound that can inhibit 
MarR activity both in vitro and in vivo at millimolar concentrations (Alekshun and Levy, 
1999b). Three different MarR proteins have been solved with the salicylate ligand, including 
ST1710 from S. tokodaii, MarR from E. coli and MTH313 from Methanobacterium 
thermoautotrophicum. Among these, ST1710 is the only MarR homologue solved in the apo 
form, complexed with salicylate ligand and complexed with a putative promoter DNA 
(Kumarevel et al., 2009). One salicylate ligand is identified and located at the interface between 
the helical dimerization and wHtH DNA-binding domains in ST1710 (Fig. 1A&B), and the 
bound salicylate ligand shows many interactions with the surrounding protein residues. In 
particular, the O2’ of salicylate is bonded to the side chain oxygens of Tyr37 and Tyr111. In 
addition, the side chain oxygen of Tyr37 is also bonded to the O1’ of the salicylate ligand 
molecule. The ligand oxygen O1’ is hydrogen bonded to the amino group (NH2) of residue 
Arg20, while the O2 of the ligand molecule is hydrogen bonded to the side chain nitrogen of 
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Lys17. The latter two interactions are from the symmetrically related molecule. Notably, all of 
the ST1710 residues that interact with the ligand are highly conserved among closely related 
species (>40% identity) (Fig. 3).  

In contrast to ST1710, E. coli MarR was solved with two salicylate molecules per dimer, and 
both of them are highly exposed to the solvent. These salicylate binding sites are also not 
comparable to that of ST1710. The bound salicylate is hydrogen bonded with some of the 
MarR residues (Ala70, Thr72, Arg77, Arg86); however, the physiological relevance of either 
salicylate binding site could not be determined (Fig. 4). It seems that salicylate may stabilize 
the crystal packing, since in its absence, the crystals cannot be used for structure 
determination in the case of E. coli MarR (Alekshun et al., 2001). Analyses of another MarR 
homolog from M. thermoautotrophicum MTH313, which was also solved in the free (apo) 
form and complexed with salicylate, revealed a large asymmetrical conformational change 
that is mediated by the binding of sodium salicylate to two distinct locations in the dimer 
(Saridakis et al., 2008) (Fig. 4). The bound salicylate has two direct and one water mediated 
interactions with MTH313. Although the ligand binding sites in ST1710 and MTH313 are 
comparable, we have not found any conformational changes in ST1710 between the apo and 
ligand bound complexes, as observed in MTH313.  

 
Fig. 4. Salicylate binding analysis in MarR homologues. Superposition of the ST1710-
salicylate complex with other known MarR family of protein crystallized in the presence of 
salicylate. The ST1710, E. coli MarR and M. thermoautotrophicum MTH313 are shown in 
green, blue and red, respectively. 

Meanwhile, eight salicylate molecules are bound to Staphylococcus epidermidis of TcaR 
(Chang et al., 2010). Among these eight molecules, two are bound similarly to that with 
MTH313, while the other two were observed in the more shallow binding pocket in each 
monomer. The remaining ligands are highly exposed to the solvent. TcaR has also been 
crystallized with four different antibiotics (ampicillin, kanamycin, methicillin and 
penicillin), revealing their interactions with the protein (Chang et al., 2010). The available 
biochemical and biophysical results suggest that the MarR regulators modulate the DNA 
binding affinity in the presence of ligands or drug molecules. However, more ligand bound 
complexes are required to generalize the binding pocket properties as well as to understand 
how these MarR regulators allosterically change their conformation in the presence of 
vaious drugs/ligands to mediate the protein-DNA interactions. 
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Protein Organism Footprint 
(DNA) 

Kd (nM) Ligand Kd Reference 

ST1710 Sulfolobus 
tokodaii 

30 200 ~ 
1500  

Salicylate, 
Ethidium 
Bromide, CCCP 

~2-25 µM Kumarevel et al., 2008 
& 2009 
Yu et al., 2009 

MepR Staphylococcus 
aureus 

27,44 6.3 Ethidium, DAPI, 
Rhodamine 6G 

~3-63 M Kumaraswami et al., 
2009 

MarR Escherichia coli 21 1 Salicylate, 
Plumbagin, 2,4-
dinitrophenol, 
menadione 

0.5 – 1 mM Martin & Rosner 1995; 
Cohen et al., 1993b; 
Seoane & levy, 1995; 
Alekshun & Levy 
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Table 1. DNA and ligand binding data for MarR homologues. 
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Fig. 4. Salicylate binding analysis in MarR homologues. Superposition of the ST1710-
salicylate complex with other known MarR family of protein crystallized in the presence of 
salicylate. The ST1710, E. coli MarR and M. thermoautotrophicum MTH313 are shown in 
green, blue and red, respectively. 

Meanwhile, eight salicylate molecules are bound to Staphylococcus epidermidis of TcaR 
(Chang et al., 2010). Among these eight molecules, two are bound similarly to that with 
MTH313, while the other two were observed in the more shallow binding pocket in each 
monomer. The remaining ligands are highly exposed to the solvent. TcaR has also been 
crystallized with four different antibiotics (ampicillin, kanamycin, methicillin and 
penicillin), revealing their interactions with the protein (Chang et al., 2010). The available 
biochemical and biophysical results suggest that the MarR regulators modulate the DNA 
binding affinity in the presence of ligands or drug molecules. However, more ligand bound 
complexes are required to generalize the binding pocket properties as well as to understand 
how these MarR regulators allosterically change their conformation in the presence of 
vaious drugs/ligands to mediate the protein-DNA interactions. 
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2.1.1 Interactions between MarR proteins and DNA 

It is well-known that members of the MarR family of regulatory proteins bind to their cognate 
double-stranded DNA by their winged HtH motif (Alekshun et al., 2001; Hong et al., 2005; 
Kumarevel et al., 2009). Footprinting analyses suggested that different MarR regulators 
recognize promoters of different lengths with different affinities (Table 1). In an earlier study, 
we have used the OhrR promoter sequence as a search model to identify the putative promoter 
DNA sequence for ST1710 from the S. tokodaii genomic sequence (Kumarevel et al., 1998). We 
have also shown the binding constant for DNA to be around 15 µM using gel mobility shift 
assays. Yu et al. (2009) subsequently showed by fluorescence spectroscopy that the affinity of 
the same DNA promoter we identified is increased significantly with increasing temperature. 
The affinity was shown to be approximately double from 10°C (Kd = 618 ± 34 nM) to 30°C (Kd = 
334 ± 15 nM) and from 30°C to 50°C (Kd = 189 ± 9 nM). We later crystallized ST1710 along with 
two different DNA promoters (30-mer and 26-mer) and revealed the protein-DNA interactions 
and mode of binding as summarized below (Kumarevel et al., 2009).  

The overall structure of the ST1710-DNA complex is shown in Fig. 5A & B. The bound DNA 
adopts a B-form right-handed structure, passing over the protein molecule by only 
contacting at the winged HtH loop regions. The wHtH domains recognize the promoter 
DNA (TAACAAT) (15-21) region, consistent with the -10 region of the OhrR-ohrA operator 
complex. The 4 and 3 bases at the 5’ and 3’-ends are highly disordered and hence not 
modeled. Of the bound 46 nucleotides, only 22 nucleotides were found to be involved in 36 
contacts with six protein molecules. The critical protein-DNA contacts observed in this 
complex are as follows: Ser65 - Thy5’; Arg84 - G13’ and Ade17; Arg89 - Thy14’; Arg90 - 
Cyt18; Asp88 – Cyt18 (two salt bridge contacts); Lys91 - Ade19; Ile91 - Ade20. The observed 
salt bridge may be important in fixing the conformation of residue Arg90 in order to make 
contact with the nucleic acid base, Cyt18. Thus, the following residues Ser65, Arg84, Asp88, 
Arg89, Arg90, Lys91 and Ile92 interact with the bound promoter DNA. As further 
clarification of these protein-DNA interactions, our analysis of three mutant proteins 
(Arg89Ala, Arg90Ala, Lys91Ala) at the DNA binding loop region in gel mobility shift assays 
clearly support that these positively charged residues are important for DNA binding 
(Kumarevel et al., 2009). The DNA-binding residues in ST1710 are highly conserved among 
the closely related proteins Fig. (3). The winged loop region connecting the strands β1 and 
β2 apparently plays a major role in modulating their conformation for binding to the DNA 
molecule, and this mode of recognition is anticipated for the proteins closely related to 
ST1710 as well as those in the family of MarR regulators.  

In our earlier report, we noticed only a small difference at the loop region connecting 
strands β1 and β2 in the protein conformers crystallized in two different space groups, but 
the overall structures are otherwise identical (Kumarevel et al., 2008). Similarly, we have not 
observe any conformational changes in comparisons of the ST1710-salicylate complex and 
native structure crystallized under the same conditions, and the subunits in the dimer are 
identical. In contrast to these observations, a significant conformational change has been 
observed between subunits (A, B chains) in the ST1710-DNA complex, although the overall 
structural topology remains identical. Specifically, the C-terminal helix and the winged HtH 
motif region show displacement relative to the other. The DNA binding motif is elevated 

 
The MarR Family of Transcriptional Regulators – A Structural Perspective 

 

413 

 
Fig. 5. Structure of ST1710-DNA complex and it’s structural comparison with OhrR-OhrA 
complex. (A) ST1710-DNA complex observed in the aymmetric unit. The secondary 
structural assignments, N-/C- termini ends are labeled in one of the dimeric monomers. The 
complexed nucleic acids are shown as stick representations. (B) Part of the packing diagram. 
The 5’- and 3’- ends of each nucleotide chain is labeled. (C, D) Superposition of the OhrR-
OhrA complex on the ST1710-DNA complex is shown without (A) and with nucleic acids 
(B). The protein and nucleic acids are shown in St1710-DNA complex are in cyan and green; 
while those in OhrR-OhrA complex are shown in blue and red, respectively. 

compared to the other chain, while the C-terminal helix α6 is lower down. It is noteworthy 
to mention that the distances between the wHtH domains in the dimer are reduced by ~10 
Å for the ST1710-DNA complex, compared to the native and salicylate complexes. These 
observed conformational changes are required in order to facilitate the DNA-binding and 
thus would explain the conformational flexibility of MarR homologues.  

Another member of the MarR family of regulators that has been solved in complex with a 
promoter sequence is the B. subtilis OhrR. The OhrR was crystallized in the presence of a 29-
mer duplex containing the -10 region of the cognate DNA. In the OhrR-OhrA complex, the 
wHtH motif contacts the DNA promoter sequence with substantial widening and deepening 
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of the major groove that results from insertion of the recognition helix (α4) of the wHtH motif. 
The wHtH and recognition helices make many contacts with the DNA directly or mediated 
through water. The wHtH domain is important for the DNA interaction as evidenced by 
several mutagenic analyses, which show that the positively charged residues (Arg94) located 
at the terminals are important for the DNA contacts in E. coli MarR. In the OhrR-ohrA complex, 
the distance between wHtH loops is around 67 Å, and the distance between the recognition 
helices (α4) is about 20 Å, although the wings of the subunits are translocated about 16 Å 
compared to the structure of reduced OhrR (Hong et al., 2005) (Fig. 5C). In an attempt to 
clarify the binding mechanism of MarR regulators, a comparative analysis of our ST1710-DNA 
complex with the OhrR-ohrA complex (Fig. 5C & D) was performed, which revealed large 
conformational changes between these two complexes. Interestingly, we also observed unique 
conformational changes in the mode of DNA recognition. In contrast to the OhrR-OhrA 
complex, the bound promoter DNA passed over the wHTH motif without deepening the 
structure through the 2-fold axis in the ST1710-DNA complex. Despite their differences, it is 
interesting to note that the protein contacting residues are highly conserved between these two 
proteins and among the MarR family of regulators. This unexpected mode of DNA-binding in 
ST1710 is caused by one of the subunits translocated around 13 Å towards the 2-fold axis, 
reducing the distance between the recognition helix of the subunits to 13 Å. Thus, the mode of 
DNA binding observed in the OhrR-ohrA operator complex would be impossible for that of 
ST1710. Such unique conformational changes observed in these complexes explain how the 
MarR homolog regulators can modulate the DNA-binding affinity based on the cognate 
promoter or ligand molecules. 

3. Conclusion 
The MarR family of regulatory proteins in bacteria and archaea regulate a variety of 
biological functions, including those associated with the development of antibiotic 
resistance, a growing global health problem. Based on the existing crystal structures, it 
seems that members of the MarR family of proteins adopt similar topology, despite 
variations in sequence similarities among them. We have solved the crystal structure of 
ST1710 in three different forms (apo-form, ST1710-salicylate and ST1710-DNA complex) and 
demonstrated the functional importance of the ligand binding and DNA binding residues. 
The ligand or drug binding to the MarR regulators may regulate their promoter binding 
abilities as evidenced with MarR, ST1710 and MTH313. Furthermore, the promoter DNA is 
also recognized by the protein in a unique fashion as observed in OhrR-OhrA and ST1710-
DNA complexes. Taken altogether, the current evidence describe the MarR regulators 
containing wHTH motifs as being prone to binding DNA through their positively charged 
residues located in their loops, and the mode of DNA binding depends on the subunit 
organization as observed in the MarR family of proteins (ST1710, OhrR). Through further 
structural and functional studies on MarR-DNA binding, we will be better poised to 
develop new drugs to specifically target those interactions that confer drug resistance to 
pathogenic organisms.  
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1. Introduction 
Cross-sectional prospective surveys are a useful method for studying the effects of 
antimicrobials on animals (Dunowska et al., 2006; Thomson et al., 2008; Bunner et al., 2007) . 
However, there is a paucity of these studies in horses compared to other animals (Coe et al., 
2008). 

Although antibiotic consumption has been a major contributor to the antibiotic resistance 
phenomenon (Bunner et al., 2007) various different factors have added to the development 
and dissemination of antimicrobial resistance. For example, population densities among 
humans have been identified as risk factors for development and spread of antimicrobial 
resistance (Bruinsma et al., 2005; Zhang et al., 2006). Hospitalization, in humans for instance, 
is also associated with an increase in antibiotic resistance in pathogenic bacteria, while 
others have found a lack of a significant effect on the prevalence of resistance in E. coli 
(Koterba et al., 1986; Gaynes et al., 1997). A study by Dunowska and colleagues (Dunowska 
et al., 2006) concluded that both antimicrobial administration and hospitalization were 
associated with the shedding of E. coli resistant strains from equine faecal samples. 

Certain antimicrobial administration regimes have been shown to give rise to antibiotic 
resistant bacteria, which then comprise a reservoir of resistant bacteria when shed into the 
environment (Ahmed et al., 2010; Fofana et al., 2006; Diarrassouba et al., 2007; Pallecchi et 
al., 2007). Linked resistance genes encoded on mobile genetic elements, can also contribute 
to the spread of resistance genes (Srinivasan et al., 2007), with exposure to one antimicrobial 
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agent leading to selection for resistance against other, or multiple, antimicrobial drugs 
(Braoudaki et al., 2007; Schnellmann et al., 2006; Weese et al., 2006). Such genes can be 
maintained after antibiotic treatment, has been stopped such that removing the selective 
pressure does not necessarily lead to the loss of resistance (Ahmed et al., 2010; Kaszanyitzky 
et al., 2007; Ghidan et al.,2008). Mobile genetic elements are widely reported cause of the 
spread of antibiotic resistance in both E. coli and Salmonella commensals in animals bred for 
human consumption (Roest et al., 2007). Therefore, E. coli and other enteric organisms are 
widely used as an indicator organism (Kaneene et al., 2007; Bruinsma et al., 2003).  

The purpose of this investigation was to identify changes in antibiotic resistant E. coli in 
faeces of horses entering the Philip Leverhulme Equine Hospital (PLEH), at the University 
of Liverpool, UK on arrival, during hospitalization, and after discharge. The dynamics 
affecting the prevalence of antibiotic resistant E. coli were used in this study in order to 
examine potential risk factors.  

2. Materials and methods 
2.1 Study design  

Faecal samples were collected from horses admitted to the Philip Leverhulme Equine 
Hospital (PLEH) at the University of Liverpool for more than seven days at the following 
time points: 1st, on arrival, before treatment began; 2nd, one day; 3rd, 2-3 days after treatment 
had started; 4th, immediately before discharge. Further faecal samples were collected by the 
horse’s owners, 4-8 weeks after discharge (5th), and also 6 months after discharge (6th). 
Horses were divided into three groups as follows: GI+, horses with gastrointestinal 
conditions and under antibiotic therapy; Non-GI+, horses with non-gastrointestinal 
conditions and under antibiotic therapy; Non-GI-, horses with non-gastrointestinal 
conditions and no antibiotic therapy. 

2.2 Sample collection  

Faecal samples were taken from stalls randomly and chosen from the firm part of the faecal 
balls. In total, 2-3 grams were collected and taken straight to the laboratory.  

2.3 Bacterial culture   

Standard microbiological methods and biochemical tests were used to isolate and confirm 
each E. coli as fully described by Ahmed et al 2010. Three single E. coli colonies were chosen 
from each sample, confirmed by biochemical testing (e.g. API system) and subjected to 
further susceptibility tests thereafter.  

2.4 Antibiotic susceptibility tests  

Antibiotic susceptibility testing was performed according to the BSAC guidelines (Andrews, 
2008). Briefly, antimicrobial drugs tested for included: - ampicillin; if the isolates show 
resistance to ampicillin then isolates were also tested against other two cephalosporins 
(cefotaxime (30 μg) and ceftazidime (30μg) for extended resistance to cephalosporines and 
referred as potential ESBL producers (ESBLs*) for ampicillin resistant isolates), apramycin, 
chloramphenicol (and also against florfenicol, if chloramphenicol resistant), nalidixic acid 
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(and also against ciprofloxacin, if nalidixic acid resistant), tetracycline and trimethoprim. 
Further susceptibility tests were also performed for gentamicin, spectinomycin, 
streptomycin and sulphamexazole for all collected resistant isolates. Isolates were 
considered resistant if resistance to at least one antibiotic was shown and classified as 
multidrug resistant isolates (MDR) if resistant to four or more classes of antibiotics (Ahmed 
et al., 2010). Guidelines for determining florfenicol and apramycin resistance were as 
followed and determined by Ahmed et al., 2010. 

2.5 Identification of antibiotic resistance genes in resistant E. coli isolates  

DNA was extracted by boiling: a 5µl drop of each isolate was suspended in 0.5 ml sterile 
water and heated for 20 minutes at 100°C. PCR assays, previously applied by Ahmed et al 
2010 were also used to detect genes commonly associated with ampicillin, chloramphenicol, 
tetracycline and trimethoprim resistance, were carried out using modified versions of 
published protocols: Pitout, 1998 (Pitout et al., 1998) for ampicillin resistant genes (tem & shv 
genes);  Vassort-Bruneau, 1996 (Vassort-Bruneau et al., 1996) and Keyes et al.,2000 (Keyes et 
al., 2000) for chloramphenicol resistant genes (catI, catII catIII & cmlA genes); Ng, 2001 (Ng et 
al., 2001) for tetracycline resistant genes (tetA, tetB, tetC, tetD, tet E and tetG genes); Gibreel & 
Sköld, 1998 (Gibreel et al., 1998) and Lee, 2001 (Lee et al., 2001) for trimethoprim resistant 
genes (dfr1, dfr9 dfr12, dfr13, dfrA14 & dfr17 genes). 

2.6 Statistical data analysis  

Data were analysed using Minitab software, in order to determine the 95% binomial 
confidence intervals (95%CI) and chi-square test (Χ2). 

2.7 Conjugation assays  

Mating experiments to determine if resistance could be transferred by conjugation were 
carried out using a nalidixic acid resistant E. coli K12 as the recipient (as performed by 
Ahmed et al., 2010). The method was as following: E. coli K12 was inoculated into 20ml 
nutrient broths (LabM) and incubated overnight at 37°C. Resistant E. coli strains (donor 
strains) were inoculated into separate 3ml nutrient broths and incubated overnight; 4 ml of 
recipient strain was then added to the donor strain and incubated at 37°C for one hour. 
Broths were then streaked onto agar plates containing nalidixic acid (30µg/ml) plus 
ampicillin (8µg/ml). Plates were incubated for 24 hours. Successful transconjugants were 
subcultured onto nutrient agar for susceptibility testing by disc diffusion as previously 
described. The resistance profiles of the transconjugants were compared to the resistance 
profile of the original strains. Gene profiles of the donor isolates, characterized by PCR, 
were described prior to the tranconjugation experiments 

3. Results 
3.1 Prevalence of antibiotic resistant (AR) E. coli isolate 

In total, 15 horses were used for the study: GI+ (n=6 horses), non-GI+ (n=4 horses) and non-
GI- (n=5 horses). Six samples were collected from each horse (n=90 in total).  The 
distribution of antibiotic resistance is presented in Tables 1 and 2. 
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agent leading to selection for resistance against other, or multiple, antimicrobial drugs 
(Braoudaki et al., 2007; Schnellmann et al., 2006; Weese et al., 2006). Such genes can be 
maintained after antibiotic treatment, has been stopped such that removing the selective 
pressure does not necessarily lead to the loss of resistance (Ahmed et al., 2010; Kaszanyitzky 
et al., 2007; Ghidan et al.,2008). Mobile genetic elements are widely reported cause of the 
spread of antibiotic resistance in both E. coli and Salmonella commensals in animals bred for 
human consumption (Roest et al., 2007). Therefore, E. coli and other enteric organisms are 
widely used as an indicator organism (Kaneene et al., 2007; Bruinsma et al., 2003).  

The purpose of this investigation was to identify changes in antibiotic resistant E. coli in 
faeces of horses entering the Philip Leverhulme Equine Hospital (PLEH), at the University 
of Liverpool, UK on arrival, during hospitalization, and after discharge. The dynamics 
affecting the prevalence of antibiotic resistant E. coli were used in this study in order to 
examine potential risk factors.  

2. Materials and methods 
2.1 Study design  

Faecal samples were collected from horses admitted to the Philip Leverhulme Equine 
Hospital (PLEH) at the University of Liverpool for more than seven days at the following 
time points: 1st, on arrival, before treatment began; 2nd, one day; 3rd, 2-3 days after treatment 
had started; 4th, immediately before discharge. Further faecal samples were collected by the 
horse’s owners, 4-8 weeks after discharge (5th), and also 6 months after discharge (6th). 
Horses were divided into three groups as follows: GI+, horses with gastrointestinal 
conditions and under antibiotic therapy; Non-GI+, horses with non-gastrointestinal 
conditions and under antibiotic therapy; Non-GI-, horses with non-gastrointestinal 
conditions and no antibiotic therapy. 

2.2 Sample collection  

Faecal samples were taken from stalls randomly and chosen from the firm part of the faecal 
balls. In total, 2-3 grams were collected and taken straight to the laboratory.  

2.3 Bacterial culture   

Standard microbiological methods and biochemical tests were used to isolate and confirm 
each E. coli as fully described by Ahmed et al 2010. Three single E. coli colonies were chosen 
from each sample, confirmed by biochemical testing (e.g. API system) and subjected to 
further susceptibility tests thereafter.  

2.4 Antibiotic susceptibility tests  

Antibiotic susceptibility testing was performed according to the BSAC guidelines (Andrews, 
2008). Briefly, antimicrobial drugs tested for included: - ampicillin; if the isolates show 
resistance to ampicillin then isolates were also tested against other two cephalosporins 
(cefotaxime (30 μg) and ceftazidime (30μg) for extended resistance to cephalosporines and 
referred as potential ESBL producers (ESBLs*) for ampicillin resistant isolates), apramycin, 
chloramphenicol (and also against florfenicol, if chloramphenicol resistant), nalidixic acid 
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(and also against ciprofloxacin, if nalidixic acid resistant), tetracycline and trimethoprim. 
Further susceptibility tests were also performed for gentamicin, spectinomycin, 
streptomycin and sulphamexazole for all collected resistant isolates. Isolates were 
considered resistant if resistance to at least one antibiotic was shown and classified as 
multidrug resistant isolates (MDR) if resistant to four or more classes of antibiotics (Ahmed 
et al., 2010). Guidelines for determining florfenicol and apramycin resistance were as 
followed and determined by Ahmed et al., 2010. 

2.5 Identification of antibiotic resistance genes in resistant E. coli isolates  

DNA was extracted by boiling: a 5µl drop of each isolate was suspended in 0.5 ml sterile 
water and heated for 20 minutes at 100°C. PCR assays, previously applied by Ahmed et al 
2010 were also used to detect genes commonly associated with ampicillin, chloramphenicol, 
tetracycline and trimethoprim resistance, were carried out using modified versions of 
published protocols: Pitout, 1998 (Pitout et al., 1998) for ampicillin resistant genes (tem & shv 
genes);  Vassort-Bruneau, 1996 (Vassort-Bruneau et al., 1996) and Keyes et al.,2000 (Keyes et 
al., 2000) for chloramphenicol resistant genes (catI, catII catIII & cmlA genes); Ng, 2001 (Ng et 
al., 2001) for tetracycline resistant genes (tetA, tetB, tetC, tetD, tet E and tetG genes); Gibreel & 
Sköld, 1998 (Gibreel et al., 1998) and Lee, 2001 (Lee et al., 2001) for trimethoprim resistant 
genes (dfr1, dfr9 dfr12, dfr13, dfrA14 & dfr17 genes). 

2.6 Statistical data analysis  

Data were analysed using Minitab software, in order to determine the 95% binomial 
confidence intervals (95%CI) and chi-square test (Χ2). 

2.7 Conjugation assays  

Mating experiments to determine if resistance could be transferred by conjugation were 
carried out using a nalidixic acid resistant E. coli K12 as the recipient (as performed by 
Ahmed et al., 2010). The method was as following: E. coli K12 was inoculated into 20ml 
nutrient broths (LabM) and incubated overnight at 37°C. Resistant E. coli strains (donor 
strains) were inoculated into separate 3ml nutrient broths and incubated overnight; 4 ml of 
recipient strain was then added to the donor strain and incubated at 37°C for one hour. 
Broths were then streaked onto agar plates containing nalidixic acid (30µg/ml) plus 
ampicillin (8µg/ml). Plates were incubated for 24 hours. Successful transconjugants were 
subcultured onto nutrient agar for susceptibility testing by disc diffusion as previously 
described. The resistance profiles of the transconjugants were compared to the resistance 
profile of the original strains. Gene profiles of the donor isolates, characterized by PCR, 
were described prior to the tranconjugation experiments 

3. Results 
3.1 Prevalence of antibiotic resistant (AR) E. coli isolate 

In total, 15 horses were used for the study: GI+ (n=6 horses), non-GI+ (n=4 horses) and non-
GI- (n=5 horses). Six samples were collected from each horse (n=90 in total).  The 
distribution of antibiotic resistance is presented in Tables 1 and 2. 
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Cohort   
group 

No. of 
horses 

No. of 
samples 
collected 

No. of samples 
positive for 

AR E. coli (%) 

Distribution of resistant samples(out of 
possible 6) for each sampling time 

1st        2nd         3rd          4th         5th        6th 

GI + 6 36 21 (58%) 2           4           5     5    3          2 

NON GI 
+ 4 24 18 (75%) 3           4           4           4           3          0 

NON GI 
– 5 30 16 (53%) 1           3           4           4           4          0 

Table 1. The number of horses, faecal samples collected and faecal samples positive for at 
least one antibiotic resistant (AR) E. coli isolate 
 

Source of 
samples 

Samples 
collected

Positive  
samples

Distributing of  samples containing E. coli 
resistant isolates to different antibiotics 

  AMP   CEP   APR   CHL   FLO   NAL   CIP   TET   TRI   MDR 

GI + 36 21    15         1           1         5         5         8         6        15      19        8 

NON GI + 24 18    12        10          0        10        0        11       11       11      18       11 

NON GI – 30 16    14         4           0         7         2         7         5        11       13       10 

*Abbreviations: Ampicillin (AMP), Cephalosporins (CEP), Apramycin (APR), Chloramphenicol (CHL), 
Florfenicol (FLO), Nalidixic acid (NAL), Ciprofloxacin (CIP), Teracycline (TET), Trimethoprim (TRI), 
MDR (multidrug resistance i.e. resistance to four or more antimicrobials), *ESBLs* isolates show 
resistance to ampicillin then isolates were also tested against other two cephalosporins (cefotaxime (30 
μg) and ceftazidime (30μg) for extended resistance to cephalosporines andreferred as potential ESBL 
producers (ESBLs*)   

Table 2. Summary of horses, faecal samples, faecal samples containing resistant E. coli, and 
the number of faecal samples with E. coli resistant  to each individual antibiotic  

The proportion of samples with at least one E. coli isolate resistant to at least one antibiotic 
ranged from 53-75% but did not vary significantly between treatment groups (GI +, non-
GI+, non GI-) (Table1). All three treatment groups also showed a similar change in 
prevalence of resistant isolates recovered over the duration of the study (Table1).  
Furthermore, there were no significant differences in the antibiotic resistance profiles of the 
isolates in each group (Table2). Therefore, data from the three groups were subsequently 
combined for the analysis of changing resistance over time. A definite pattern was observed 
in the prevalence of overall resistance, which increased from 40 +/-6 % at the first time 
point, immediately prior to admission, to 86 +/- 28 % during hospitalization (3rd time 
point), and decreased to 12 +/- 30 % after release (6th time point) (Figure1).  

To compare the prevalence of resistant isolates before hospitalisation, immediately before 
discharge and 6 months after discharge (at 1st, 4th and 6th time points respectively), data was 
analysed by Χ2 testing, analysing each individual antimicrobial as well as multidrug 
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resistance. With the exception of ampicillin, isolates resistant to each antimicrobial drug and 
multidrug resistant isolates (MDR) (i.e. isolates resistant to ≥ 4 antibiotic classes), increased 
significantly during hospitalization and decreased after the horses had returned home 
(Table3). The numbers of isolates resistant to florfenicol were too low for statistical analysis.  

 
Fig. 1. Relationship between sampling time and the proportion of samples with ≥ one isolate 
resistant to at least one antibiotic (with 95% binomial CI); total from all three treatment 
groups  GI+, non-GI+ and non-GI are combined (table1). 

Prevalence of antibiotic resistance at 
sampling times 

Sampling times 
1 & 4 

Sampling times 
4 & 6 

Χ2              p Χ2                  p 
Resistant to at least one antibiotic  7.03         ≤ 0.01 13.4          ≤ 0.001 
Amp 3.394       ≥ 0.05 9.600        ≤ 0.01 
Cep 6.000       ≤ 0.05 6.000        ≤ 0.05 
Chlo 6.136       ≤ 0.05 9.130        ≤ 0.01 
Nal 7.500       ≤ 0.01 7.500        ≤ 0.01 
Cip 7.500       ≤ 0.01 7.500        ≤ 0.01 
Tet 15.000     ≤ 0.001 11.627       ≤ 0.001 
Tri 10.995     ≤ 0.001 13.393       ≤ 0.001 
MDR 10.909     ≤ 0.001 10.109       ≤ 0.001 

Table 3. Two Χ2 tests (2x2 analysis) to compare the effect of hospital admission and 
discharge on prevalence of resistance to particular antibiotic drugs.  

3.2 Susceptibility testing of culture collection 

In total, 138 E. coli isolates resistant to at least one antibiotic were collected. Of these, 71 
(51.4%) were classified as MDR. Among these, two main distinctive MDR phenotypes (Phs) 
were found: Phs1;Amp,chlo,tet,tri,nal, comprising 93% of the MDR isolates, and mostly 
found among non-GI + samples; Phs2; Amp,chlo,tet,tri comprised 50% of the MDR isolates 
among the GI+ and the non-GI- samples. All the resistant isolates (n=138) were tested for 
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No. of 
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Distribution of resistant samples(out of 
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NON GI 
+ 4 24 18 (75%) 3           4           4           4           3          0 

NON GI 
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Table 1. The number of horses, faecal samples collected and faecal samples positive for at 
least one antibiotic resistant (AR) E. coli isolate 
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samples 

Samples 
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samples

Distributing of  samples containing E. coli 
resistant isolates to different antibiotics 
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GI + 36 21    15         1           1         5         5         8         6        15      19        8 

NON GI + 24 18    12        10          0        10        0        11       11       11      18       11 

NON GI – 30 16    14         4           0         7         2         7         5        11       13       10 

*Abbreviations: Ampicillin (AMP), Cephalosporins (CEP), Apramycin (APR), Chloramphenicol (CHL), 
Florfenicol (FLO), Nalidixic acid (NAL), Ciprofloxacin (CIP), Teracycline (TET), Trimethoprim (TRI), 
MDR (multidrug resistance i.e. resistance to four or more antimicrobials), *ESBLs* isolates show 
resistance to ampicillin then isolates were also tested against other two cephalosporins (cefotaxime (30 
μg) and ceftazidime (30μg) for extended resistance to cephalosporines andreferred as potential ESBL 
producers (ESBLs*)   

Table 2. Summary of horses, faecal samples, faecal samples containing resistant E. coli, and 
the number of faecal samples with E. coli resistant  to each individual antibiotic  

The proportion of samples with at least one E. coli isolate resistant to at least one antibiotic 
ranged from 53-75% but did not vary significantly between treatment groups (GI +, non-
GI+, non GI-) (Table1). All three treatment groups also showed a similar change in 
prevalence of resistant isolates recovered over the duration of the study (Table1).  
Furthermore, there were no significant differences in the antibiotic resistance profiles of the 
isolates in each group (Table2). Therefore, data from the three groups were subsequently 
combined for the analysis of changing resistance over time. A definite pattern was observed 
in the prevalence of overall resistance, which increased from 40 +/-6 % at the first time 
point, immediately prior to admission, to 86 +/- 28 % during hospitalization (3rd time 
point), and decreased to 12 +/- 30 % after release (6th time point) (Figure1).  

To compare the prevalence of resistant isolates before hospitalisation, immediately before 
discharge and 6 months after discharge (at 1st, 4th and 6th time points respectively), data was 
analysed by Χ2 testing, analysing each individual antimicrobial as well as multidrug 
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resistance. With the exception of ampicillin, isolates resistant to each antimicrobial drug and 
multidrug resistant isolates (MDR) (i.e. isolates resistant to ≥ 4 antibiotic classes), increased 
significantly during hospitalization and decreased after the horses had returned home 
(Table3). The numbers of isolates resistant to florfenicol were too low for statistical analysis.  

 
Fig. 1. Relationship between sampling time and the proportion of samples with ≥ one isolate 
resistant to at least one antibiotic (with 95% binomial CI); total from all three treatment 
groups  GI+, non-GI+ and non-GI are combined (table1). 
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MDR 10.909     ≤ 0.001 10.109       ≤ 0.001 

Table 3. Two Χ2 tests (2x2 analysis) to compare the effect of hospital admission and 
discharge on prevalence of resistance to particular antibiotic drugs.  

3.2 Susceptibility testing of culture collection 

In total, 138 E. coli isolates resistant to at least one antibiotic were collected. Of these, 71 
(51.4%) were classified as MDR. Among these, two main distinctive MDR phenotypes (Phs) 
were found: Phs1;Amp,chlo,tet,tri,nal, comprising 93% of the MDR isolates, and mostly 
found among non-GI + samples; Phs2; Amp,chlo,tet,tri comprised 50% of the MDR isolates 
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susceptibility to further antibiotics. Overall, 38.5% were resistant to gentamicin, 71% to 
spectinomycin, 96% to streptomycin and 90% to sulphamexazole.  

3.3 Molecular analysis of culture collection  

PCRs revealed that CatI [only](87%), tem(60.8%), tetA(60.8%, dfr17(50.4%), dfr1(38.5%) were 
identified at higher prevalence among each positive collection of resistant isolates to each 
antibiotic (table4). MICs were also shown at higher values of ≥256 for most isolates to the 
selected drugs (table4). 
 

Antibiotic  
No. of 
Positive 
Sample 

No. of 
Positive 

Isolates
MICs (ug/ml) Resistance genes 

Ampicillin 41 95 128 - >256 tem (60.8%) 
shv (2%) 

Cephalosporines 15 34  
Chloramphenicol 22 51 256 - ≥256 catI (only) (87%) 

Florfenicol 7 7 catI (71%) 
Nalidixic acid 26 65  
Ciprofloxacin 22 64 4 – 16  

Tetracycline 37 89 64 - ≥256 
tetA (60.8%) 
tetB (19%) 

tetA&tetB(11.9%) 

Trimethoprim 50 127 >256 
dfr17 (50.4%) 
dfr1 (38.5%) 
dfr12 (20%) 

Table 4. Summary of antibiotic resistance, showing levels of resistance, MIC values and 
resistance gene prevalence in a total of 90 faecal samples and 138 isolates.  

3.4 Conjugation experiments  

Mating experiments were performed on selected isolates (n=73); those exhibiting nalidixic 
acid resistance were excluded 16 isolates (22% of the selected isolates & 11% of the overall 
culture collection) were able to transfer resistance by conjugation, and these were distributed 
across all cohort groups. Resistance profiles of the transconjugants, determined by 
susceptibility testing on the transconjugant, were identical to those of the donors (Table 5).  

4. Discussion 
Previous studies have given rise to conflicting conclusions as to whether or not hospitalization 
is associated with an increase in antibiotic resistance in bacteria (Bruinsma et al., 2003; Koterba 
et al., 1986). Factors other than the use of antimicrobial drugs could influence the maintenance 
and development of antibiotic resistance of enteric bacteria in the gastrointestinal tract (Dewulf 
et al., 2007). The use of antibiotics in animals is of concern (Mora et al., 2005) since resistant 
organisms might be excreted in the faeces of animals, following administration of 
antimicrobials, and contribute to the reservoir of resistant bacteria in the environment (Ahmed 
et al., 2010). Resistant bacteria could be selected or acquired in the hospital environment and 
may subsequently be disseminated to the horses’ home environments. 
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No. Origin Resistance phenotype Donor genes 
(previously identified by PCR) 

1, 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

NON-GI- 
NON-GI- 
NON-GI- 
NON-GI- 
NON-GI- 
NON-GI- 
NON-GI- 

GI+ 
GI+ 
GI+ 
GI+ 
GI+ 
GI+ 
GI+ 
GI+ 

NON-GI + 

AMP 
AMP 
MDR 
MDR 
MDR 
MDR 
MDR 
AMP 

AMP,TRI 
AMP,TRI 

AMP 
AMP 
AMP 

AMP,TRI 
AMP,TRI 

AMP 

Tem 
Tem 

dfr1,dfr12,tetA,tem,catI 
dfr1,dfr12,tetA,tem 

dfr1,dfr12,tetA,tem,catI 
tem 

dfr1,dfr12,tetA,tem 
tem 

dfr(7-17) 
not identified 

tem 
tem 
tem 
dfr1 
tem 
tem 

Table 5. Characteristics of isolates showing of transferable resistance. 

This study and in contrast with others found no obvious association between antibiotic 
treatment, or clinical condition, and resistance profiles in faecal E. coli. This may be due to 
the relatively small sample size, or because horses entering the PLEH are largely referral 
cases and likely to have received antibiotic therapy prior to admission.  

However, overall resistance to most individual antibiotics, and the proportion of MDR 
isolates increased during hospitalization and thereafter decreased during convalescence in 
the home environment. Recent studies by Dunowska et al, on horses, concluded that both 
hospitalization and antimicrobial administration were associated with the shedding of 
antimicrobial resistance E. coli strains of faecal origin (Dunowska et al., 2006). An earlier 
study, from a university equine hospital, found that the rate of resistance amongst E. coli 
and Klebsiella was higher at day seven of hospitalization compared to day one (Koterba et 
al., 1986). This may be due to selection during hospitalization through antibiotic therapy, 
and also the ready availability of resistant isolates in the hospital environment. It would be 
interesting to undertake PFGE analysis of the E. coli over time to investigate whether 
resistance is due to infection with resistant strains or horizontal transmission of resistance to 
the existing gut flora. 

Antimicrobials select for resistance (Tenover et al., 2006) but the restriction of antimicrobials 
does not necessarily reduce antimicrobial resistance (Hoyle et al., 2006). In our study, the 
prevalence of resistant E. coli dropped markedly after discharge from the hospital, which 
may suggest that both the increase and decrease in resistance are due to turnover of E. coli 
between the gut and the environment.  

E. coli with simple and multiple antimicrobial resistance (MDR) has been widely 
documented (Fofana et al., 2006; Ahmed et al., 2010). Bacteria can acquire or develop 
resistance to antimicrobials in different ways, including acquisition of resistant genes. E. coli 
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susceptibility to further antibiotics. Overall, 38.5% were resistant to gentamicin, 71% to 
spectinomycin, 96% to streptomycin and 90% to sulphamexazole.  

3.3 Molecular analysis of culture collection  

PCRs revealed that CatI [only](87%), tem(60.8%), tetA(60.8%, dfr17(50.4%), dfr1(38.5%) were 
identified at higher prevalence among each positive collection of resistant isolates to each 
antibiotic (table4). MICs were also shown at higher values of ≥256 for most isolates to the 
selected drugs (table4). 
 

Antibiotic  
No. of 
Positive 
Sample 

No. of 
Positive 

Isolates
MICs (ug/ml) Resistance genes 

Ampicillin 41 95 128 - >256 tem (60.8%) 
shv (2%) 

Cephalosporines 15 34  
Chloramphenicol 22 51 256 - ≥256 catI (only) (87%) 

Florfenicol 7 7 catI (71%) 
Nalidixic acid 26 65  
Ciprofloxacin 22 64 4 – 16  

Tetracycline 37 89 64 - ≥256 
tetA (60.8%) 
tetB (19%) 

tetA&tetB(11.9%) 

Trimethoprim 50 127 >256 
dfr17 (50.4%) 
dfr1 (38.5%) 
dfr12 (20%) 

Table 4. Summary of antibiotic resistance, showing levels of resistance, MIC values and 
resistance gene prevalence in a total of 90 faecal samples and 138 isolates.  

3.4 Conjugation experiments  

Mating experiments were performed on selected isolates (n=73); those exhibiting nalidixic 
acid resistance were excluded 16 isolates (22% of the selected isolates & 11% of the overall 
culture collection) were able to transfer resistance by conjugation, and these were distributed 
across all cohort groups. Resistance profiles of the transconjugants, determined by 
susceptibility testing on the transconjugant, were identical to those of the donors (Table 5).  

4. Discussion 
Previous studies have given rise to conflicting conclusions as to whether or not hospitalization 
is associated with an increase in antibiotic resistance in bacteria (Bruinsma et al., 2003; Koterba 
et al., 1986). Factors other than the use of antimicrobial drugs could influence the maintenance 
and development of antibiotic resistance of enteric bacteria in the gastrointestinal tract (Dewulf 
et al., 2007). The use of antibiotics in animals is of concern (Mora et al., 2005) since resistant 
organisms might be excreted in the faeces of animals, following administration of 
antimicrobials, and contribute to the reservoir of resistant bacteria in the environment (Ahmed 
et al., 2010). Resistant bacteria could be selected or acquired in the hospital environment and 
may subsequently be disseminated to the horses’ home environments. 
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No. Origin Resistance phenotype Donor genes 
(previously identified by PCR) 

1, 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 

NON-GI- 
NON-GI- 
NON-GI- 
NON-GI- 
NON-GI- 
NON-GI- 
NON-GI- 

GI+ 
GI+ 
GI+ 
GI+ 
GI+ 
GI+ 
GI+ 
GI+ 

NON-GI + 

AMP 
AMP 
MDR 
MDR 
MDR 
MDR 
MDR 
AMP 

AMP,TRI 
AMP,TRI 

AMP 
AMP 
AMP 

AMP,TRI 
AMP,TRI 

AMP 

Tem 
Tem 

dfr1,dfr12,tetA,tem,catI 
dfr1,dfr12,tetA,tem 

dfr1,dfr12,tetA,tem,catI 
tem 

dfr1,dfr12,tetA,tem 
tem 

dfr(7-17) 
not identified 

tem 
tem 
tem 
dfr1 
tem 
tem 

Table 5. Characteristics of isolates showing of transferable resistance. 

This study and in contrast with others found no obvious association between antibiotic 
treatment, or clinical condition, and resistance profiles in faecal E. coli. This may be due to 
the relatively small sample size, or because horses entering the PLEH are largely referral 
cases and likely to have received antibiotic therapy prior to admission.  

However, overall resistance to most individual antibiotics, and the proportion of MDR 
isolates increased during hospitalization and thereafter decreased during convalescence in 
the home environment. Recent studies by Dunowska et al, on horses, concluded that both 
hospitalization and antimicrobial administration were associated with the shedding of 
antimicrobial resistance E. coli strains of faecal origin (Dunowska et al., 2006). An earlier 
study, from a university equine hospital, found that the rate of resistance amongst E. coli 
and Klebsiella was higher at day seven of hospitalization compared to day one (Koterba et 
al., 1986). This may be due to selection during hospitalization through antibiotic therapy, 
and also the ready availability of resistant isolates in the hospital environment. It would be 
interesting to undertake PFGE analysis of the E. coli over time to investigate whether 
resistance is due to infection with resistant strains or horizontal transmission of resistance to 
the existing gut flora. 

Antimicrobials select for resistance (Tenover et al., 2006) but the restriction of antimicrobials 
does not necessarily reduce antimicrobial resistance (Hoyle et al., 2006). In our study, the 
prevalence of resistant E. coli dropped markedly after discharge from the hospital, which 
may suggest that both the increase and decrease in resistance are due to turnover of E. coli 
between the gut and the environment.  

E. coli with simple and multiple antimicrobial resistance (MDR) has been widely 
documented (Fofana et al., 2006; Ahmed et al., 2010). Bacteria can acquire or develop 
resistance to antimicrobials in different ways, including acquisition of resistant genes. E. coli 
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has been indicated as a possible reservoir for antimicrobial resistance genes and might play 
a role in the spreading of such determinants to other bacteria (Ahmed et al., 2010). The flora 
of healthy animals has also been implicated as a reservoir of antibiotic resistance genes (De 
Graef et al., 2004) and resistance transfer has been shown to occur between different animal 
species on farm premises (Hoyle et al., 2006). E. coli of animal origin with resistance to 
antibiotics and multiple antibiotics has been widely documented (Mora et al., 2005). The 
importance of farm animals in the spread of resistance to human populations is increased by 
worldwide reports of mobile genetic elements in animals raised for human consumption 
(Roest et al., 2007). 

Our results for MICs and the genetic determination of resistance, suggest that, resistance 
was due to commonly reported genes causing such resistance in E. coli and other bacteria. It 
is interesting to note, that while some MDR transferred in the conjugation studies, many 
transconjugants were resistant to either ampicillin alone or ampicillin and trimethoprim 
(table 5). This suggests that both resistance profiles are encoded on mobile genetic elements. 
Horses in the GI+ and non-GI+ groups were the donors for most of the Amp and 
Amp/Trim transconjugants, and all the horses in both groups received therapy with 
cephalosporin drugs. It may, therefore be that these isolates represent either an endemic 
strain in the hospital, or an endemic plasmid moving rapidly between horses. 

Multiple drug resistance phenotypes have been shown to be related to certain antibiotic 
drugs such as streptomycin and tetracycline (Mora et al., 2005). Also the resistance to a 
single antibiotic (i.e. tetracycline), in commensal E. coli, is linked to other antimicrobial 
resistances (e.g. ampicillin, trimethoprim and sulphonamides) (Dewulf et al., 2007). The 
dfrA1, dfrA12, dfrA15 and dfrA17 genes are documented to be carried on mobile genetic 
elements (i.e. integron classes), harboring resistance genes to at least three antimicrobials, 
and thus conferring multiple resistance (Ahmed et al., 2009). Other antibiotic resistances (i.e. 
ampicillin resistance) although found, were not strongly related to the presence of mobile 
genetic elements (Hoyle et al., 2005). Our PCR results in this study revealed similar 
observations within our collection of E.coli strains to other studies, although the conjugation 
results show that even isolates with single resistance (to ampicillin) transferred resistance 
(although not MDR). Thus, mobile genetic elements could also be responsible for single 
resistance and antimicrobial therapy might have resulted in such selection. The type of 
resistance and the identified genes (i.e. ampicillin resistance) could also be related to the 
type of antimicrobial therapy administered (e.g. cephalosporins). Such revelations, if proven 
by further studies, would mean that this kind of element may acquire further resistance 
genes in the future and help the dissemination and development of antibiotic resistance. 

The importance of mobile gene pools in the spread of antibiotic resistance has been 
highlighted through comprehensive genomic analysis (Fricke et al., 2008). In our survey, a 
high proportion of the isolates tested in conjugation experiments were able to transfer 
resistance. Dfr17 was the most prevalent trimethoprim resistance gene identified among the 
positive PCR isolates and dfr1 was the second most prevalent. tetA was the most prevalent 
tetracycline resistant gene. This might indicate that the dfr17 and tetA resistant genes are 
more involved in the MDR mechanisms and most likely to be integrated within mobile 
genetic elements. The tem gene was also the most prevalent ampicillin resistant gene among 
the isolates and the catI gene was mostly found in MDR isolates. The dfr17 is extensively 
reported to be involved in mobile genetic elements (Van et al., 2007). This, along with the 
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conjugation results, suggests that these elements are present in the hospital environment or 
that they are already constituents of the horses’ intestinal flora. The referral hospital deals 
with horses in the area and horses are likely to be referred more than once to this hospital, 
which might lead to increases in the dissemination of resistance phenotypes in horses. The 
similarity between MDR phenotypes among collected strains can be epidemiologically 
important and molecular characterization (i.e. PFGE) in future studies will enhance our 
understanding of the phenomena. 

The florfenicol resistant isolates were positive by PCR (five out of seven were positive for 
catI) and the mechanisms of this resistance require further investigation. However 
florfenicol resistance has been documented in E. coli of animal origin (Singer et al., 2004) and 
it has been shown that floR genetic determinants and others (i.e. cmlA, cat1, cat2) were also 
largely related to florfenicol resistance (Li et al., 2007). Others have shown that floR 
mediated resistance to chloramphenicol and florfenicol is plasmid mediated and also carries 
resistance to other genes (Blickwede et al., 2007; Kehrenberg et al., 2008). Recent molecular 
analyses have suggested that florfenicol resistance is strongly due to horizontal rather than 
clonal dissemination (Kehrenberg et al., 2008). This correlates with our results, in that 
florfenicol resistance is entirely documented among MDR isolates (although not proven 
transconjugants by our experiments). The horses in this study had never been treated with 
these classes of drugs, implicating a mobile genetic system in the acquisition of resistance 
from other animals or the environment.  

5. Conclusions  
No association between therapy and resistance profile was found in this study. However, 
the prevalence of antimicrobial resistance, and of MDR strains, did increase during 
hospitalization and subsequently decreased upon release from hospital. Thus therapy and 
the general environment of the hospital do appear to select for resistance and resistant 
isolates may disseminate once horses have been discharged, leading to clinical and public 
health concerns. 
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has been indicated as a possible reservoir for antimicrobial resistance genes and might play 
a role in the spreading of such determinants to other bacteria (Ahmed et al., 2010). The flora 
of healthy animals has also been implicated as a reservoir of antibiotic resistance genes (De 
Graef et al., 2004) and resistance transfer has been shown to occur between different animal 
species on farm premises (Hoyle et al., 2006). E. coli of animal origin with resistance to 
antibiotics and multiple antibiotics has been widely documented (Mora et al., 2005). The 
importance of farm animals in the spread of resistance to human populations is increased by 
worldwide reports of mobile genetic elements in animals raised for human consumption 
(Roest et al., 2007). 

Our results for MICs and the genetic determination of resistance, suggest that, resistance 
was due to commonly reported genes causing such resistance in E. coli and other bacteria. It 
is interesting to note, that while some MDR transferred in the conjugation studies, many 
transconjugants were resistant to either ampicillin alone or ampicillin and trimethoprim 
(table 5). This suggests that both resistance profiles are encoded on mobile genetic elements. 
Horses in the GI+ and non-GI+ groups were the donors for most of the Amp and 
Amp/Trim transconjugants, and all the horses in both groups received therapy with 
cephalosporin drugs. It may, therefore be that these isolates represent either an endemic 
strain in the hospital, or an endemic plasmid moving rapidly between horses. 

Multiple drug resistance phenotypes have been shown to be related to certain antibiotic 
drugs such as streptomycin and tetracycline (Mora et al., 2005). Also the resistance to a 
single antibiotic (i.e. tetracycline), in commensal E. coli, is linked to other antimicrobial 
resistances (e.g. ampicillin, trimethoprim and sulphonamides) (Dewulf et al., 2007). The 
dfrA1, dfrA12, dfrA15 and dfrA17 genes are documented to be carried on mobile genetic 
elements (i.e. integron classes), harboring resistance genes to at least three antimicrobials, 
and thus conferring multiple resistance (Ahmed et al., 2009). Other antibiotic resistances (i.e. 
ampicillin resistance) although found, were not strongly related to the presence of mobile 
genetic elements (Hoyle et al., 2005). Our PCR results in this study revealed similar 
observations within our collection of E.coli strains to other studies, although the conjugation 
results show that even isolates with single resistance (to ampicillin) transferred resistance 
(although not MDR). Thus, mobile genetic elements could also be responsible for single 
resistance and antimicrobial therapy might have resulted in such selection. The type of 
resistance and the identified genes (i.e. ampicillin resistance) could also be related to the 
type of antimicrobial therapy administered (e.g. cephalosporins). Such revelations, if proven 
by further studies, would mean that this kind of element may acquire further resistance 
genes in the future and help the dissemination and development of antibiotic resistance. 

The importance of mobile gene pools in the spread of antibiotic resistance has been 
highlighted through comprehensive genomic analysis (Fricke et al., 2008). In our survey, a 
high proportion of the isolates tested in conjugation experiments were able to transfer 
resistance. Dfr17 was the most prevalent trimethoprim resistance gene identified among the 
positive PCR isolates and dfr1 was the second most prevalent. tetA was the most prevalent 
tetracycline resistant gene. This might indicate that the dfr17 and tetA resistant genes are 
more involved in the MDR mechanisms and most likely to be integrated within mobile 
genetic elements. The tem gene was also the most prevalent ampicillin resistant gene among 
the isolates and the catI gene was mostly found in MDR isolates. The dfr17 is extensively 
reported to be involved in mobile genetic elements (Van et al., 2007). This, along with the 
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conjugation results, suggests that these elements are present in the hospital environment or 
that they are already constituents of the horses’ intestinal flora. The referral hospital deals 
with horses in the area and horses are likely to be referred more than once to this hospital, 
which might lead to increases in the dissemination of resistance phenotypes in horses. The 
similarity between MDR phenotypes among collected strains can be epidemiologically 
important and molecular characterization (i.e. PFGE) in future studies will enhance our 
understanding of the phenomena. 

The florfenicol resistant isolates were positive by PCR (five out of seven were positive for 
catI) and the mechanisms of this resistance require further investigation. However 
florfenicol resistance has been documented in E. coli of animal origin (Singer et al., 2004) and 
it has been shown that floR genetic determinants and others (i.e. cmlA, cat1, cat2) were also 
largely related to florfenicol resistance (Li et al., 2007). Others have shown that floR 
mediated resistance to chloramphenicol and florfenicol is plasmid mediated and also carries 
resistance to other genes (Blickwede et al., 2007; Kehrenberg et al., 2008). Recent molecular 
analyses have suggested that florfenicol resistance is strongly due to horizontal rather than 
clonal dissemination (Kehrenberg et al., 2008). This correlates with our results, in that 
florfenicol resistance is entirely documented among MDR isolates (although not proven 
transconjugants by our experiments). The horses in this study had never been treated with 
these classes of drugs, implicating a mobile genetic system in the acquisition of resistance 
from other animals or the environment.  

5. Conclusions  
No association between therapy and resistance profile was found in this study. However, 
the prevalence of antimicrobial resistance, and of MDR strains, did increase during 
hospitalization and subsequently decreased upon release from hospital. Thus therapy and 
the general environment of the hospital do appear to select for resistance and resistant 
isolates may disseminate once horses have been discharged, leading to clinical and public 
health concerns. 
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1. Introduction 
We have been forced to fight against the newly acquired antibiotic resistance of various 
bacteria. By the end of the 1970s, most Escherichia coli (E. coli) and Klebsiella pneumoniae (K. 
pneumoniae) strains contained plasmid-mediated, ampicillin-hydrolyzing -lactamases, such 
as TEM-1, TEM-2, and SHV-1, and could be eliminated by the use of third-generation 
cephalosporins. 1 TEM-1 and TEM-2 were detected mainly in E. coli, and SHV-1 was mainly 
detected in K. pneumoniae. 2 The emergence of K. pneumoniae strains with a gene encoding -
lactamase that hydrolyzes the extended-spectrum cephalosporins was first reported by a 
study from Germany in 1983. 3 The gene encoding the new -lactamase harbored a single-
nucleotide mutation, as compared to the parental blaSHV-1 gene. In 1986, K. pneumoniae 
strains resistant to the third-generation cephalosporins were detected in France. 4 The 
resistance was attributed to a new -lactamase gene, which was closely related to TEM-1 
and TEM-2. These newly detected -lactamases capable of hydrolyzing extended-spectrum 
-lactam antibiotics were named extended-spectrum -lactamases (ESBLs). 5 In 1989, the 
CTX-M type was reported as a new ESBL family member not belonging to either the TEM or 
SHV types. 6 Notably, the origin of CTX-M ESBLs is totally different from that of TEM or 
SHV ESBL. 7 Until the end of the 1990s, most of the ESBLs detected were either the TEM or 
SHV types and were usually associated with nosocomial outbreaks caused by K. pneumoniae. 
1 In the new millennium, the worldwide spread of CTX-M-producing E. coli has been 
dramatic, and they are now considered to be the primary ESBL producers that are almost 
always associated with community-acquired infections. 8 ESBL-producing E.coli and 
Klebsiella spp. are now listed as one of the six drug-resistant pathogens for which few 
potentially effective drugs are available. 9 This chapter will outline the genetic aspects of 
TEM, SHV, and CTX-M ESBLs, including molecular epidemiology and mobile elements. In 
addition, we will also consider the impact of their genetic evolution on clinical aspects, 
including mode of infection and antibiotic resistance. 

2. ESBL definition/classification 
There is no exact definition of ESBLs. ESBLs are generally defined as -lactamases that 
confer resistance to bacteria against the penicillins, the first-, second-, and third-generation 
cephalosporins, and to aztreonam by hydrolyzing these antibiotics, and are inhibited by -
lactamase inhibitors. 1 Most of ESBLs are classified as class A on the basis of the scheme 
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devised by Ambler et al. 10 Class A ESBLs form a heterogeneous molecular group, which 
comprises -lactamases sharing various identities, and consists of three major groups: the 
TEM, SHV, and CTX-M types. 7 TEM and SHV ESBLs genetically evolved from TEM-1, 
TEM-2, and SHV-1 progenitors (non-ESBLs), and CTX-M ESBLs developed independently 
from TEM and SHV ESBLs. Additional ESBL types, such as PER, VEB, and BES, are 
uncommon. 10 More than 130 TEM types and more than 50 SHV types are currently known. 
10 The most common group of ESBLs not belonging to the TEM or SHV types is CTX-M, the 
name derives from the potent hydrolytic activity against cefotaxime. 1 More than 40 CTX-M 
types are now recognized and can be divided into five subgroups, CTX-M1, 2, 8, 9, and 25, 
according to their amino acid sequence similarities. 7 

3. Global epidemiology: dissemination of ESBLs 
ESBLs were first detected in the first half of the 1980s in Europe, and they later disseminated 
worldwide. 1 Until the 1990s, the main producer of ESBLs was K. pneumoniae and 
nosocomial outbreaks caused by the organism were often reported. 1 The number of ESBL-
producing E. coli isolates has been dramatically increasing during the 21st century. 11 A 
recent global surveillance database collected from Europe, North and South America, and 
Asia, showed that the detection frequencies for ESBL-producing K. pneumoniae and E. coli 
isolates were 7.5-44% and 2.2-13.5%, respectively. 12 The prevalence of ESBL-producing 
isolates increased to a greater degree, particularly in Asia than in other regions, and one 
study conducted in 2007 showed that the frequencies of ESBL-producing K. pneumoniae and 
E. coli isolates exceeded 30% in both bacterial populations. 13 A recent surveillance using 
samples collected from nine Asian countries showed ESBL producers accounted for 42.2% of 
K. pneumoniae isolates detected from patients with hospital-acquired pneumoniae. 14 Our 
data collected from one institution in Japan showed that the detection rate of the E. coli 
isolates increased first, followed by increased detection rates of the K. pneumoniae and P. 
mirabilis isolates. 15 (Figure1) These data suggest that K. pneumoniae, as well as E. coli, has 
been an important ESBL producer even in the last few years. 

In the analysis of ESBL genotypes, TEM and SHV were predominantly observed until the 
1990s, and it was most reported that SHV-producing K. pneumoniae strains showed clonal 
dissemination in hospitals. 1 Recent studies show that TEM and SHV types have been 
frequently detected up to the present day. Interestingly, in some cases, SHV has been found 
in isolates expressing other ESBL types, such as TEM and CTX-M. 16 Our study showed that 
multiple types of ESBLs, including TEM, SHV, and CTX-M, were most frequently detected 
in K. pneumoniae and E. coli. 15 (Table1) These findings suggest that the genetic mechanism 
underlying dissemination of ESBL genes has become more divergent and complicated. After 
the first half of the 2000s, it was often reported that the number of CTX-M ESBLs detected 
was on the rise, that the main carrier was E. coli, and that most of the CTX-M-producing E. 
coli strains were acquired in the community, not in hospitals. 11 The detection rate of CTX-M 
ESBLs has been dramatically rising, especially in the last 5 years. 17 The mechanism behind 
the spread of blaCTX-M genes differs from that observed in the case of blaTEM and blaSHV 
genes. blaTEM and blaSHV ESBL genes are associated with the dissemination of particular 
clones, known as an “epidemic” pattern; however, the mechanism by which blaCTX-M ESBL 
genes disseminate reflects the simultaneous spread of multiple specific clones, known as an 
“allodemic” pattern. 18 It has been indicated that various CTX-M-type ESBLs have spread 
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Fig. 1. Frequencies of ESBL-producing organisms at Hara-Sanshin Hospital in Fukuoka (Japan) 

worldwide, and that specific CTX-M subgroups have been characterized in different 
geographic areas. 15,18,19 In contrast, CTX-M-15 ESBLs, which belong to the CTX-M-1 group, 
have been found worldwide. 18 Unlike in other countries, in the USA, ESBLs were rarely 
detected, until the first half of the 2000s; however, CTX-M ESBLs, specifically CTX-M-15, 
have frequently been encountered over the last 5 years. 20,21 
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4. Genetic characteristics 
Genes harboring ESBLs are associated with several specific genetic structures. A variety of 
mobile genetic elements, such as transposons, insertion sequences, and integrons, play 
important roles in the dissemination of ESBL genes. blaTEM-type ESBL genes are acquired 
by the mutation of plasmid-mediated, parent blaTEM-1 and blaTEM-2 genes, and the main 
producer of TEM-type ESBLs is E. coli; these genes occur within the earliest bacterial 
transposons identified. 2,22 blaSHV-type ESBL genes are the derivatives of chromosomal, 
parent blaSHV-1 genes, which occur mainly in K. pneumoniae,23 and are likely acquired by 
the role of insertion sequences from chromosome to plasmid. 22 Notably, blaTEM-type and 
blaSHV-type ESBL genes located in the integron structures have never been identified. 22 The 
spread of blaCTX-M-type ESBL genes is associated with more complicated mobile elements, 
compared to that of blaTEM and blaSHV ESBL genes. blaCTX-M ESBL genes are not 
derivatives of K. pneumoniae or E. coli that contain original genes, as compared to blaTEM or 
blaSHV ESBL genes. blaCTX-M genes originate from the chromosomal -lactamase genes of 
Kluyvera species, which are environmental bacteria found worldwide, and are captured mainly 
by insertion sequence elements translocated from chromosome to plasmid. 18 Original -
lactamase genes of Kluyvera species are identified in most CTX-M subgroups. 18 This 
differential origin might be involved in the characteristic spread of blaCTX-M ESBL genes, that 
is, an “allodemic” pattern of spread. All blaCTX-M genes are associated with insertion 
sequences. Well-studied, CTX-M-associated insertion sequence elements include ISEcp1 and 
ISCR1, which are involved in the mobilization of blaCTX-M genes by a transposition 
mechanism. 24,25,26 In addition, integron structures bearing insertion sequences and blaCTX-M 
genes can be linked to transposon elements, such as from the Tn21 family, which has been 
intensively studied. Transposons of the Tn21 family are disseminated worldwide in both 
environmental and clinical bacteria.18,24 These highly efficient mobile genetic elements may 
have influenced the rapid and easy dissemination of blaCTX-M ESBL genes. 

An antibiotic resistance plasmid itself is responsible for the efficiency of gene transfer, as 
well as the mobile genetic elements described above. It has been shown that ESBL gene-
bearing plasmids can be transferred to different bacterial species by conjugation. 27,28 
Previous studies have shown that blaTEM and blaSHV ESBL genes are associated with 
plasmids belonging to a few specific incompatibility (Inc) groups.18 In contrast, blaCTX-M 
ESBL genes are carried by plasmids belonging to a variety of Inc groups including narrow- 
and broad-host-range types. 18,29 blaCTX-M-15 genes are located mainly on plasmids belonging 
to the IncF group. 29 Interestingly, a recent study has described the diversity of ESBL gene-
bearing plasmids, including SHV types. 30 It was reported that a mosaic plasmid has been 
identified from a clonal CTX-M-producing E. coli isolate, suggesting genetic interactions 
among different plasmids. 31 In ESBL gene-bearing plasmids, the genetic diversity has been 
constantly increasing through the mechanism of gene transfer and gene shuffling. 

5. Clinical impact 
5.1 The mode of infection 

5.1.1 Nosocomial infection 

Up to the end of the 1990s, clinical infections caused by ESBL-producing bacteria were 
associated with nosocomial outbreaks, where the chief ESBL producer was K. pneumoniae, 
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but not E. coli. In addition, the ESBL genotypes detected in the nosocomial setting were 
almost always TEM and SHV, but not CTX-M types. 1 SHV-producing K. pneumoniae strains 
were intensively examined in the analysis of clonal dissemination in hospitals. Clonally 
related SHV-4-producing K. pneumoniae isolates were shown to have spread to multiple 
hospitals within the specific region. 32 This phenomenon indicates that, at that time, the 
mode of spread for SHV-producing K. pneumoniae was the dissemination of particular 
clones, that is to say, an “epidemic” pattern. The number of nosocomial outbreaks caused by 
TEM- or SHV-producing K. pneumoniae strains have been decreased during this century; 
however, as observed in many studies, these organisms are frequently identified in many 
hospitals worldwide. Interestingly, the derivatives of TEM and SHV types have been 
reported to be more divergent in K. pneumoniae strains isolated in European hospitals. 16,33 
Moreover, the new variants of blaSHV genes were detected from an Algerian hospital. 34 

5.1.2 Community-acquired infection 

The mode of ESBL-related infection has dramatically changed since the 2000s. Community-
acquired infections caused by ESBL-producing bacteria have been increasingly documented. 
8 CTX-M-producing E. coli strains are chiefly responsible for community-acquired 
infections, which are related to an increase in the number of ESBL carriers in the general 
population. 11,35 One report describes a significant increase in the prevalence of ESBL carriers 
in a specific population from 2001 to 2006. 36 The interfamilial dissemination of ESBL-
producing bacteria has also been suggested. 37 Notably, animals used as food and or pets are 
reported to carry CTX-M ESBLs, 38,39,40,41 and this finding may explain the dramatic spread of 
ESBLs in the community. The community-onset dissemination of ESBLs in both humans and 
animals may suggest that blaCTX-M ESBL genes detected in pathogenic bacteria are 
acquired from environmental bacteria. Branger et al showed that many CTX-M ESBLs were 
associated with the phylogenetic group D2 that lacked a virulence factor. 42, 43 The specific 
features may be related to the colonization and spread among the general population. The 
spread of ESBLs in the community is linked to the emergence of ESBL-related infections in 
outpatients, in whom urinary tract infections are most often reported along with bacteremia. 
44,45, 46 One study has described the detection of CTX-M-producing K. pneumoniae in 
outpatients, 33 A nosocomial outbreak was caused by CTX-M-producing K. pneumoniae 
isolates from foods, suggesting the influx of ESBL-producing K. pneumoniae into a hospital. 47 
These reports may account for the dissemination of CTX-M ESBL genes from E. coli to other 
bacteria in the community. 

5.2 Antibiotic resistance 

Antibiotic resistance is of utmost importance for the clinical impact of ESBL-producing 
bacteria. A meta-analysis showed increased mortality and delay in effective antibiotic use in 
ESBL-related bacteremia, 48 indicating the importance of constant surveillance for an 
antibiotic resistance pattern in organisms with ESBLs. ESBL-producing bacteria are resistant 
to almost all -lactam antibiotics, except carbapenems, as indicated by their definition. In 
addition, most ESBL-producing bacteria, particularly those with the TEM, SHV, and CTX-M 
genotypes, exhibit co-resistance to aminoglycosides, tetracyclines, and sulfonamides. 18 
Organisms with CTX-M genotypes, such as those with CTX-M-9, -14, and -15, are reported 
to be resistant to fluoroquinolones. 18 This additional resistance is induced by the main 
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4. Genetic characteristics 
Genes harboring ESBLs are associated with several specific genetic structures. A variety of 
mobile genetic elements, such as transposons, insertion sequences, and integrons, play 
important roles in the dissemination of ESBL genes. blaTEM-type ESBL genes are acquired 
by the mutation of plasmid-mediated, parent blaTEM-1 and blaTEM-2 genes, and the main 
producer of TEM-type ESBLs is E. coli; these genes occur within the earliest bacterial 
transposons identified. 2,22 blaSHV-type ESBL genes are the derivatives of chromosomal, 
parent blaSHV-1 genes, which occur mainly in K. pneumoniae,23 and are likely acquired by 
the role of insertion sequences from chromosome to plasmid. 22 Notably, blaTEM-type and 
blaSHV-type ESBL genes located in the integron structures have never been identified. 22 The 
spread of blaCTX-M-type ESBL genes is associated with more complicated mobile elements, 
compared to that of blaTEM and blaSHV ESBL genes. blaCTX-M ESBL genes are not 
derivatives of K. pneumoniae or E. coli that contain original genes, as compared to blaTEM or 
blaSHV ESBL genes. blaCTX-M genes originate from the chromosomal -lactamase genes of 
Kluyvera species, which are environmental bacteria found worldwide, and are captured mainly 
by insertion sequence elements translocated from chromosome to plasmid. 18 Original -
lactamase genes of Kluyvera species are identified in most CTX-M subgroups. 18 This 
differential origin might be involved in the characteristic spread of blaCTX-M ESBL genes, that 
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ISCR1, which are involved in the mobilization of blaCTX-M genes by a transposition 
mechanism. 24,25,26 In addition, integron structures bearing insertion sequences and blaCTX-M 
genes can be linked to transposon elements, such as from the Tn21 family, which has been 
intensively studied. Transposons of the Tn21 family are disseminated worldwide in both 
environmental and clinical bacteria.18,24 These highly efficient mobile genetic elements may 
have influenced the rapid and easy dissemination of blaCTX-M ESBL genes. 

An antibiotic resistance plasmid itself is responsible for the efficiency of gene transfer, as 
well as the mobile genetic elements described above. It has been shown that ESBL gene-
bearing plasmids can be transferred to different bacterial species by conjugation. 27,28 
Previous studies have shown that blaTEM and blaSHV ESBL genes are associated with 
plasmids belonging to a few specific incompatibility (Inc) groups.18 In contrast, blaCTX-M 
ESBL genes are carried by plasmids belonging to a variety of Inc groups including narrow- 
and broad-host-range types. 18,29 blaCTX-M-15 genes are located mainly on plasmids belonging 
to the IncF group. 29 Interestingly, a recent study has described the diversity of ESBL gene-
bearing plasmids, including SHV types. 30 It was reported that a mosaic plasmid has been 
identified from a clonal CTX-M-producing E. coli isolate, suggesting genetic interactions 
among different plasmids. 31 In ESBL gene-bearing plasmids, the genetic diversity has been 
constantly increasing through the mechanism of gene transfer and gene shuffling. 

5. Clinical impact 
5.1 The mode of infection 

5.1.1 Nosocomial infection 

Up to the end of the 1990s, clinical infections caused by ESBL-producing bacteria were 
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but not E. coli. In addition, the ESBL genotypes detected in the nosocomial setting were 
almost always TEM and SHV, but not CTX-M types. 1 SHV-producing K. pneumoniae strains 
were intensively examined in the analysis of clonal dissemination in hospitals. Clonally 
related SHV-4-producing K. pneumoniae isolates were shown to have spread to multiple 
hospitals within the specific region. 32 This phenomenon indicates that, at that time, the 
mode of spread for SHV-producing K. pneumoniae was the dissemination of particular 
clones, that is to say, an “epidemic” pattern. The number of nosocomial outbreaks caused by 
TEM- or SHV-producing K. pneumoniae strains have been decreased during this century; 
however, as observed in many studies, these organisms are frequently identified in many 
hospitals worldwide. Interestingly, the derivatives of TEM and SHV types have been 
reported to be more divergent in K. pneumoniae strains isolated in European hospitals. 16,33 
Moreover, the new variants of blaSHV genes were detected from an Algerian hospital. 34 

5.1.2 Community-acquired infection 

The mode of ESBL-related infection has dramatically changed since the 2000s. Community-
acquired infections caused by ESBL-producing bacteria have been increasingly documented. 
8 CTX-M-producing E. coli strains are chiefly responsible for community-acquired 
infections, which are related to an increase in the number of ESBL carriers in the general 
population. 11,35 One report describes a significant increase in the prevalence of ESBL carriers 
in a specific population from 2001 to 2006. 36 The interfamilial dissemination of ESBL-
producing bacteria has also been suggested. 37 Notably, animals used as food and or pets are 
reported to carry CTX-M ESBLs, 38,39,40,41 and this finding may explain the dramatic spread of 
ESBLs in the community. The community-onset dissemination of ESBLs in both humans and 
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acquired from environmental bacteria. Branger et al showed that many CTX-M ESBLs were 
associated with the phylogenetic group D2 that lacked a virulence factor. 42, 43 The specific 
features may be related to the colonization and spread among the general population. The 
spread of ESBLs in the community is linked to the emergence of ESBL-related infections in 
outpatients, in whom urinary tract infections are most often reported along with bacteremia. 
44,45, 46 One study has described the detection of CTX-M-producing K. pneumoniae in 
outpatients, 33 A nosocomial outbreak was caused by CTX-M-producing K. pneumoniae 
isolates from foods, suggesting the influx of ESBL-producing K. pneumoniae into a hospital. 47 
These reports may account for the dissemination of CTX-M ESBL genes from E. coli to other 
bacteria in the community. 

5.2 Antibiotic resistance 

Antibiotic resistance is of utmost importance for the clinical impact of ESBL-producing 
bacteria. A meta-analysis showed increased mortality and delay in effective antibiotic use in 
ESBL-related bacteremia, 48 indicating the importance of constant surveillance for an 
antibiotic resistance pattern in organisms with ESBLs. ESBL-producing bacteria are resistant 
to almost all -lactam antibiotics, except carbapenems, as indicated by their definition. In 
addition, most ESBL-producing bacteria, particularly those with the TEM, SHV, and CTX-M 
genotypes, exhibit co-resistance to aminoglycosides, tetracyclines, and sulfonamides. 18 
Organisms with CTX-M genotypes, such as those with CTX-M-9, -14, and -15, are reported 
to be resistant to fluoroquinolones. 18 This additional resistance is induced by the main 
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mechanism that blaCTX-M genes are directly linked to quinolone resistance genes, qnr 
genes. ISCR1, a mobile element for blaCTX-M genes, is associated with qnr genes, 26 
indicating an effective transfer of quinolone resistance genes together with blaCTX-M genes. 
This genetic finding is interesting for clinical reasons. Selective pressure by the use of 
fluoroquinolones may induce the emergence of CTX-M ESBL-producing bacteria. As a 
consequence, the therapeutic options for infections caused by ESBL-producing bacteria may 
be more limited. Tigecycline has been shown to be microbiologically active against ESBL-
producing E. coli and K. pneumoniae, 49,50 whereas, fosfomycin has been reported to be 
effective against urinary tract infections caused by ESBL-producing E. coli. 51,52 

6. Spread of CTX-M-15-producing ST131 E. coli clones 
The dissemination of CTX-M-15 producing E. coli strains has become a major concern of 
research in antibiotic resistance. The first isolation of CTX-M-15-type ESBLs was reported in 
India in 2001. 53 CTX-M-15 is derived from CTX-M-3, belonging to the CTX-M-1 group, 
differing by one amino acid substitution. blaCTX-M-15 genes are transferred mainly by the 
IncF group plasmids, which are well adapted to E. coli and have acquired many antibiotic 
resistance genes. 54,55,56 Recently, Mnif et al reported that the IncF plasmids carrying blaCTX-
M-15 genes contained many addiction systems, which could contribute to their maintenance 
in E. coli host strains. 57 The detection rate of the CTX-M-15 producing E. coli strains with 
multidrug resistance has been dramatically increasing worldwide since the 2000s. 56 This 
CTX-M-15-producing E. coli strain is often thought to be associated with ST131 clones. 56 
Most of the CTX-M-15-producing E. coli strains isolated from three continents were O25:H4-
ST131 clones that show highly similar PFGE profiles, suggesting a recent emergence of these 
clones. 58 The emergence of the CTX-M-15-producing ST131 E. coli clones is highly related to 
the recent dissemination of ESBLs in the USA. 59, 60 The worldwide spread of the multi-drug-
resistant ST131 E. coli clones can be explained by the acquisition of IncFII plasmids 
harboring blaCTX-M-15 genes and many other antibiotic resistance genes. Interestingly, 
these ST131 E. coli clones belong to the highly virulent, phylogenetic group B2. 56 Over the 
past 5 years, CTX-M-15-producing ST131 E. coli clones have become an important causative 
agent for community-acquired ESBL infections, mainly urinary tract infections and 
bacteremia. 45 

7. Clinical impact on immunodeficient patients 
The sufficient therapy for ESBL-related infections is important, especially in 
immunodeficient patients. One study has shown that approximately 13% of E. coli-related 
bacteremia cases detected in patients with cancer and neutropenia were caused by ESBLs, 
that CTX-M types were predominant among the ESBLs, and that the bacteremia induced by 
ESBL-producing E. coli strains was linked to inadequate empirical antibiotic therapy. 61 In 
our institution, the detection rate of ESBL-related bacteremia has been increasing in febrile 
neutropenic patients with hematological malignancies, and consequently, we have been 
forced to use carbapenems for the therapy. 62,63 In immunodeficient patients, such as those 
undergoing chemotherapy, serious ESBL-related infections may result in a poor prognosis 
owing to the failure of the initial therapy. Recently, M. D. Anderson Cancer Center has 
reported an interesting finding that pyomyositis was caused by ESBL-producing E. coli 
strains in neutropenic patients with hematological malignancies, and that the E. coli strains 
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were ST131 clones belonging to phylogenetic group B2. 64 This notable finding implies that 
ESBL-producing ST131 E. coli clones cause fatal damage in the case of immunodeficient 
patients because of their high virulence. 

8. Conclusions 
The spread of ESBL-producing bacteria in the community has begun influencing outpatient 
therapy. Community-acquired bacteremia, due to ESBL-producing E. coli strains, is 
becoming a critical concern for outpatients, because inappropriate use of empirical 
antibiotics, such as cephalosporins and fluoroquinolones, has resulted in high mortality. 65,66 
One study has shown that the resistance of CTX-M-15-producing ST131 E. coli strains 
isolated from the community to fosfomycin has increased. 67 In the near future, we may be 
forced to use carbapenems as the first choice for the empirical therapy of patients with 
community-acquired infections due to ESBL-producing bacteria. The identification of 
carbapenemase-producing E coli and K. pneumoniae strains has been frequently documented 
as evidence for additional -lactamases-producing bacteria other than the ESBL-producing 
bacteria. 68 The study of NDM-1-type carbapenemase-producing E coli and K. pneumoniae is 
currently a topic of much interest in multidrug-resistant bacteria research. Notably, some of 
the NDM-1-type-producing E coli and K. pneumoniae strains express blaCTX-M-15 ESBL 
genes in a single isolate. 69,70,71 A worldwide surveillance recently showed that many NDM-
1-producing bacteria detected carried additional ESBL genes. 72 The acquisition of efficient 
mobile elements has accelerated the transfer of various antibiotic resistance genes. 
Potentially, a “super bug,” resistant to almost all licensed antibiotics, may emerge in the 
future. Constant and careful worldwide surveillance for multidrug-resistant bacteria is 
urgently warranted. 
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mechanism that blaCTX-M genes are directly linked to quinolone resistance genes, qnr 
genes. ISCR1, a mobile element for blaCTX-M genes, is associated with qnr genes, 26 
indicating an effective transfer of quinolone resistance genes together with blaCTX-M genes. 
This genetic finding is interesting for clinical reasons. Selective pressure by the use of 
fluoroquinolones may induce the emergence of CTX-M ESBL-producing bacteria. As a 
consequence, the therapeutic options for infections caused by ESBL-producing bacteria may 
be more limited. Tigecycline has been shown to be microbiologically active against ESBL-
producing E. coli and K. pneumoniae, 49,50 whereas, fosfomycin has been reported to be 
effective against urinary tract infections caused by ESBL-producing E. coli. 51,52 
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India in 2001. 53 CTX-M-15 is derived from CTX-M-3, belonging to the CTX-M-1 group, 
differing by one amino acid substitution. blaCTX-M-15 genes are transferred mainly by the 
IncF group plasmids, which are well adapted to E. coli and have acquired many antibiotic 
resistance genes. 54,55,56 Recently, Mnif et al reported that the IncF plasmids carrying blaCTX-
M-15 genes contained many addiction systems, which could contribute to their maintenance 
in E. coli host strains. 57 The detection rate of the CTX-M-15 producing E. coli strains with 
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CTX-M-15-producing E. coli strain is often thought to be associated with ST131 clones. 56 
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that CTX-M types were predominant among the ESBLs, and that the bacteremia induced by 
ESBL-producing E. coli strains was linked to inadequate empirical antibiotic therapy. 61 In 
our institution, the detection rate of ESBL-related bacteremia has been increasing in febrile 
neutropenic patients with hematological malignancies, and consequently, we have been 
forced to use carbapenems for the therapy. 62,63 In immunodeficient patients, such as those 
undergoing chemotherapy, serious ESBL-related infections may result in a poor prognosis 
owing to the failure of the initial therapy. Recently, M. D. Anderson Cancer Center has 
reported an interesting finding that pyomyositis was caused by ESBL-producing E. coli 
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were ST131 clones belonging to phylogenetic group B2. 64 This notable finding implies that 
ESBL-producing ST131 E. coli clones cause fatal damage in the case of immunodeficient 
patients because of their high virulence. 
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becoming a critical concern for outpatients, because inappropriate use of empirical 
antibiotics, such as cephalosporins and fluoroquinolones, has resulted in high mortality. 65,66 
One study has shown that the resistance of CTX-M-15-producing ST131 E. coli strains 
isolated from the community to fosfomycin has increased. 67 In the near future, we may be 
forced to use carbapenems as the first choice for the empirical therapy of patients with 
community-acquired infections due to ESBL-producing bacteria. The identification of 
carbapenemase-producing E coli and K. pneumoniae strains has been frequently documented 
as evidence for additional -lactamases-producing bacteria other than the ESBL-producing 
bacteria. 68 The study of NDM-1-type carbapenemase-producing E coli and K. pneumoniae is 
currently a topic of much interest in multidrug-resistant bacteria research. Notably, some of 
the NDM-1-type-producing E coli and K. pneumoniae strains express blaCTX-M-15 ESBL 
genes in a single isolate. 69,70,71 A worldwide surveillance recently showed that many NDM-
1-producing bacteria detected carried additional ESBL genes. 72 The acquisition of efficient 
mobile elements has accelerated the transfer of various antibiotic resistance genes. 
Potentially, a “super bug,” resistant to almost all licensed antibiotics, may emerge in the 
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1. Introduction 

The problem of water scarcity is becoming more pronounced especially in countries with 
arid and semi-arid climates such as Morocco. Wastewaters discharge into different aquatic 
ecosystems (groundwater, sea water, river, lake water...), are draining different types of 
microorganisms and hazardous chemicals. The microbiological risk is not negligible, 
especially in areas where wastewater or other contaminated water, are reused for irrigation 
without preliminary treatment or for direct consumption by human and animals. 

The emergence of bacteria resistant to antibiotics is common in areas where antibiotics are 
widely used, but the occurrence of antibiotic-resistant bacteria is also increasing in aquatic 
environments. Some pathogenic bacteria may occur naturally with the spread of resistance 
genes. 

Vibrio cholerae is a natural inhabitant of the aquatic environment where water plays an 
important role in its transmission and epidemiology (WHO 1993; Chakraborty et al. 1997). 
This bacterium plays a role in ecological ecosystems and it is widely distributed in bays, 
estuaries, coastal water, reservoirs, rivers and possible water supplies for human 
consumption (Pathak et al., 1992; Caldini et al., 1997; Isaac-Marquez et al., 1998; Dumont et 
al., 2000).  

The interest in examining the non-O1 serogroup of V. cholerae has been accentuated at an 
international level, given that some recent epidemic outbreaks in India and Bangladesh have 
been caused by non-O1 V. cholerae isolated in aquatic environment (Ramamurthy et al., 
1993). Currently, it is recognized that non-O1 V. cholerae plays an important role as the 
causative agent of sporadic cases of cholera-like disease and isolated outbreaks linked to the 
consumption of contaminated water (Yamamoto et al., 1983; Chakraborty et al., 1997; Bag et 
al., 2008). Non-O1 V. cholerae has also been implicated in extra intestinal infections, 
including wounds, ear, sputum, urine and cerebrospinal fluid (WHO, 1993).  

Resistance of V. cholerae to commonly used antimicrobials is increasing both in the farm 
animal and public health sectors and has emerged as a global problem.  
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1. Introduction 

The problem of water scarcity is becoming more pronounced especially in countries with 
arid and semi-arid climates such as Morocco. Wastewaters discharge into different aquatic 
ecosystems (groundwater, sea water, river, lake water...), are draining different types of 
microorganisms and hazardous chemicals. The microbiological risk is not negligible, 
especially in areas where wastewater or other contaminated water, are reused for irrigation 
without preliminary treatment or for direct consumption by human and animals. 

The emergence of bacteria resistant to antibiotics is common in areas where antibiotics are 
widely used, but the occurrence of antibiotic-resistant bacteria is also increasing in aquatic 
environments. Some pathogenic bacteria may occur naturally with the spread of resistance 
genes. 

Vibrio cholerae is a natural inhabitant of the aquatic environment where water plays an 
important role in its transmission and epidemiology (WHO 1993; Chakraborty et al. 1997). 
This bacterium plays a role in ecological ecosystems and it is widely distributed in bays, 
estuaries, coastal water, reservoirs, rivers and possible water supplies for human 
consumption (Pathak et al., 1992; Caldini et al., 1997; Isaac-Marquez et al., 1998; Dumont et 
al., 2000).  

The interest in examining the non-O1 serogroup of V. cholerae has been accentuated at an 
international level, given that some recent epidemic outbreaks in India and Bangladesh have 
been caused by non-O1 V. cholerae isolated in aquatic environment (Ramamurthy et al., 
1993). Currently, it is recognized that non-O1 V. cholerae plays an important role as the 
causative agent of sporadic cases of cholera-like disease and isolated outbreaks linked to the 
consumption of contaminated water (Yamamoto et al., 1983; Chakraborty et al., 1997; Bag et 
al., 2008). Non-O1 V. cholerae has also been implicated in extra intestinal infections, 
including wounds, ear, sputum, urine and cerebrospinal fluid (WHO, 1993).  

Resistance of V. cholerae to commonly used antimicrobials is increasing both in the farm 
animal and public health sectors and has emerged as a global problem.  
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This review present a synthesis of our research works on non-O1 V. cholerae since 1992, in 
comparison to faecal indicator bacteria, in some Moroccan aquatic ecosystems especially in 
wastewaters and groundwaters. We will discuss and compare our works with some other 
studies over the world. 

2. Occurrence, pathogenicity of non-O1 V. cholerae in some Moroccan 
aquatic ecosystems  
2.1 Occurrence and ecology of non-O1 V. cholerae  

The use of untreated wastewater for agriculture irrigation poses serious health problems 
over the world. Several treatment systems of wastewater were developed to reduce the load 
of pollution. The stabilization pond system was tested in Marrakech region (Mezrioui et al., 
1995; Mezrioui & Oufdou, 1996; Oufdou et al. 2004). It is composed of two oval ponds linked 
in series, each is of 2500 m2 in area. The first pond is anaerobic (depth of water 2.3 m) and 
the second pond is facultative aerobic (depth : 1.5 m). The raw sewage flow to the system is 
maintained at 5.4 L/sec. The total hydraulic retention time was set at about 18 days with 
10.5 days in the first pond and 7.5 days in the second pond. 

Non-O1 V. cholerae was quantified using the most probale number (MPN) method using 
three tubes or flasks per inoculated volume and a series of 100, 10, 1 mL, and dilutions of 
water. They were inoculated into the three tubes with 3 stages: (i) enrichment by culture of 
100, 10 or 1 mL of the sample from the series of three tubes of alkaline peptone water (1% 
peptone, 1% NaCl, pH 8.6) incubated at 37 °C for 18 h. (ii) Isolation was performed by 
culture of 0.1 mL taken from the surface in each enrichment tube or from one of its dilutions 
on thiosulfate-citrate-bile-sucrose agar (TCBS), incubated at 37 °C for 24 h. (iii) Identification 
of the colonies assumed to be those of non-O1 V. cholerae was carried out according to the 
methodology described by Lesne et al. (1991), Mezrioui and Oufdou (1996), Lamrani Alaoui 
et al. (2008) and Lamrani et al. (2010). 

The seasonal abundance of non-O1 V. cholerae in wastewaters before and after treatment in 
stabilization ponds in an arid Mediterranean climate has been undertaken. A series of 
stations along the two stabilization ponds were sampled during two periods. The cold (or 
hot) period corresponds to months when the water temperature is below (or above) 22°C. 
This temperature was the average water temperature for the whole period of study (16 
months). 

Results showed that high abundances of non-O1 V. cholerae were noted during the hot 
months and low abundances during the cold months. In treated wastewaters, high 
abundances of non-O1 V. cholerae were recorded during hot period with an average 
abundance of 1.7x103 MPN/mL. During cold periods, these densities were calculated to be 
2.5x101 MPN mL-1. These seasonal dynamics were confirmed by the autocorrelation 
coefficient showing the cyclic nature of non-O1 V. cholerae abundances (Mezrioui et al., 
1995).  

In contrast, the spatial-temporal dynamics of faecal coliforms (FC) were the inverse of those 
of non-O1 V. cholerae abundances. Average FC abundances at the system’s inflow point were 
1.7x105 cfu/mL, while at the seconf pond’s outflow, they were 8.3x103 cfu/mL.  
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The average seasonal variation of FC abundances at the second pond’s outflow point was 
evaluated to 8.3x103 cfu/mL at the cold period and 1.8x103 cfu/mL at the hot period 
(Mezrioui & Oufdou, 1996). The inverse relationship between non-O1 V. cholerae and FC was 
more pronounced at the outflow point of the second pond (R2= 0.68) than that of the first 
pond (R2= 0.51). 

As for removal efficiency, stabilization pond system of Marrakech led to 97.97% average 
overall reduction in FCs, whereas this system treatment is not efficient in removing non-O1 
V. cholerae abundances (Mezrioui et al., 1995; Mezrioui & Oufdou, 1996). 

We have also followed the dynamics of non-O1 V. cholerae in Marrakech groundwater (in 
supplying well waters) in comparison with other bacteria of sanitary interest. Sixteen wells 
covering two regions (Tensift and Jbilet) were studied. They are situated at the North of 
Marrakesh city (31°36’ N, 08°02’ W, Morocco) (Lamrani et al., 2010). 

Detectable non-O1 V. cholerae was present in 81% of samples and the average abundances 
ranged from 0 to 11100 MPN/100 mL. Detectable P. aeruginosa was present in 88% of samples 
and its abundances ranged from 0 to 1670 cfu/100 mL. The total occurrence of FC and Faecal 
Streptococci (FS) during the period of study was 94% and their densities varied respectively 
from a minimum of 0 cfu/100 mL to a maximum of 10200 cfu/100 mL for FC and 6700 
cfu/100 mL for FS. The annual average densities of non-O1 V. cholerae were 4903 MPN/100 
mL in all samples. Whereas, the annual average densities of P. aeruginosa, FC and FS were 
respectively 206 cfu/100 mL, 1891 cfu/100 mL and 1246 cfu/100 mL (Lamrani et al., 2010). 

Our results demonstrated that non-O1 V. cholerae and the other studied bacteria, occurred in 
the majority of the studied wells water. These wells serve as an important natural resource 
for drinking water, domestic water supply and recreation for rural and suburban 
populations. This fact could be responsible for potential health effects on populations using 
this groundwater. According to WHO standards, the studied wells are completely 
unsuitable for drinking water and other domestic uses. 

The highest abundances of studied bacteria were detected at the wells located near 
malfunctioning septic systems or beside a high number of pollution sources such as 
infiltration of wastewater, septic tanks seepage, discharge leachates or human and animal 
faecal materials nearby the studied wells. Moreover, the majority of the studied wells are 
situated at 0 m to 400 m from pollution sources. These factors led to the contamination of the 
groundwater. 

Based on the results of the present study, it is possible to conclude that groundwater can 
play an important role as a transmission vehicle of non-O1 V. cholerae and the other studied 
bacteria. Isaac-Marquez et al. (1998) considered that the presence of non-O1 V. cholerae in 
water supplies might be responsible for a proportion of diarrheic diseases among 
population of the city of Campeche and the rural locality of Becal (Mexico). Several reports 
have demonstrated that gastrointestinal and extra-intestinal infections caused by non-O1 V. 
cholerae are linked with contaminated water and other activities in aquatic environments, 
and this bacterium could therefore pose a problem for public health (WHO, 1993; 
Chakraborty et al., 1997). 

Our findings (Lamrani et al. 2010) are in agreement with those reported by Nogueira et al. 
(2003) and Isaac-Marquez et al. (1998). These authors investigated water quality at sources 
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and points of consumption of urban and rural communities. According to these authors, 
water distribution system, spring water and private wells samples had high coliforms 
positive and high percentages of non-O1 V. cholerae. 

The comparison of non-O1 V. cholerae and FC abundances, using the Spearman correlation 
test, has showed that there is generally a positive relationship between these bacteria in the 
studied wells. FC can be used to detect the presence of non-O1 V. cholerae in Marrakesh 
groundwater. However, no significant relationship was observed between the presence of 
non-O1 V. cholerae and P. aeruginosa (Lamrani et al., 2010). 

The ecological role of V. cholerae in environment implies a direct influence of environmental 
conditions and climate on the presence, persistence and abundance of bacteria in the aquatic 
ecosystem. To explain this difference of behavior of these bacteria, we have established the 
correlation of some of these factors with non-O1 V. cholerae abundances. We also tested 
some experimental studies on the effects of some environmental factors (temperature, pH, 
sunlight and algae) on survival of non-O1 V. cholerae compared to faecal indicator bacteria 
(Oufdou et al., 1998; Oufdou et al., 1999; Lamrani et al., 2009; Oufdou & Oudra, 2009). 

The correlation of non-01 V. cholerae abundances in Marrakech stabilization ponds 
(Spearman correlation) was carried out. A positive and very significant correlation (p<0.01) 
between water temperature and pH was observed at the system’s outflow point. At this 
point, Spearman coefficients values were respectively 0.91 and 0.76. In the system’s inflow, 
an extremely significant correlation was observed only with temperature (Mezrioui et al., 
1995).  

The experimental effects of pH, temperature and sunlight were carried out. The strains of 
non-O1 V. cholerae and E. coli tested were isolated from the first pond of Marrakech 
stabilization pond. The survival of these bacteria was studied in experimental microcosms of 
500mL flasks, each contained 200mL of filtered outflow water. Each microcosm was seeded 
separately with a standard inoculums (approximately 105 cfu/mL) prepared from a bacterial 
suspension (non-O1 V. cholerae or E. coli) in physiological water (0.9% NaCl). 

The pH values tested (6.6, 7.3, 8 and 8.8) and the temperature values tested (8, 15, 23 and 
30°C) corresponded to those measured at the stabilization ponds over the year.  

The effect on bacterial survival was evaluated after calculation of the die-off coefficient k 
which is determined in accordance with the formula: 

Nt = N0 e-kt 

Where N0 and Nt are respectively the initial bacterial number and the number of bacteria 
at time t. k is the die-off coefficients expressed in hourly terms (/h) (Crane and Moore, 
1986). 

The effect of pH on the behaviour of non-O1 V. choleare differed from the effect on E. coli. 
The greatest survival of non-O1 V. cholerae was at pH 8 (k = 0.0164/h) followed by the pH 
8.8 (k= 0.0170/h). Whereas at the pH values of 6.6 and 7.3, the die-off coefficient were 
respectively 0.0197/h and 0.0195/h. The alkaline pH of 8.8 promoted survival of non-O1 V. 
cholerae (k=0.0170/h) and reduced that of E. coli (k=0.0232/h). At neutral pH (7.3), non-O1 V. 
cholerae did not survive as well (k= 0.0195/h) as E. coli (k=0.0124/h). 
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The minor variations in pH occurring in natural environments, making pH a relatively 
unimportant variable compared with other environmental factors, such as sunlight, 
temperature... However, in aquatic ecosystems such as stabilization ponds, phytoplanktonic 
blooms appears systematically and increase pH values (Oufdou et al., 2004; Oufdou & 
Oudra, 2008). The pH is a parameter that was used to improve the isolation of V. cholerae 
environmental samples by enrichment (using alkaline peptone water at pH 8.6) (Lipp et al., 
2002). 

Non-01 V. cholerae and E. coli survived longer at low temperatures. The survival of both 
bacteria was noticeably reduced at 23 and 30°C. This low survival rate of non-01 V. cholerae 
did not explain the high positive correlation between the non-01 V. cholerae abundances and 
temperature. Indeed, it would appear that the effect of temperature is a function of other 
factors such as nutrients. In microcosms such as flasks, where there is considerable 
confinement, nutrients are heavily depleted at 23 or 30°C, with a resultant decrease in 
bacterial survival. In the environments like wastewater, where there is no lack of nutrients, 
high temperatures lead to a multiplication of bacteria. 

Solar radiation had a much greater effect on E. coli than it did on non-O1 V. cholerae 
(Mezrioui et al. 1995). This difference in bacterial survival as a result of sunlight factor could 
be explained by a difference in the bacterial’s reaction to sunlight. Indeed, sunlight is 
absorber by a sensitizer that reacts with oxygen to form peroxides or hydroxyl radicals 
(Curtis et al., 1992). These authors indicated that damage to the membrane of an organism is 
ecologically important, since it makes the organism more sensitive to the effects of other 
factors such as the high pH values encountered in stabilization ponds. The obtained results 
by Mezrioui et al. (1995) showed that alkaline pH values inhibit the survival of E. coli, and 
its survival is thus less after exposure to sunlight. Non-O1 V. cholerae, on other hand, which 
survived better at pH 8 than at pH 7.3, is less sensitive to sunlight. 

The effect of the cyanobacterium Synechocystis sp. on the survival of non-O1 V. cholerae was 
carried out (Oufdou et al., 1998 ; Oufdou et al., 2000). Blooms of this cyanobacterium occur 
during hot periods in wastewater stabilization ponds of Marrakech. Oufdou et al. (1998) 
have studied the effect of the picocyanobacterium Chroococcale: Synechocystis sp. on the 
behaviour of non-O1 V. cholerae in comparison to those of E. coli and Salmonella sp.. 
Synechocystis sp. was isolated from this ecosystem and cultivated in laboratory at controlled 
conditions of light and temperature.  

Extracellular and intracellular products released by this microalga were tested on studied 
bacteria. Extracellular products obtained at the supernatant of algal culture in stationary 
phase, reduced E. coli and Salmonella sp. growth and stimulated non-O1 V. cholerae growth. 
Intracellular products obtained after lysing algal cells by ether, reduced E. coli and 
Salmonella sp. growth. The effect of products released by Synechocystis sp. was compared for 
axenic and non axenic strain alga. Obtained results showed that the presence of 
heterotrophic bacteria increased the reduction of E. coli and Salmonella sp. growth by 
extracellular and intracellular products of Synechocystis sp.. 

Blooms of this picocyanobacterium in Marrakech waste stabilization ponds, is among the 
important factors that affect the dynamics and survival of studied bacteria in this aquatic 
ecosystems which functions under a Mediterranean arid climate. 
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2.2 Pathogenicity of non-O1 V. cholerae 

Several virulence factors such heat stable toxin (ST) (Arita et al., 1986), hemolysin (Yoh et al., 
1986; Bag et al., 2008) and other cell-associated hemagglutinins (Banerjee et al., 1990) have 
been identified in non-O1 V. cholerae. Production of hemolysin and surface hemagglutinins 
of pathogenic bacteria, are important virulence determinants as they may serve as 
recognition and invasion molecules in cell-cell interaction affecting the host-pathogen 
relationship (Guhathakurta et al., 1999; Singh et al., 2001; Chatterjee et al., 2009). It has been 
demonstrated that non-O1 V. cholerae adheres and invades the epithelial cells of gut mucosa 
and starts its multiplication (Nishibuchi et al., 1983). This situation occurs only with 
expression of certain virulence factors as previously cited (Nishibuchi et al., 1983; O'Brien et 
al., 1984; Ichinose et al., 1987). 

To characterize the virulence factors of the bacterial isolates in our study, hemolysis and 
hemagglutination with human erythrocytes were realized.  

The hemagglutination and hemolytic activities of non-O1 V. cholerae strains isolated from 
wastewater and suburban and rural groundwater supplies of Marrakech region were 
carried out. Non-O1 V. cholerae strains isolated from Marrakech wastewater showed a 
hemagglutination rate of 55%. The distinction between the degrees of hemagglutination 
showed that 42.5% of non-O1 V. cholerae strains are able to agglutinate with a high level, red 
cells of human blood O group, while the percentage of strains showing hemagglutination 
reaction with low level is only 12.5%. As for the production of hemolysins, non-O1 V. 
cholerae strains showed 37.5% of -hemolytic activity whereas no hemolytic activity  was 
noted.  

In the groundwater, bacterial strains were found to be adhesive (hemagglutination), with 
percentages of 63.09%, 65.09%, 84.06% and 87.98% respectively for non-O1 V. cholerae, FS, FC 
and P. aeruginosa. Non-O1 V. cholerae strains had the highest percentage of hemolytic 
activities (production of hemolysin: +) (71.29%), in comparison to FS (20.71%), to FC 
(16.88%) and to P. aeruginosa strains (9.13%). 

Analysis of a total of 1183 strains isolated from the studied wells, revealed that non-O1 V. 
cholerae had the highest β hemolytic activity (33.12%), while only 3.44% of FC and 4.44% of 
FS strains have this type of hemolysis. As for P. aeruginosa, β hemolytic activity was very 
low (1.44%). FC, FS and P. aeruginosa strains isolated from Marrakech groundwater 
expressed significantly lower hemolytic activity compared to non-O1 V. cholerae (P < 0.05, 
test of two proportions). Hemolysin of V. cholerae is suggested to be a virulence factor 
contributing towards pathogenesis (Nagamune et al., 1995). Guhathakurta et al. (1999) 
purified a bifunctional hemolysin-phospholipase C molecule from non-O1 V. cholerae (O139) 
showing enterotoxic activity, as shown by fluid accumulation in the ligated rabbit ileal loop 
and in the intestine of suckling mice (Pal et al., 1998). 

The percentages of hemolytic isolates observed in this study are comparable to those 
reported by Begum et al. (2006). These authors found that 80% of the total non-O1 and non-
O139 V. cholerae isolates were hemolysin positive. However, our results were lower than 
those obtained by Amaro et al. (1990). These authors showed that 97% of environmental 
non-O1 V. cholerae strains displayed hemolytic activity for human blood.  
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Adhesion to the intestinal mucosa represents the first step in the infectivity of bacterial 
pathogens such as V. cholerae (Booth and Finkelstein, 1986). This process is mediated by non-
specific (mainly hydrophobic) and specific (binding of the bacterial adhesin with its receptor 
on the epithelial cell) interactions (Kabir and Ali, 1983). Agglutination of erythrocytes is 
among the most useful assays to test the attachment ability of potential pathogens. 

Bacterial strains isolated from Marrakesh groundwater were found to be adhesive, with a 
range of hemagglutination activities varying from 63.09% for non-O1 V. cholerae to 65.09% 
for FS, 84.06% for FC and 87.98% for P. aeruginosa. 

Among 317 strains of non-O1 V. cholerae, 60 strains (18.93%) were strongly adhesive (+2) and 
140 (44.16%) were partially agglutinated (+1) to erythrocytes. On the other hand, 69.06% of 
FC strains and 62.02% of P. aeruginosa expressed complete agglutination (+2) capacity, and 
respectively 15% and 25.96% of them agglutinated partially (+1) to erythrocytes.  

Our findings are in agreement with previous studies on hemagglutination distribution in V. 
cholerae (Amaro et al., 1990). These authors showed that 109 (78%) of the environmental non-
Ol V. cholerae strains assayed, possessed agglutinating capacity.  

Determination of several potential virulence factors in Vibrio spp. by Baffone et al. (2001) 
demonstrated that species were adhesive, with percentages ranging from 40% for V. fluvialis 
to 55-80% for V. alginolyticus, non-O1 V. cholerae and V. parahaemolyticus.  

2.3 Antibiotic resistance of non-O1 V. cholerae 

Among the 240 non-O1 V. cholerae strains isolated from Marrakech stabilization ponds, 89 
(37.1%) isolates were resistant to at least one of 14 tested antibiotics (Mezrioui et al., 1995; 
Mezrioui & Oufdou, 1996). The levels of antibiotic resistance at the inflow and outflow 
points of the system were respectively 40 and 34% and were not significantly different. This 
antibiotic resistance level was lower than that obtained by Amaro et al. (1988). These authors 
showed that among 146 non-O1 V. cholerae strains isolated from the environment and tested 
for antibiotic resistance, 93% were resistant to at least one antibiotic.  

It appears that in wastewater treated by Marrakech stabilization ponds treatment, non-O1 V. 
cholerae antibiotic resistance was not significantly modified. However, in the same treatment 
system, Hassani et al. (1992) have showed that the antibiotic resistance increased in 693 E. 
coli strains as they passed through the ponds. Levels of E. coli antibiotic resistance on the 
inflow and the outflow were 21% and 34% respectively. 

Mezrioui & Oufdou (1996) have noted that non-O1 V. cholerae showed high resistance to 
ampicillin, amoxicillin and mezlocillin at all sampling points of Marrakech stabilisation 
pond system, followed by resistance to cefalexin, cefoperazone and amikacin.  

Combined resistance to ampicillin and amoxicillin or to ampicillin and mezlocillin were the 
most frequently observed resistance pattern. Few isolates were resistant to cefalexin, 
cefoperazone or amikacin (less than 9%).  

More importantly, some strains of non-O1 V. cholerae were found to be capable of receiving 
and stably maintaining plasmids conjugally transferred from E. coli. Antibiotic resistance 
can be transferred from non-O1 V. cholerae to other members of the Enterobacteriaceae family 
such as E. coli K12. Transfer frequencies in nutrient broth and filtered wastewater were 
respectively 3 x 10-5 and 2 x 10-8 (Mezrioui & Oufdou, 1996). 
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As for antibiotic resistance in groundwater of Marrakech-Tensift-Al Haouz region, antibiotic 
susceptibility testing revealed that the overall resistance (resistance to at least one antibiotic) 
of non-O1 V. cholerae strains was 79%, while it was 100% for P. aeruginosa, faecal coliforms 
(FC) and Faecal streptococci (FS) strains (Lamrani et al. 2010). 317, 208, 320 and 338 strains 
were respectively tested. The multiresistance level of non-O1 V. cholerae strains (69%) was 
significantly lower than that of FC and FS strains (95%), whereas 100% of P. aeruginosa 
strains were multiresistant. The monoresistance (resistance to one antibiotic) of non-O1 V. 
cholerae was 10% while it was 5% for FC and FS strains. Sixty six strains (21%) of non-O1 V. 
cholerae were susceptible to all antibiotics tested, while none of the isolates P. aeruginosa, FC 
and FS was susceptible to all antibiotics tested. Our results showed that among non-O1 V. 
cholerae strains resistance was most commonly observed towards sulfamethoxazole (75%), 
followed by streptomycin (62%) and cephalothin (60%) and trimethoprim (49%). A smaller 
proportion of these isolates were resistant to erythromycin (18%), kanamycin and polymyxin B 
(12%), cephotaxim (8%), gentamycin (7%) and tetracycline (2%). All the 317 non-O1 V. cholerae 
isolates were susceptible to chloramphenicol, nalidixic acid and novobiocin. 

The obtained results showed correlation between bacteriological pollution and their 
antibiotic resistance and virulence. 

The dominant multiresistant profiles noted for non-O1 V. cholerae were to seven antibiotics; 
of 220 strains resistant to at least two antibiotics, 53 strains (24.09%) were resistant to seven 
antibiotics. The maximal multiresistance was to ten antibiotics with two profiles: "Gm, Str, Km, 
Tpm, Smx, Amp, Amx, Cfl, Cfm, Ery" and "Gm, Str, Km, Tpm, Smx, Tc, Amp, Amx, Cfl, Cfm".  

Of the antimicrobial resistant FC strains isolated, 80% were resistant to five or more 
antibiotics. The dominant multiresistant profile noted for FC was to eight antibiotics (11.6%). 
The maximal multiresistance was to fourteen antibiotics with two profiles: "Amp, Amx, 
Amx-clav, Cfl, Cfm, Cft, Chl, Gm, Na, PB, Smx, Str, Tc, Tpm"  and  "Amp, Amx, Amx-clav, 
Cfl, Cfm, Cft, Gm, Km, Na, PB, Smx, Str, Tc, Tpm". 

3. Conclusion  
Although the stabilization ponds showed considerable effectiveness in eliminating faecal 
coliforms, the system’s final effluent contained not inconsiderable non-O1 V. cholerae 
concentrations. Their presence in treated wastewater limits their re-use in agriculture. The 
risks associated with the presence of non-O1 V. cholerae in effluent will be greater if these 
bacteria are multi-antibiotic resistant. The addition of a third maturation pond to Marrakech 
stabilization ponds may help in the reduction of bacteria. 

The experimental studies on the effects of some environmental factors (temperature, pH, 
sunlight and the cyanobacterium; Synechocystis) on survival of both bacteria, showed that 
the alcaline pH (>8) seems to present a more bactericidal effect on FC than on non-O1 V. 
cholerae. Thus, the Cyanobacteria blooms, occurring periodically during summer in sewage 
stabilization ponds of Marrakech, will be considered as one of the major factors leading to 
high levels of non-O1 V. cholerae and low abundances of FC bacteria during the hot period.  

Conjugative transfer of resistance genes occurred between non-01 V. cholerae strains and 
other bacteria such as E. coli. The high dissemination capacity for these R-factors plasmids 
can occur even when intergeneric transfer frequencies are relatively low.  
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Effluent discharged from stabilization ponds into receptor environment or re-used for 
irrigation purposes should be purified by more advanced methods prior to discharge in 
areas of greatest human impact and where antibiotic resistance could well prove to be a 
serious human problem in the future. 

The bacteriological quality of groundwater in Marrakech region suggested that the studied 
wells water were heavily contaminated with FC, FS, P. aeruginosa and non-O1 V. cholerae. 
Their presence could have significant health risks for local population when it is used as a 
drinking water. According to WHO standards for drinking water, the studied well waters 
were unsuitable for the consumers. The characteristics of the environment of the prospected 
wells and their proximity from many sources of pollution as well as the lack of rigorous 
protection contributed to their contamination. In these wells water, the result of the 
interaction network underwent a high variability. This may be at the origin of a high 
ecological instability of the studied bacteria and physicochemical parameters. The need for 
guidelines to protect groundwater quality in Morocco is imperative.  

Non-01 V. cholerae and the other studied bacteria isolated from Marrakesh groundwater are 
virulent since most of them are producers of hemolysins, hemagglutinins and are 
multiresistant to antibiotics. These bacteria may have important public health implications. 
Their role in several cases of gastro-enteric and systemic pathologies noted at the local 
population of Marrakech area (Jbilet and Tensift region) deserve greater interest and 
attention.  

Urgent reactions are required to apply adequate solutions such as disinfection of 
groundwater, protection of the wells, public awareness. This study may be considered a 
typical example of what is happening in other cities in the developing world and it is 
estimated to assist local authorities in developing plans and actions to improve 
groundwater quality.  
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1. Introduction 
Antibiotics are a major tool utilized by the healthcare industry to fight bacterial infections; 
however, bacteria are highly adaptable organisms, able develop resistance to antibiotics. 
Consequently, decades of antibiotic use, or rather misuse, have resulted in bacterial resistance 
to many modern antibiotics. This resistance can cause significant danger and suffering for 
many people with common bacterial infections, which were once easily treatable with this 
type of medication [1]. Antibiotics are widely used in human and veterinary medicine as well 
as in agriculture for the treatment of infections, to improve growth and for animal prophylaxis, 
which can generate a selection of multiresistant bacteria. However, is it not fully understood 
how widespread antibiotic resistant bacteria are in agricultural settings. The lack of such 
surveillance data is especially evident in dairy farm environments.  

Over the past 6 decades, the introduction of new class or modifications of antimicrobial has 
been marched slowly but surely by the development of new bacterial resistance 
mechanisms. Since the first reports different estudies have demonstrated that increases in 
antimicrobial resistance among both pathogenic and commensal bacteria can be observed 
after introduction of antimicrobial[2]. Therefore in this chapter I will discuss some of the 
research which in which they reported the presence of antibiotic-resistant bacteria that are of 
importance in foods.  

2. Campylobacter 
Campylobacter was identified as a human diarrheal pathogen in 1973. Campylobacter is a 
major cause of disease in humans and poultry around the world and Campylobacter was, is 
the most frequently diagnosed bacterial cause for human gastroenteritis in the United States 
and throughout the world. Most cases of Campylobacter infections do not require antimicrobial 
treatment, being clinically mild and self-limiting [4]. Macrolides are considered the first 
choice drug for C. jejuni and C. Coli  enteritis,erythromycin and ciprofloxacin are the drugs 
of choice for treatment of human campylobacteriosis and fluoroquinilones are also used. 
Contaminated food is the usual source of human infection; therefore, the presence of 
antimicrobial resistant strains in the food chain has raised concerns that the treatment of 
human infections will be compromised. Most disease in humans is associated with the 
consumption of contaminated poultry or cross-contamination with other foods [4] 

This section provides a review of resistance prevalence in C.jejuni and C.coli from food. In 
this study, was investigated the prevalence of resistance to erythromycin and ciprofloxacin 
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in Campylobacter isolates recovered from turkey carcasses at two processing plants. 
Ciprofloxacin and erythromycin resistance in Campylobacter recovered from processed 
turkey occurred more frequently among C. coli than C. jejuni. Molecular subtyping in this 
study provides further information about the relationships between antimicrobial-resistant 
Campylobacter at processing level [5]  

The antimicrobial resistance profiles of Campylobacter isolates recovered from a series of 
samples of retail food (n = 374) and humans (n = 314) to eight antimicrobial compounds 
were investigated. High levels of resistance in isolates of C.jejuni were observed for ceftiofur 
(58%), ampicillin (25%) and nalidixic acid (17%) with lowest levels observed for 
streptomycin (7.9%) and chloramphenicol (8.3%). A total of 80% of isolates of C. jejuni were 
resistant to human ceftiofur, while 17% were resistant to ampicillin and nalidixic acid, 8.6% 
to streptomycin and 4.1% to chloramphenicol. Antimicrobial resistance of clinical relevance, 
such as erythromycin, ciprofloxacin and tetracycline were 6.7, 12 and 15% respectively for 
all food isolates and was similar to the corresponding prevalence of resistance observed in 
human isolates, where 6 , 4%, 12 and 13, respectively, were found to be resistant. 
Comparisons of strains of C. jejuni at each site showed a high degree of similarity although 
some regional variations exist. Comparison of the total populations of C. jejuni and C. coli 
showed minor differences, with C. jejuni strains resistant to ampicillin and ceftiofur. Patterns 
of multidrug resistance showed some profiles common to the human strains and clinical [6].  

Antimicrobial resistance was evaluated in Campylobacter spp isolated of beef cattle in four 
commercial feedlots in Alberta (Canada). All calves were given chlortetracycline and 
oxytetracycline in food, and most animals (93%) were injected with long-acting 
oxytetracycline. A total of 1586 Campylobacter strains were isolated, these consist of 
Campylobacter coli (n = 154), Campylobacter fetus (n = 994), Campylobacter jejuni (n = 431), 
Campylobacter hyointestinalis (n = 4), and Campylobacter lanienae (n = 3) which were recovered 
and characterized [4]. Increases in the prevalence of strains resistant to tetracycline and 
doxycycline (56 to 89%) of C. coli, C. fetus and C. jejuni were observed [4]. Increased resistance 
to erythromycin was also found in strains of C. coli in the three episodes of isolation. Most 
isolates of C. fetus recovered were resistant to nalidixic acid and a relatively small number of 
multi-drug resistant strains were recovered. Widespread use of antimicrobial agents in meat 
production and possible horizontal transfer of mobile genetic elements with resistance 
determinants among bacteria Campylobacter and other taxa emphasized [4]. 

Campylobacter has become the leading cause of zoonotic enteric infections in developed 
and developing countries worlwide. Epidemiological and microbial studies show that 
poultry is the most important source for quinolone-susceptible and quinolone-resistant 
campylobacter infections in humans. Trend over time for macrolide resistance show stable 
low rates in most countries, and macrolides should remain the drugs class of choice for C. 
jejuni and C. coli enteritis. However, macrolide resitance is emerging in some countries and 
needs to be monitored.[7].  

3. Salmonella 
Salmonella spp. is widely distribuited in nature, colonizing a range of animal hosts. 
Salmonella entérica is recognized as one of the most common bacteria causes of food borne 
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diarrheal illness worldwide. It had been estimated that annually there are about 1.3 billion 
cases of acute gastroenteritis due to nontyphoidal salmonelosis, resulting in 3 million 
deaths. In industrialized countries food animals are the main reservoir for human infections, 
the majority of which originate from contaminated meat products and eggs. It is very 
important the issue of antibiotic resistance of Salmonella spp, which has been investigated as 
its ecology and pathogenesis  

Substantial effort has been made to disclose the genetic means by which Salmonella spp has 
evolved to resist antimicrobials. Acquired resistance arises by two ways: by mutations in 
chromosomally encoded genetic elements and by acquisition of exogenous mobile resistance 
genes by plasmids, integrons and transposons. Both mechanisms can led to rapid changes of 
a bacterial populations, horizontal genes transfer apppers to be most important in the 
evolutions of salmonella resistance.[8] In this section I summarize some examples which 
show the presence antimicrobial resistance Salmonella spp in food.  

Burgos et al. isolated and identified enteric bacteria in the soil of dairy farms and found that 
enteric bacteria from dairy farm soil are resistant to multiple drugs and carriers of antibiotic 
resistance plasmids. This suggests that the surface layer of farm land plays an important 
role, as it is an environment that can be a reservoir for the development of bacterial 
resistance against antibiotics [3].  

In another study undertaken in Alberta during 1996 and 1999, 209 strains of Salmonella, 
obtained from food animals were isolated and 17 antimicrobial drugs were tested and , 
11.8% of strains were positive for resistance. These strains were commonly resistant to 
tetracycline (35.4%), streptomycin(32.5%), sulfamethoxazole (28.7%), ticarcillin (27.3%) and 
ampicillin (26.8%)[9]. Salmonella enterica serovar Heidelberg frequently causes foodborne 
illness in humans. The authors compared the prevalence of Salmonella serotype Heidelberg 
in a sampling of 20,295 meats, including chicken breast ,ground turkey, ground beef and 
pork ribs, collected between 2002 and 2006 a total of 298 Salmonella serovar Heidelberg 
isolates were recovered, representing 21.6% of all Salmonella serovars from retail meats. 
One hundred seventy-eight (59.7%) were from ground turkey, 110 (36.9%) were from 
chicken breast, and 10 (3.4%) were from pork chops; none was found in ground beef. One 
hundred ninety-eight isolates (66.4%) were resistant to at least one compound, and 49 
(16.4%) were resistant to at least five compounds. Six strains (2.0%), all ground turkey, were 
resistant to at least nine antimicrobial agents. The greatest resistance in isolates from poultry 
was to tetracycline (39.9%), followed by streptomycin (37.8%), sulfamethoxazole (27.7%), 
gentamicin (25.7%), kanamycin (21.5%), ampicillin (19.8%), amoxicillin-clavulanate (10.4%) 
and ceftiofur (9.0%). These data indicate that Salmonella serovar Heidelberg is a common 
serovar in retail poultry meat and includes widespread clones of multidrug-resistant strains 
[10].  

Recently, Salmonella Enterica subsp. enterica serovar Saintpaul has been increasingly observed 
in several countries, including Germany. However, the pathogenic potential and 
epidemiology of this serotype are not very well known. Fifty-five isolates of S. turkey 
saintpaul Germany and Turkey food products isolated from 2000 to 2007 were analyzed 
using an antimicrobial agent, organic solvents, and disinfectant susceptibility testing, 
detection of determinants of resistance, plasmid profiles, pulsed-field gel electrophoresis 
(PFGE) and hybridization experiments[11].The pattern of resistance was observed for 
ampicillin, amoxicillin-clavulanate, gentamicin, kanamycin, nalidixic acid, streptomycin, 
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in Campylobacter isolates recovered from turkey carcasses at two processing plants. 
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all food isolates and was similar to the corresponding prevalence of resistance observed in 
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of multidrug resistance showed some profiles common to the human strains and clinical [6].  

Antimicrobial resistance was evaluated in Campylobacter spp isolated of beef cattle in four 
commercial feedlots in Alberta (Canada). All calves were given chlortetracycline and 
oxytetracycline in food, and most animals (93%) were injected with long-acting 
oxytetracycline. A total of 1586 Campylobacter strains were isolated, these consist of 
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to erythromycin was also found in strains of C. coli in the three episodes of isolation. Most 
isolates of C. fetus recovered were resistant to nalidixic acid and a relatively small number of 
multi-drug resistant strains were recovered. Widespread use of antimicrobial agents in meat 
production and possible horizontal transfer of mobile genetic elements with resistance 
determinants among bacteria Campylobacter and other taxa emphasized [4]. 
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and developing countries worlwide. Epidemiological and microbial studies show that 
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needs to be monitored.[7].  

3. Salmonella 
Salmonella spp. is widely distribuited in nature, colonizing a range of animal hosts. 
Salmonella entérica is recognized as one of the most common bacteria causes of food borne 

 
Antimicrobial Resistance of Bacteria in Food 

 

457 

diarrheal illness worldwide. It had been estimated that annually there are about 1.3 billion 
cases of acute gastroenteritis due to nontyphoidal salmonelosis, resulting in 3 million 
deaths. In industrialized countries food animals are the main reservoir for human infections, 
the majority of which originate from contaminated meat products and eggs. It is very 
important the issue of antibiotic resistance of Salmonella spp, which has been investigated as 
its ecology and pathogenesis  

Substantial effort has been made to disclose the genetic means by which Salmonella spp has 
evolved to resist antimicrobials. Acquired resistance arises by two ways: by mutations in 
chromosomally encoded genetic elements and by acquisition of exogenous mobile resistance 
genes by plasmids, integrons and transposons. Both mechanisms can led to rapid changes of 
a bacterial populations, horizontal genes transfer apppers to be most important in the 
evolutions of salmonella resistance.[8] In this section I summarize some examples which 
show the presence antimicrobial resistance Salmonella spp in food.  

Burgos et al. isolated and identified enteric bacteria in the soil of dairy farms and found that 
enteric bacteria from dairy farm soil are resistant to multiple drugs and carriers of antibiotic 
resistance plasmids. This suggests that the surface layer of farm land plays an important 
role, as it is an environment that can be a reservoir for the development of bacterial 
resistance against antibiotics [3].  

In another study undertaken in Alberta during 1996 and 1999, 209 strains of Salmonella, 
obtained from food animals were isolated and 17 antimicrobial drugs were tested and , 
11.8% of strains were positive for resistance. These strains were commonly resistant to 
tetracycline (35.4%), streptomycin(32.5%), sulfamethoxazole (28.7%), ticarcillin (27.3%) and 
ampicillin (26.8%)[9]. Salmonella enterica serovar Heidelberg frequently causes foodborne 
illness in humans. The authors compared the prevalence of Salmonella serotype Heidelberg 
in a sampling of 20,295 meats, including chicken breast ,ground turkey, ground beef and 
pork ribs, collected between 2002 and 2006 a total of 298 Salmonella serovar Heidelberg 
isolates were recovered, representing 21.6% of all Salmonella serovars from retail meats. 
One hundred seventy-eight (59.7%) were from ground turkey, 110 (36.9%) were from 
chicken breast, and 10 (3.4%) were from pork chops; none was found in ground beef. One 
hundred ninety-eight isolates (66.4%) were resistant to at least one compound, and 49 
(16.4%) were resistant to at least five compounds. Six strains (2.0%), all ground turkey, were 
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gentamicin (25.7%), kanamycin (21.5%), ampicillin (19.8%), amoxicillin-clavulanate (10.4%) 
and ceftiofur (9.0%). These data indicate that Salmonella serovar Heidelberg is a common 
serovar in retail poultry meat and includes widespread clones of multidrug-resistant strains 
[10].  

Recently, Salmonella Enterica subsp. enterica serovar Saintpaul has been increasingly observed 
in several countries, including Germany. However, the pathogenic potential and 
epidemiology of this serotype are not very well known. Fifty-five isolates of S. turkey 
saintpaul Germany and Turkey food products isolated from 2000 to 2007 were analyzed 
using an antimicrobial agent, organic solvents, and disinfectant susceptibility testing, 
detection of determinants of resistance, plasmid profiles, pulsed-field gel electrophoresis 
(PFGE) and hybridization experiments[11].The pattern of resistance was observed for 
ampicillin, amoxicillin-clavulanate, gentamicin, kanamycin, nalidixic acid, streptomycin, 
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spectinomycin, and several third-generation cephalosporins (including ceftiofur and 
cefoxitin. This study revealed that a multiresistant S. saintpaul line Saintpaul is widespread 
in turkeys and turkey products in Germany.[11]  

In Denmark, Skov, M et al, compared 8144 Salmonella isolates collected from meat imported 
or produced, as well as the Danish patients. Isolates from imported meat showed a higher 
rate of antimicrobial resistance, including resistance to multiple drugs, which were isolated 
from domestic beef. Isolates from humans showed resistance rates lower than those found in 
imported meat. These findings suggest that programs to control resistant Salmonella spp. are 
a worldwide problem [12]  

A study in Vietnam shows that enteric bacteria in samples of raw foods contain a set of 
mobile genetic elements and the transfer of antibiotic resistance can easily occur between 
similar bacteria. This study was undertaken to examine the contamination rate and 
molecular characteristics of enteric bacteria isolated from a selection of food sources in 
Vietnam [16]. One hundred and eighty raw food samples were tested; 60.8% of the samples 
were from meat and 18.0% of samples of shellfish contaminated with Salmonella spp. More 
than 90% of all food sources contained Escherichia coli. The isolates were selected for 
antibiotic resistance against 15 antibiotics, and 50.5% of Salmonella isolates and 83.8% of 
isolates of E. coli were resistant to at least one antibiotic[13]. Isolates were screened for the 
presence of mobile genetic elements that confer resistance to antibiotics. Fifty-seven percent 
of E. coli and 13% of Salmonella isolates were found to contain integrons, and some isolates 
contained two integrons Plasmids were also detected in the 23 Salmonella isolates resistant to 
antibiotics and 33 isolates of E. coli. One hundred thirty-five Salmonella isolates and 76% of E. 
coli isolates contained plasmids of 95 kb, and some isolates contained two large plasmids. 
Conjugation experiments showed the successful transfer of all or part of the phenotypes of 
antibiotic resistance among isolates of Salmonella and E. coli contaminated food. The results 
show that enteric bacteria in raw food samples from Vietnam contain a set of mobile genetic 
elements and the transfer of antibiotic resistance can easily occur between similar 
bacteria[13]  

Another study in Vietnam, was undertaken to examine the levels of Salmonella in samples of 
raw foods, including chicken, beef, pork and shellfish to determine their antibiotic 
resistance. A total of 180 samples were collected and analyzed, we obtained 91 isolates of 
Salmonella. Sixty-one percent of meat and 18% of shellfish samples were contaminated with 
Salmonella spp. The susceptibility of all isolates to a variety of antimicrobial agents was 
tested, and resistance to tetracycline, ampicillin / amoxicillin, nalidixic acid and 
streptomycin sulfafurazole was found in 40.7%, 22.0%, 18.7%, 16.5% and 14.3% of the 
isolates, respectively. Resistance to enrofloxacin, trimethoprim, chloramphenicol, 
kanamycin, and gentamicin was also detected (8.8 to 2.2%). About half (50.5%) of the 
Salmonella isolates were resistant to at least one of the antibiotics.[14]  

4. Escherichia coli 
E. coli is a bacterium, which very easily and frequently exchanges genetic information 
through horizontal gene transfer (e.g. by conjugation, transformation or transduction) with 
other related bacteria, such as other E. coli strains, Salmonella, Shigella. Therefore, E. coli 
strains may exhibit characteristics that have been acquired from a wide variety of sources.A 
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recent review describes the population structure of commensal E. coli, the factors involved 
in the spread of different strains, how the bacteria can adapt to different niches, and how a 
commensal life style can evolve into a pathogenic one (Tenaillon et al., 2010). All humans 
and animals carry E. coli in their intestines as they are part of the normal gut flora and 
usually harmless. However, there are several types of E. coli strains that may cause 
gastrointestinalillness in humans. These strain types can be divided into several 
pathogroups These strain types can be divided into several pathogroups, resistant to 
ampicillin, amoxicillin/clavulanic acid,piperacillin/sulbactam, piperacillin/tazobactam, 
cefuroxime, etc.The strain carries plasmid-borne blaCTX-M-15 and a blaTEM-1 genes.An E. 
coli O104:H4 with a MLST ST678 was previously observed about 10 years ago in Germany in 
a Haemolytic Uremic Syndrome (HUS) case (Mellmann et al., 2008), the STEC O104:H4 
outbreak strain shows an unusual combination of virulence factors of STEC and EAEC 
which has only been reported sporadically in humans before (Morabito et al., 1998) [16]. 

Another study analyzed the prevalence of Escherichia coli O157 in patients with diarrhea and 
surface water of some selected sources in Zaria (Nigeria), was evaluated of susceptibility to 
antibiotics and plasmid profiles of 184 isolates of E. coli, obtained from water samples of 228 
and 112 diarrheal stool samples (collected from children <15 years) using standard methods. 
The most active antibiotics were gentamicin, chloramphenicol, and fluoroquinolones. 
Seventy-nine (42.9%) of 184 E. coli isolates were resistant to four or more antibiotics. The 
Multidrug Resistance (MDR) was higher among water isolates than clinical isolates. Of the 
35 MDR isolates (20 of which were O157 strains), 22 (62.9%) harbored plasmids, all of which 
not less than 2.1 kb in size. Among the 20 strains of E. coli O157, only seven (35.0%) 
contained multiple plasmids. An E. coli O157 isolated from the aquatic system contains two 
plasmids resistant to seven drugs, including ampicillin, cefuroxime, ciprofloxacin, 
cotrimoxazole, nalidixic acid, nitrofurantoin and tetracycline. Loss of plasmids correlated 
with the loss of resistance to antibiotics (mutant) strains selected on tetracycline (50 mg / 
mL) in nutrient agar plates [17] .  

The role of animal-based foods as vehicles for antibiotic-resistant bacteria has also been 
studied. One study on chickens fattening evaluated the incidence and distribution of 
antibiotic resistance in 197 commensal Escherichia coli strains. The effects of supplementation 
with antimicrobial agents approved bambermycin, penicillin, salinomycin and bacitracin or 
a combination of salinomycin more bacitracin. All isolates showed some degree of resistance 
to multiple antibiotics and resistance to tetracycline (68.5%), amoxicillin (61.4%), ceftiofur 
(51.3%), spectinomycin(47.2%), and sulfonamides (42%). These data demonstrate that the 
multidrug resistance of E.coli can be found in broilers, regardless of antimicrobial growth 
promoters used. 

Water can also be an important vehicle for transmission of bacteria durability antibiotics, so 
I quote a study that was performed on wastewater from a plant to produce antibiotics which 
characterized the population of bacteria in surface waters of production plant of 
oxytetracycline (OTC). Found high levels of TBT in the wastewater (WW) and the antibiotic 
was still detectable at 20 Km (RWD), with undetectable levels in the water upstream (RWU). 
A total of 341 bacterial strains, most identified as Gammaproteobacteria. The most of the 
isolates (94.2% and 95.4% respectively WW and RWD) had tet (A) gene and it was the most 
common (67.0%), followed by tet (W), tet (C), tet (J), tet (L), tet (D), tet (y) and tet (K) (in the 
range between 21.0% and 40.6%). The authors propose that the strong selective pressure 
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imposed by high concentrations of TBT contributes to the widespread dissemination of 
resistance genes and other genes of tetracycline resistance to antibiotics, possibly through 
mobile genetic elements[15]  

5. Enterococcus 
Enterococci colonize the gastrointestinal tract of the oral cavity and vaginal tract of humans 
and most animals [18]. The emergence of antimicrobial resistance represents the greatest 
threat to the treatment of human enterococcal infections. Enterococci are intrinsically 
resistant to a number of antimicrobial agents normally used to treat infections caused by 
grampositive bacteria. The enterococci have a remarkable ability to acquire new 
mechaninms of resistance and to transfer resistance determinans by way of conjugation [19]. 
In this section I focus in a review of  antimicrobial resistant enterococci strains isolated from 
somefood. 

From a medical point of view, the resistance of enterococci to vancomycin, teicoplanin and 
streptogramins is of special interest. In the case of vancomycin, there are identical types of 
groups of vanA of enterococci genes from fecal samples of animals, pet food, hospital 
patients, people in the community and water samples, these resistance genes may 
contaminate humans through the food chain [20]. Also, it was found that the most 
frequently isolated species are Enterococcus faecium (32.61%), followed by E. faecalis (21.74%), 
with high levels of resistance to streptomycin and gentamicin. These results confirm the 
presence of enterococci whitin the community having susceptibility profiles similar to those 
of strains found in hospital . [21].  

A study at the Faculty of Pharmaceutical Sciences, University of Sao Paulo, Brazil, reported 
that 52.5% of the samples of raw and pasteurized milk, meat, cheese and vegetables were 
positive for enterococci; the most contaminated being the meat and the cheese. E. faecium 
was the predominant species, followed by E. faecalis, E. gallinarum and E.casseliflavus. 
Virulence genes were found and resistance to gentamicin, tetracycline and erythromycin in 
E. faecalis and three strains of E. faecium were resistant to vancomycin [22]. From the strains 
resistant to antibiotics, 72.4% of E. faecalis were able to form biofilm and 13.8% to adhere to 
Caco-2, which shows a virulent capacity of these types of enterococci [22].  

The importance of ready-to-eat food (RTEF) and the Antibiotic Resistance (AR) gene flow 
has been assessed. RTEF are consumed frequently and may play a role in the acquisition of 
the determinants of AR in the human digestive tract. The study by Macovei et al, evaluated 
three RTEFs (chicken salad, a chicken burger and carrot cake) which were taken as samples 
from five fast food restaurants five times in the summer and 5 in the and winter. The overall 
concentrations of enterococci during the two seasons were similar (103 CFU / g), the most 
prevalent were Enterococcus casseliflavus (41.5% of isolates) and Enterococcus hirae (41.5%) in 
winter and Enterococcus faecium (36.8%), E. casseliflavus (27.6%) and Enterococcus faecalis 
(22.4%) in summer. In winter isolates were resistant mainly in to tetracycline (50.8%), 
ciprofloxacin (13.8%) and erythromycin (4.6%). In summer isolates were resistant mainly to 
tetracycline (22.8%), erythromycin (22.1%), and kanamycin (13.0%). The most common gene 
was tet (M) (35.4%) Genotyping of E. faecalis and E. faecium with pulsed-field gel 
electrophoresis revealed that the food contamination likely originated from various sources 
and is not clonal [23].  
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Another study from the southwestern United States, which characterized the profiles of 
antibiotic resistance of enterococci isolated from fresh produce harvested, found that of 185 
Enterococci isolates, 97 (52%) were Enterococcus faecium, 38 (21% ) were Enterococcus faecalis, 
and 50 (27%) were other Enterococcus species. Of clinical significance in humans is the fact 
that strains of E. faecium had a much higher prevalence of resistance to ciprofloxacin, 
tetracycline and nitrofurantoin than E. faecalis. 34% of the strains had multiple patterns of 
drug resistance, excluding intrinsic resistance. These data may help to elucidate the role of 
food in the transmission of antibiotic-resistant strains in human populations [24]. 

Additionally, one hundred and five VanA of the Glycopeptide-resistant enterococci (GRE) 
isolated from, human; animal, and food , were studied for genetic variability and molecular 
markers. The presence of indistinguishable vanA elements,mostly plasmid-borne, and 
virulence determinants in different species and PFGE-diverse populations suggested that all 
GRE might be potential reservoirs of resistance determinants and virulence traits 
transferable to human-adapted clusters. [25]. 

Research undertaken in Turkey has assessed vancomycin resistance and antibiotic resistance 
profiles of enterococci in different types of food purchased in local markets. Of a total of 200 
samples, 50% had high levels of enterococci contamination, the greater resistance being 
found in samples of cream cheese. Only 4 strains were identified as resistant to vancomycin 
and identified as E. faecalis, from chicken. The results of this study emphasize the urgency of 
preventive measures to be taken to control antibiotic use on farms [26]. 

In addition, a study led by Martins et. al in Portugal whereby a total of 983 strains of 
enterococci were isolated from sewage sludge and effluent waste. These were tested against 
10 different antibiotics. Multiresistance was found in 49.4% of the strains. Only 3.3% and 
0.6% were resistant to ampicillin and vancomycin, respectively. However, observed 51.5% 
resistance to rifampicin, tetracycline 34.6%, 24.8% and 22.5% for erythromycin, 
nitrofurantoin. These results indicate that the use of antibiotics has created a large pool of 
resistance genes and the processes of wastewater treatment do not prevent the spread of 
resistant enterococci in the environment [27].  

Different species of enterococci can frequently be isolated from environmental samples such 
as soil, water, plants or animal raw products.. In a study led by M.T. Tejedor Junco in 2009, 
isolated 78 strains of enterococci, from alfalfa (Medicago sativa) plant samples, drip 
irrigated with conventional water and a secondary effluent. E. faecalis (10.2%), E. faecium 
(2.6%), E. hirae (5.1%), E. casseliflavus (2.6%) and E. mundtii (79.5%) were isolated , In They 
found that all strains of enterococci, were susceptible to glycopeptides, penicillin and 
ampicillin. They did not detect strains with high level resistance to aminoglycosides. [28].  

Additionally, the products supplied for feeding animals have been widely studied because 
they are potential vehicles for transmission of resistant bacteria. This has been demonstrated 
in a study conducted in 2006 in Portugal where 1137 enterococci strains and 163 Escherichia 
coli strains were recovered from 89 poultry feed samples, where 69.1% of enterococci isolates 
obtained from broiler feed were resistant to tetracycline and E. coli were resistant to 
ampicillin, tetracycline and streptomycin in 22.9%, 27.6% and 19.0% respectively. These data 
allow us to infer that the animal feed is a significant source of antibiotic resistant bacteria , 
thus leading to their introduction in the farm enviroment. The Poultry feed is at the start of 
the food safety chain, and might serve as a source of antimicrobial resistant bacteria present 
in poultry meat [29]. 
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Some antibiotics had been used as growth promoters in Europe for several years, creating 
strains of resistant E. faecium .Resistant bacteria, have been isolated from samples of sewage, 
animal stools, meat products, samples from community and clinical samples from different 
European populations. Glycopeptide-resistant E.faecium (GREF), can be found in hospitals 
and outside them, and in the food chain by contaminated meat products.This suggests that 
the origin of these strains are other sources outside the hospital, probably for commercial 
ranching. Thus, to prevent the spread of antibiotic resistant strains such as enterococci, or 
transferable resistance genes, prudent use of antibiotics is necessary in human medicine and 
veterinary and in the animal husbandry [20]. 

There are no available studies about strains of enterococci resistant to antibiotics, isolated 
from Colombian food. Its been reported to a clinical level that the rate of vancomycin 
resistance in isolates of Enterococcus species by 2004 was about 7% in Brazil - Pan-American 
Health Organization (PAHO). In Colombia the problem is raised to similar levels and is a 
common source of nosocomial infections [1].  

6. Staphylococcus aureus 
S. aureus is one of the most important human and veterinary pathogens, and the 
epidemiology,pathology and antimicrobial resistance of this bacterium has been studied 
intensively in innumerable studies. S. aureus was one of the first bacteria in which the 
development of antimicrobial resistance (penicillin) was observed [2]. In human medicine, 
methicillin resistance is not only observed among S. aureus, but is also prevalent among 
other staphylococci as, S. intermedius, S. epidermidis, S. hominis,etc, have been isolated from 
animal sources in different studies and have been demostraded that they strains have mec A 
gene and are Methicillin resistan bacteria. [4] 

In the United States, during 1992–2003, the number of health care–associated infections due to 
MRSA increased from 35.9% to 64.4% and in UK, death certificates increased by 39% [30]. In 
Colombia, the CA-MRSA (community-acquired, or community-associated Staphylococcus 
aureus) increased from 1% in 2001 to 5.4% in 2006 [31].  

While environmental MRSA transmission has been investigated, transmission through food 
products has not received enough attention [32, 33]. However, Normmano et al. established 
the presence of S.aureus strains that harboured the mecA gene isolated from food samples 
such as bovine milk, mozzarella cheese, and pecorino cheese [33]. Other than information 
from that report the current prevalence of resistant bacteria in food matrices and levels of 
MRSA consumer exposure risks remain unknown.  

Nowadays the assessment of the activity of an antibiotic is crucial to the successful outcome 
of antimicrobial therapy; however, the development of resistance both in human and animal 
bacterial pathogens has been associated with the extensive therapeutic use of antimicrobials 
or with their administration as growth promoters in meat production [34, 35]. 

In order to achieve the detection of sensitivity or resistance of Staphylococcus aureus strains, 
various techniques have been described, such as the employment of a cefoxitin 30 ug disc, 
using semiconfluent inoculums and overnight incubation at 35°C, resulting in a sensitivity 
of 100% and a specificity of 99%. In this way, disc diffusion remains the method of choice for 
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routine screening for methicillin resistance, when the technical or economic capabilities are 
absent in the microbiological laboratories [36]  

In addition, the most widely used molecular typing method for the study of local and global 
epidemiologies of MRSA is pulsed field gel electrophoresis (PFGE). This method has been 
used to identify MRSA clones that have a particular ability to cause major outbreaks [37, 38].  

An unpublished study developed by the “Laboratorio de Ecología Microbiana y de 
Alimentos” (LEMA at the Universidad de los Andes), in Colombia genotyped the MRSA 
strain detecting mecA gene isolated from food samples circulating in Bogotá. Positive strains 
were genotyped for the identification of clonal groups using pulsed field electrophoresis 
(PFGE). 5 of the 149 strains were confirmed to have the mecA gene, indicating the presence 
of the SCC cassette. The electrophoretic pattern obtained by PFGE for these strains has 
revealed that 4 (80%) of the 5 strains belong to the Chilean clone, with 100% genetic 
similarity; this clone has been associated with 65% of infections associated with health care. 
This is the first evidence of the presence of MRSA in food in Colombia; nevertheless, this 
study is not published yet but is in the process of submission to publication[39].  

Furthermore, a review of the resistance of gram-positive cocci in Colombia shows how our 
neighbors, Ecuador and Venezuela have a lower rate of resistance to that identified in our 
country at that time (25% vs. 47%) for coagulase-negative staphylococci-hospital in 2004 to 
the Pan American Health Organization (PAHO), where the frequency of S. aureus resistant 
to methicillin is much higher, with maximum values for Bogotá 60% and 70% for the 2001 to 
2003 period. [40]. Reyes. J. et al, investigated the resistance profiles and mechanism of 
macrolide resistance in isolates of Streptococcus pneumoniae (1679), Staphylococcus aureus 
(348), coagulase-negative staphylococci (CoNS) (175), and Enterococcus spp. (123) from 
Colombian hospitals. The prevalence of macrolide resistance is low in Colombian 
pneumococci and high in MRSA (cMLSB-type). [41].  

7. Lactic acid bacteria (LAB) 
For several decades, studies on the selection and spread of antibiotic resistance have focused 
mainly on clinically relevant species. However, recently several researchers have suggested 
that commensal bacteria such as lactic acid bacteria (LAB) may act as reservoirs of genes 
resistance to antibiotics similar to those found in human pathogens [42]. The main threat 
associated with these bacteria is that these resistance genes can be transferred to pathogenic 
bacteria [43]. 

Genes that confer resistance to tetracycline, erythromycin and vancomycin have been 
detected and characterized in Lactococcus lactis, enterococci and, recently, in lactobacilli 
isolated from fermented meat and milk products [1]. One example of the this resistance is 
the presented by lactobacilli, pediococci and Leuconostoc spp. which have been reported to 
have a high natural resistance to vancomycin, a property that is useful to separate them 
from other Gram-positive bacteria [44].  

Thirty-one strains of Lactobacillus delbrueckii subsp. bulgaricus as components of yoghurt 
cultures showed intrinsic resistance towards mycostatin, nalidixic acid, neomycin, 
polymyxin B, trimethoprim, colimycin, sufamethoxazol and sulphonamides. Susceptibilities 
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to cloxacillin, dihydrostreptomycin, doxcycline, furadantin, novobiocin, oleandomycin, 
oxacillin and streptomycin were prominent while kanamycin and streptomycin susceptibilities 
varied [45]. This has raised the discussion of new issues concerning the safety of probiotics in 
relation to the nature of the procurement and distribution of antimicrobial resistance genes 
[46].  

Starter cultures of Lactobacillus, Weissella and Bifidobacterium of African and European origins 
were studied for their susceptibility to antimicrobials. Ouoba et al, evaluated and compared 
on its investigation to 24 antimicrobial, variations were observed and high levels of intrinsic 
resistence were found among the species studied. These authors confirmed the ability of Lb. 
reuteri from Africa to transfer by conjugation the gene erm(B), (resistance to erythromycin) 
to enterococci in vitro experiments [47]. Finally, they also identified a higher prevalence of 
phenotypic resistance to aminoglycosides in isolation from Europe. This is corroborated by 
recent publications in which they documented the transfer of macrolide resistance in 
Enterococcus from Lactobacillus in vivo [48] .  

Pan L. et al, reported the presence of higher MICs (Minimal Inhibitory Concentration) in 14 
of 202 strains of LAC, isolated from Chines fermented food. 14 strains reported the presence 
of multi-resistance and the presence of genes tet (M) and erm (B), mefA and aphA3 located 
on plasmids or chromosome. They found that lactic acid bacteria resistant to antibiotics are 
widespread among traditional Chinese fermented food and the incidence of this resistance 
was dependent on raw materials and manufacturing area of food; thus, the incidence of 
LAC resistance isolated during fermentation of sausages is much higher than that presented 
in the fermentation of vegetables. The results presented in these studies indicate the 
posssible role of LAC as f reservoirs for dissemination of antibiotic resistance in food and 
environment[49]. 

In Colombia there are some reports about antimicrobial resistance of bacterias responsible 
for human diseases, but its unkwon how frequent is the presence of these bacterias in food 
and its importance in human illness. The following are some comments about the problem 
of antimicrobial resistance in Colombia. Currently in Colombia, we have data based on 
antibiotic resistance of nosocomial strains, usually in intensive care units (ICU). This 
highlights the lack of a comprehensive study of this aspect in the Industrial and Food 
Process. Data record of 4008 set out the isolates from ICUs in 2003, 4,004 in 2004 and 4304 in 
2005, where the most frequent were, in order: S. aureus, E. coli, P. aeruginosa K. pneumoniae, A. 
baumannii and E. cloacae. There was a statistically significant decrease in the number of 
isolates of A. baumannii. Salient issues that expose this study is the high resistance to 
ciprofloxacin (CIP) from E. coli, which is used as a marker, because once a gram-negative 
bacteria is resistant to this antibiotic it must be considered resistant to other quinolones.The 
resistance phenotype of this organism to third generation cephalosporins suggests the 
production of beta-lactamases of extended spectrum (ESBL) during the three year study. 
[50]. Of all the bacteria studied, A. baumannii showed the highest rates of multidrug 
resistance. Therefore, although there was a significant decrease in the number of isolates of 
this bacterium, in ICU this is a major concern. Among all prevalent in this study 
enterobacteria, E. cloacae could have the most ability to select resistance, including the 
carbapenems, to produce very high amounts of AmpC and close porins [50]. However, 

 
Antimicrobial Resistance of Bacteria in Food 

 

465 

recent studies suggest that the prevalence of vancomycin resistance by the isolation of 
Enterococcus faecium found in South America is low (only 6%) compared to that presented in 
the United States [51]. Finally, according to the findings of this study, it is urgent to continue 
working with the national surveillance network of the resistance of both the hospital and 
those pathogens resistant organisms from food or water, in order to assist in the control of 
this public health problem of great importance [51].  
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to cloxacillin, dihydrostreptomycin, doxcycline, furadantin, novobiocin, oleandomycin, 
oxacillin and streptomycin were prominent while kanamycin and streptomycin susceptibilities 
varied [45]. This has raised the discussion of new issues concerning the safety of probiotics in 
relation to the nature of the procurement and distribution of antimicrobial resistance genes 
[46].  

Starter cultures of Lactobacillus, Weissella and Bifidobacterium of African and European origins 
were studied for their susceptibility to antimicrobials. Ouoba et al, evaluated and compared 
on its investigation to 24 antimicrobial, variations were observed and high levels of intrinsic 
resistence were found among the species studied. These authors confirmed the ability of Lb. 
reuteri from Africa to transfer by conjugation the gene erm(B), (resistance to erythromycin) 
to enterococci in vitro experiments [47]. Finally, they also identified a higher prevalence of 
phenotypic resistance to aminoglycosides in isolation from Europe. This is corroborated by 
recent publications in which they documented the transfer of macrolide resistance in 
Enterococcus from Lactobacillus in vivo [48] .  

Pan L. et al, reported the presence of higher MICs (Minimal Inhibitory Concentration) in 14 
of 202 strains of LAC, isolated from Chines fermented food. 14 strains reported the presence 
of multi-resistance and the presence of genes tet (M) and erm (B), mefA and aphA3 located 
on plasmids or chromosome. They found that lactic acid bacteria resistant to antibiotics are 
widespread among traditional Chinese fermented food and the incidence of this resistance 
was dependent on raw materials and manufacturing area of food; thus, the incidence of 
LAC resistance isolated during fermentation of sausages is much higher than that presented 
in the fermentation of vegetables. The results presented in these studies indicate the 
posssible role of LAC as f reservoirs for dissemination of antibiotic resistance in food and 
environment[49]. 

In Colombia there are some reports about antimicrobial resistance of bacterias responsible 
for human diseases, but its unkwon how frequent is the presence of these bacterias in food 
and its importance in human illness. The following are some comments about the problem 
of antimicrobial resistance in Colombia. Currently in Colombia, we have data based on 
antibiotic resistance of nosocomial strains, usually in intensive care units (ICU). This 
highlights the lack of a comprehensive study of this aspect in the Industrial and Food 
Process. Data record of 4008 set out the isolates from ICUs in 2003, 4,004 in 2004 and 4304 in 
2005, where the most frequent were, in order: S. aureus, E. coli, P. aeruginosa K. pneumoniae, A. 
baumannii and E. cloacae. There was a statistically significant decrease in the number of 
isolates of A. baumannii. Salient issues that expose this study is the high resistance to 
ciprofloxacin (CIP) from E. coli, which is used as a marker, because once a gram-negative 
bacteria is resistant to this antibiotic it must be considered resistant to other quinolones.The 
resistance phenotype of this organism to third generation cephalosporins suggests the 
production of beta-lactamases of extended spectrum (ESBL) during the three year study. 
[50]. Of all the bacteria studied, A. baumannii showed the highest rates of multidrug 
resistance. Therefore, although there was a significant decrease in the number of isolates of 
this bacterium, in ICU this is a major concern. Among all prevalent in this study 
enterobacteria, E. cloacae could have the most ability to select resistance, including the 
carbapenems, to produce very high amounts of AmpC and close porins [50]. However, 
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recent studies suggest that the prevalence of vancomycin resistance by the isolation of 
Enterococcus faecium found in South America is low (only 6%) compared to that presented in 
the United States [51]. Finally, according to the findings of this study, it is urgent to continue 
working with the national surveillance network of the resistance of both the hospital and 
those pathogens resistant organisms from food or water, in order to assist in the control of 
this public health problem of great importance [51].  
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1. Introduction 
Antibiotics are routinely used in livestock production to treat and prevent diseases, or more 
often to promote growth of animals at sub-therapeutic doses. However, the huge amount of 
antibiotics used selects for resistant bacteria, resulting in development of antimicrobial 
resistance (AMR) mostly in intestinal microbiota of food animals. Therefore, animal manure 
constitutes the single largest reservoir of AMR. Although most of the AMR is carried by 
commensal bacteria, AMR genes can be transferred to pathogens of both animals and 
humans through horizontal gene transfer (HGT). Therefore, animal manure is a source of 
AMR contamination and poses a potential risk to human health. Because animal manure is 
the largest reservoir of AMR, management and treatment of animal manure provide an 
opportunity to contain and destruct AMR arising from food animal production. Several 
technologies are available for management and disposal of animal manure, including 
lagoon storage, intensive biological treatments, composting, and land application. These 
technologies differ in containing and reducing AMR as they create different physiochemical 
and biological conditions, which affect the survival of bacteria including antimicrobial-
resistant bacteria. In this chapter, we discuss the development and occurrence of AMR 
arising from food animal production, as well as strategies and technologies to mitigate 
dissemination of AMR off farms to broad environment.  

2. Use of antibiotics in food animal industry and development of 
antimicrobial resistance 
In commercial food animal production, large quantities of antimicrobials are used to treat 
and prevent diseases and to promote animal growth (Prescott, 2008). In the latter case, 
antimicrobials are added to feed or drinking water at subtherapeutic levels. The Union of 
Concerned Scientists (UCS) reported that 11,200 metric tons of antimicrobials were used 
annually in the swine, poultry, and cattle industries for nontherapeutic purposes alone 
(Mellon et al., 2001). In the United States and other countries as well, up to 50% of the 
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technologies differ in containing and reducing AMR as they create different physiochemical 
and biological conditions, which affect the survival of bacteria including antimicrobial-
resistant bacteria. In this chapter, we discuss the development and occurrence of AMR 
arising from food animal production, as well as strategies and technologies to mitigate 
dissemination of AMR off farms to broad environment.  

2. Use of antibiotics in food animal industry and development of 
antimicrobial resistance 
In commercial food animal production, large quantities of antimicrobials are used to treat 
and prevent diseases and to promote animal growth (Prescott, 2008). In the latter case, 
antimicrobials are added to feed or drinking water at subtherapeutic levels. The Union of 
Concerned Scientists (UCS) reported that 11,200 metric tons of antimicrobials were used 
annually in the swine, poultry, and cattle industries for nontherapeutic purposes alone 
(Mellon et al., 2001). In the United States and other countries as well, up to 50% of the 
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antibiotics produced annually are used in food-animal production at therapeutic and 
subtherapeutic (for prophylaxis and growth promotion) levels (Barton, 2000; Teuber, 2001). 
Antimicrobials of almost all classes have been used in animal production. Some classes are 
primarily used for disease treatment or prevention, such as quinolones, lincosamides, and 
aminoglycosides, while others are used for both growth promotion and disease 
treatment/prevention, such as penicillins, macrolides, polypeptides, streptogramins, and 
tetracyclines. A survey by the American Health Institute (AHI, 2001) showed that among the 
antimicrobials used also in human medicine, tetracyclines leads the usage with an assumption 
of 3,239 tons per year followed by a combination of macrolides, lincosamides, polypeptides, 
streptogramins, and cephalosporins with an annual usage of 1,937 tons (Chee-Sanford et al., 
2009). Such usage of antimicrobials creates selective pressure for development of AMR. 

Most of the bacteria carried by individual animals are within the intestinal tract, reaching a 
density of 1011 bacteria/g fecal content. In mammalian animals, bacteria account for about 
50% of the feces. Most of the intestinal bacteria are commensal bacteria belonging to several 
hundred species (Andremont, 2003). Because antimicrobials were fed to animals for 
extended periods of time (weeks or months), intestinal bacteria are under persistent 
selective pressure to develop resistance to the antimicrobials used. As a result, AMR 
develops primarily in the intestinal tract and feces becomes the single largest reservoir of 
AMR arising from food animal production (Chee-Sanford et al., 2009; Chen et al., 2008). It is 
estimated that 180 million dry tons of livestock and poultry manure is generated annually in 
the US (Roe & Pillai, 2003). That can be translated into 90 dry tons of bacteria, many of 
which can be resistant to one or more antimicrobials. Although the majority of AMR present 
in animal manure is carried by commensal bacteria, the resistance genes can be transferred 
to bacteria pathogenic to animals and/or humans (Brody et al., 2008; Witte, 2000). Figure 1 
illustrates the dissemination of AMR to broad environments through vertical gene transfer 
(VGT) and horizontal gene transfer (HGT). 

 
Fig. 1. Conceptualized view showing the possible fates of antimicrobial resistance (AMR) 
and residual antimicrobials after land application of animal manure (modified based on 
Chee-Sanford, et al., 2009). 

It has been well documented that bacteria resistant to antimicrobials abound in the intestinal 
tract and manure (Chen et al., 2008). Antibiotic resistance was detected in E. coli isolated from 
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animals soon after antibiotics were introduced to animal husbandry in the 1950s. Tetracycline-
resistant E. coli was first found in chickens and pigs fed tetracycline in UK (Smith, 1967). With 
increasing use of various antimicrobials in food animals, AMR has been on the rise (Prescott, 
2008). Numerous studies have been reported that examined the relationship between usage of 
antimicrobials and development of AMR in food animals. Although no precise quantitative 
relationship has been established, the accumulating body of data indicates a positive 
correlation between antimicrobial use and AMR development in food animals (Aarestrup et 
al., 2008; Mathew et al., 2007). As one example, in two farms where tylosin was used for 
growth promotion or treatment of diseases, 59% and 28%, respectively, of the E. coli isolates 
were resistant to tylosin, while only 2% of the E. coli isolated from an organic farm were 
resistant (Jackson et al., 2004). In another study, as much as 71% of the Enterococcus faecalis 
isolated from swine manure was resistant to tetracycline (Haack & Andrews, 2000). These high 
levels of prevalence of AMR highlight the magnitude of AMR problem from animal manure.  

The severity of AMR is also reflected by the wide occurrence of AMR to many drugs 
important to both animals and humans. Resistance has been seen to almost all kinds of 
veterinary antibiotics, including aminoglycoside, sulfadiazine, ampicillin, erythromycin, 
chloramphenicol, streptomycin, sulphonamide and tetracycline (Agustin et al., 2005; Dubel 
et al., 1982; Dunlop et al., 1998; Hendriksen et al., 2008; Hendriksen et al., 2008; Lundin et al., 
2008). Additionally, AMR is distributed in many bacterial species. For example, resistance to 
tetracycline has been found in 26 different bacterial genera and in 60 species from swine 
manure (Stine et al., 2007). Furthermore, with the wider use of antibiotics, multiple drug 
resistance often develops (Chen et al., 2008; D'Lima et al., 2007; Luangtongkum et al., 2006). A 
study conducted in the 1980s on swine manure showed low levels of multiple drug 
resistance (Hanzawa et al., 1984). However, there has been a rapid emergence of multiple 
drug resistance concomitant with widespread use of antimicrobials in both human medicine 
and animal husbandry in the past 10 to 15 years (Hawkey & Jones, 2009; Huang et al., 2009).  

Multiple drug resistance stems from clustering of multiple AMR genes together, primarily 
on mobile genetic elements. As a consequence, selection by one antibiotic drug can co-select 
multiple drug resistance. The selection of tetracycline resistance in beef cattle fed tylosin, a 
macrolide drug, (Chen et al., 2008) attests this notion. Also, because multiple AMR genes are 
physically located on the same mobile genetic elements, multiple drug resistance can be 
readily transferred to other bacteria through HGT. Binh et al investigated the types of 
transferable plasmids that carry multiple AMR genes in piggery manure (Binh et al., 2008) 
and found many of the 81 plasmids carry multiple AMR genes. Transposons and integrons 
were also found to carry multiple AMR genes (Barlow et al., 2008; D'Lima et al., 2007). This 
finding corroborates the potential risk posed from food animal production where 
antimicrobials are routinely used.  

3. Impact of AMR in livestock manure on the development of AMR in 
environment 
Animal manure from food animals is primarily applied to land either directly or after initial 
treatment or storage in on-farm animal facilities. Antimicrobial-resistant bacteria are, 
therefore, introduced to soil and disseminated to both soil and aquatic environments. Some 
studies have been carried out to determine the survival of manure bacteria after land 
application. Data from human pathogens, such as Salmonella and Campylobacter, Yersinia 
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antibiotics produced annually are used in food-animal production at therapeutic and 
subtherapeutic (for prophylaxis and growth promotion) levels (Barton, 2000; Teuber, 2001). 
Antimicrobials of almost all classes have been used in animal production. Some classes are 
primarily used for disease treatment or prevention, such as quinolones, lincosamides, and 
aminoglycosides, while others are used for both growth promotion and disease 
treatment/prevention, such as penicillins, macrolides, polypeptides, streptogramins, and 
tetracyclines. A survey by the American Health Institute (AHI, 2001) showed that among the 
antimicrobials used also in human medicine, tetracyclines leads the usage with an assumption 
of 3,239 tons per year followed by a combination of macrolides, lincosamides, polypeptides, 
streptogramins, and cephalosporins with an annual usage of 1,937 tons (Chee-Sanford et al., 
2009). Such usage of antimicrobials creates selective pressure for development of AMR. 

Most of the bacteria carried by individual animals are within the intestinal tract, reaching a 
density of 1011 bacteria/g fecal content. In mammalian animals, bacteria account for about 
50% of the feces. Most of the intestinal bacteria are commensal bacteria belonging to several 
hundred species (Andremont, 2003). Because antimicrobials were fed to animals for 
extended periods of time (weeks or months), intestinal bacteria are under persistent 
selective pressure to develop resistance to the antimicrobials used. As a result, AMR 
develops primarily in the intestinal tract and feces becomes the single largest reservoir of 
AMR arising from food animal production (Chee-Sanford et al., 2009; Chen et al., 2008). It is 
estimated that 180 million dry tons of livestock and poultry manure is generated annually in 
the US (Roe & Pillai, 2003). That can be translated into 90 dry tons of bacteria, many of 
which can be resistant to one or more antimicrobials. Although the majority of AMR present 
in animal manure is carried by commensal bacteria, the resistance genes can be transferred 
to bacteria pathogenic to animals and/or humans (Brody et al., 2008; Witte, 2000). Figure 1 
illustrates the dissemination of AMR to broad environments through vertical gene transfer 
(VGT) and horizontal gene transfer (HGT). 

 
Fig. 1. Conceptualized view showing the possible fates of antimicrobial resistance (AMR) 
and residual antimicrobials after land application of animal manure (modified based on 
Chee-Sanford, et al., 2009). 

It has been well documented that bacteria resistant to antimicrobials abound in the intestinal 
tract and manure (Chen et al., 2008). Antibiotic resistance was detected in E. coli isolated from 
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animals soon after antibiotics were introduced to animal husbandry in the 1950s. Tetracycline-
resistant E. coli was first found in chickens and pigs fed tetracycline in UK (Smith, 1967). With 
increasing use of various antimicrobials in food animals, AMR has been on the rise (Prescott, 
2008). Numerous studies have been reported that examined the relationship between usage of 
antimicrobials and development of AMR in food animals. Although no precise quantitative 
relationship has been established, the accumulating body of data indicates a positive 
correlation between antimicrobial use and AMR development in food animals (Aarestrup et 
al., 2008; Mathew et al., 2007). As one example, in two farms where tylosin was used for 
growth promotion or treatment of diseases, 59% and 28%, respectively, of the E. coli isolates 
were resistant to tylosin, while only 2% of the E. coli isolated from an organic farm were 
resistant (Jackson et al., 2004). In another study, as much as 71% of the Enterococcus faecalis 
isolated from swine manure was resistant to tetracycline (Haack & Andrews, 2000). These high 
levels of prevalence of AMR highlight the magnitude of AMR problem from animal manure.  

The severity of AMR is also reflected by the wide occurrence of AMR to many drugs 
important to both animals and humans. Resistance has been seen to almost all kinds of 
veterinary antibiotics, including aminoglycoside, sulfadiazine, ampicillin, erythromycin, 
chloramphenicol, streptomycin, sulphonamide and tetracycline (Agustin et al., 2005; Dubel 
et al., 1982; Dunlop et al., 1998; Hendriksen et al., 2008; Hendriksen et al., 2008; Lundin et al., 
2008). Additionally, AMR is distributed in many bacterial species. For example, resistance to 
tetracycline has been found in 26 different bacterial genera and in 60 species from swine 
manure (Stine et al., 2007). Furthermore, with the wider use of antibiotics, multiple drug 
resistance often develops (Chen et al., 2008; D'Lima et al., 2007; Luangtongkum et al., 2006). A 
study conducted in the 1980s on swine manure showed low levels of multiple drug 
resistance (Hanzawa et al., 1984). However, there has been a rapid emergence of multiple 
drug resistance concomitant with widespread use of antimicrobials in both human medicine 
and animal husbandry in the past 10 to 15 years (Hawkey & Jones, 2009; Huang et al., 2009).  

Multiple drug resistance stems from clustering of multiple AMR genes together, primarily 
on mobile genetic elements. As a consequence, selection by one antibiotic drug can co-select 
multiple drug resistance. The selection of tetracycline resistance in beef cattle fed tylosin, a 
macrolide drug, (Chen et al., 2008) attests this notion. Also, because multiple AMR genes are 
physically located on the same mobile genetic elements, multiple drug resistance can be 
readily transferred to other bacteria through HGT. Binh et al investigated the types of 
transferable plasmids that carry multiple AMR genes in piggery manure (Binh et al., 2008) 
and found many of the 81 plasmids carry multiple AMR genes. Transposons and integrons 
were also found to carry multiple AMR genes (Barlow et al., 2008; D'Lima et al., 2007). This 
finding corroborates the potential risk posed from food animal production where 
antimicrobials are routinely used.  

3. Impact of AMR in livestock manure on the development of AMR in 
environment 
Animal manure from food animals is primarily applied to land either directly or after initial 
treatment or storage in on-farm animal facilities. Antimicrobial-resistant bacteria are, 
therefore, introduced to soil and disseminated to both soil and aquatic environments. Some 
studies have been carried out to determine the survival of manure bacteria after land 
application. Data from human pathogens, such as Salmonella and Campylobacter, Yersinia 
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enterocolitica and Escherichia coli O157:H7, showed that their survival in water, soil and 
manure slurry varies dramatically, ranging from one day to longer than one year (Buswell et 
al., 1998; Guo et al., 2002; Santo Domingo et al., 2000; Tauxe, 1997; Wang & Doyle, 1998). 
Although the survival of these manure bacteria remains to be determined, likely depending 
on the physiological and ecological features of the resistant bacteria, the resistance genes can 
be transferred to indigenous soil bacteria. AMR can then be further disseminated to other 
environments, such as groundwater and surface water through seepage and run off, 
respectively. Eventually, resistant bacteria can enter the food chain through crops grown on 
the affected land (Boehme et al., 2004). There is a great interest in assessing the likelihood of 
AMR transfer from manure impacted soil to produce, especially ready-to-eat vegetables 
(Egea et al., 2011; Rizek et al., 2011). 

The impact of AMR from animal manure to soil is also reflected at genetic level. Numerous 
studies have demonstrated the dissemination of AMR genes from manure to soil after land 
application. Although most of the manure bacteria may not survive long after manure 
application, the large number of manure bacteria and soil bacteria can create frequent HGT 
by which AMR genes are transferred to bacteria indigenous to soil (Sengeløv et al., 2003). 
These researchers also detected increased levels of tetracycline resistance gene (tet) with 
increased application of pig manure slurry to soil. Our own data also demonstrated an 
increase in tet genes and erythromycin resistance genes (erm) in soil impacted by the use of 
antimicrobials in swine production (unpublished data).  

Both surface water and groundwater can also be contaminated by AMR arising from food 
animal production. Groundwater downstream of a swine manure lagoon was found to 
contain a much higher level of tet genes than the groundwater upstream of the swine lagoon 
(Koike et al., 2007). Seepage from the lagoon was responsible to the increase in tet genes in 
the groundwater. By the same token, AMR can be readily disseminated to groundwater and 
surface water following manure application to land and rainfall.  

Significant portion (25-75%) of the antibiotic drugs consumed by food animals are excreted 
by the animal (Chee-Sanford et al., 2009). The half-life of these excreted antimicrobials varies 
depending on the drugs concerned and the abiotic and biotic conditions that drugs come in 
contact. A few studies have found that some residual antimicrobials can persist in waste 
treatment systems and in the environment for long periods of time (Zilles et al., 2005). It is 
not well understood to what extent the antimicrobials from animal manure can contribute to 
development of AMR in environment. However, some researchers showed that microbial 
populations in soil and water bodies could be affected by antimicrobial-containing manure 
(Campagnolo et al., 2002; Kong et al., 2006; Martinez, 2009).  

Antimicrobial resistance is becoming an increasing health concern because antimicrobial-
resistant commensal bacteria function as a huge resistance reservoir and can spread AMR to 
the environment and humans. Antimicrobial resistance can be transferred to human by 
bacteria that can survive in both animals and humans. And greater concerns come from the 
possibility of AMR transfer from bacteria of animal origin to those in humans. Additionally, 
the microbiomes present in water, soil, and crops should also be taken into consideration 
because the dynamics and population structure of their microbial communities can be 
affected by animal wastes. Although it remains to be determined if environmental AMR 
reservoir can serve as an intermediate between AMR genes between bacteria of animals and 
humans (Canton, 2009; Wright, 2010), some in-vitro studies did indicate possible exchange of 
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AMR genes between soil bacteria and bacterial of animal origin via broad host-range 
plasmids (Heuer & Smalla, 2007; Smalla et al., 2000). Horizontal transfer of AMR genes can 
occur among bacteria that are not phylogenetically closely related, and such HGT 
aggravates the concern. In recent years, numerous studies have been reported on the 
emergence of multiple drug resistance and its linkage to the mobile genetic elements. 
Although no proof has been found of exchange of genes between environmental bacteria 
and human intestinal microbiota, the risk remains. 

Cases of food contaminated with common pathogenic bacteria (e.g., Campylobacter jejuni, E 
coli, Salmonella and Enterococcus faecium) carrying resistant genes have been reported (Yan & 
Gilbert, 2004; Zhao et al., 2003). The possible aftermath of AMR mediated via food chain 
could have two ramifications. First, the colonization of zoophilic resistant bacteria in human 
gut could compromise the therapeutic effect of treatment of human infections because most 
antibiotics either are used both in humans and animals or share the same resistance 
mechanism. Second, there is the risk of gene exchange between colonized exogenous 
resistant bacteria and bacteria indigenous to human intestines (Hammerum & Heuer, 2009; 
Luangtongkum et al., 2009; Walsh & Fanning, 2008). Although it remains to be determined if 
colonization of pathogens of animal origin in human gut results in transfer of their resistant 
gene to human intestinal microbiome, the potential warrants careful examination in future 
studies.  

Antimicrobial resistance arising from animals can also spread to humans by contact. Akwar 
et al. (Akwar et al., 2007) indicated that occupational exposure of farmers to animals carrying 
resistant bacteria may constitute a source of AMR in humans. Ahmad et al. (Ahmad et al., 
2011) reported that insects, which can move freely over long distance, could acquire multi-
drug (mainly tetracycline and erythromycin) resistant enterococci from swine manure and 
transfer them among animal production farms and from farms to food.  

4. Mobile genetic elements and horizontal resistance gene transfer 
Horizontal gene transfers (HGT), which is primarily mediated by mobile genetic elements, 
play an essential role in dissemination of AMR genes. Conjugative plasmids, transposons, 
integrons, phages, and insertion elements have all been implicated in horizontal resistance 
gene transfer (Barlow, 2009). Since tet genes were found on plasmids in the 1960s, most of 
the known AMR genes have been found residing on mobile genetic elements (Barlow et al., 
2008; Lawley et al., 2000; Nandi et al., 2004; Rice, 1998). By analyzing resistant strains isolated 
from a conventional swine farm, Stine et al (Stine et al., 2007) found recombination of tet 
genes and multiple different tet genes carried in single bacterial isolates. HGT is primarily 
responsible for the development of multiple drug resistance (Hawkey & Jones, 2009). 

It should be noted that HGT can occur between bacteria that belong to different species. As 
such, AMR genes can be transferred from manure bacteria to indigenous bacteria, which are 
adapted to the soil environment and amplify the AMR through proliferation (i.e. vertical 
gene transfer). Additionally, because transformation does not need a live donor, AMR 
released from dead bacteria can also contribute to HGT through natural transformation. 
Thus, AMR genes inside of dead bacteria or released from dead bacteria also constitute a 
portion of the AMR reservoir and should be included in risk assessment of AMR arising 
from animal production. Additionally, most bacteria in soil or manure are viable but not 
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enterocolitica and Escherichia coli O157:H7, showed that their survival in water, soil and 
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be transferred to indigenous soil bacteria. AMR can then be further disseminated to other 
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AMR transfer from manure impacted soil to produce, especially ready-to-eat vegetables 
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The impact of AMR from animal manure to soil is also reflected at genetic level. Numerous 
studies have demonstrated the dissemination of AMR genes from manure to soil after land 
application. Although most of the manure bacteria may not survive long after manure 
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contain a much higher level of tet genes than the groundwater upstream of the swine lagoon 
(Koike et al., 2007). Seepage from the lagoon was responsible to the increase in tet genes in 
the groundwater. By the same token, AMR can be readily disseminated to groundwater and 
surface water following manure application to land and rainfall.  

Significant portion (25-75%) of the antibiotic drugs consumed by food animals are excreted 
by the animal (Chee-Sanford et al., 2009). The half-life of these excreted antimicrobials varies 
depending on the drugs concerned and the abiotic and biotic conditions that drugs come in 
contact. A few studies have found that some residual antimicrobials can persist in waste 
treatment systems and in the environment for long periods of time (Zilles et al., 2005). It is 
not well understood to what extent the antimicrobials from animal manure can contribute to 
development of AMR in environment. However, some researchers showed that microbial 
populations in soil and water bodies could be affected by antimicrobial-containing manure 
(Campagnolo et al., 2002; Kong et al., 2006; Martinez, 2009).  

Antimicrobial resistance is becoming an increasing health concern because antimicrobial-
resistant commensal bacteria function as a huge resistance reservoir and can spread AMR to 
the environment and humans. Antimicrobial resistance can be transferred to human by 
bacteria that can survive in both animals and humans. And greater concerns come from the 
possibility of AMR transfer from bacteria of animal origin to those in humans. Additionally, 
the microbiomes present in water, soil, and crops should also be taken into consideration 
because the dynamics and population structure of their microbial communities can be 
affected by animal wastes. Although it remains to be determined if environmental AMR 
reservoir can serve as an intermediate between AMR genes between bacteria of animals and 
humans (Canton, 2009; Wright, 2010), some in-vitro studies did indicate possible exchange of 
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AMR genes between soil bacteria and bacterial of animal origin via broad host-range 
plasmids (Heuer & Smalla, 2007; Smalla et al., 2000). Horizontal transfer of AMR genes can 
occur among bacteria that are not phylogenetically closely related, and such HGT 
aggravates the concern. In recent years, numerous studies have been reported on the 
emergence of multiple drug resistance and its linkage to the mobile genetic elements. 
Although no proof has been found of exchange of genes between environmental bacteria 
and human intestinal microbiota, the risk remains. 

Cases of food contaminated with common pathogenic bacteria (e.g., Campylobacter jejuni, E 
coli, Salmonella and Enterococcus faecium) carrying resistant genes have been reported (Yan & 
Gilbert, 2004; Zhao et al., 2003). The possible aftermath of AMR mediated via food chain 
could have two ramifications. First, the colonization of zoophilic resistant bacteria in human 
gut could compromise the therapeutic effect of treatment of human infections because most 
antibiotics either are used both in humans and animals or share the same resistance 
mechanism. Second, there is the risk of gene exchange between colonized exogenous 
resistant bacteria and bacteria indigenous to human intestines (Hammerum & Heuer, 2009; 
Luangtongkum et al., 2009; Walsh & Fanning, 2008). Although it remains to be determined if 
colonization of pathogens of animal origin in human gut results in transfer of their resistant 
gene to human intestinal microbiome, the potential warrants careful examination in future 
studies.  

Antimicrobial resistance arising from animals can also spread to humans by contact. Akwar 
et al. (Akwar et al., 2007) indicated that occupational exposure of farmers to animals carrying 
resistant bacteria may constitute a source of AMR in humans. Ahmad et al. (Ahmad et al., 
2011) reported that insects, which can move freely over long distance, could acquire multi-
drug (mainly tetracycline and erythromycin) resistant enterococci from swine manure and 
transfer them among animal production farms and from farms to food.  

4. Mobile genetic elements and horizontal resistance gene transfer 
Horizontal gene transfers (HGT), which is primarily mediated by mobile genetic elements, 
play an essential role in dissemination of AMR genes. Conjugative plasmids, transposons, 
integrons, phages, and insertion elements have all been implicated in horizontal resistance 
gene transfer (Barlow, 2009). Since tet genes were found on plasmids in the 1960s, most of 
the known AMR genes have been found residing on mobile genetic elements (Barlow et al., 
2008; Lawley et al., 2000; Nandi et al., 2004; Rice, 1998). By analyzing resistant strains isolated 
from a conventional swine farm, Stine et al (Stine et al., 2007) found recombination of tet 
genes and multiple different tet genes carried in single bacterial isolates. HGT is primarily 
responsible for the development of multiple drug resistance (Hawkey & Jones, 2009). 

It should be noted that HGT can occur between bacteria that belong to different species. As 
such, AMR genes can be transferred from manure bacteria to indigenous bacteria, which are 
adapted to the soil environment and amplify the AMR through proliferation (i.e. vertical 
gene transfer). Additionally, because transformation does not need a live donor, AMR 
released from dead bacteria can also contribute to HGT through natural transformation. 
Thus, AMR genes inside of dead bacteria or released from dead bacteria also constitute a 
portion of the AMR reservoir and should be included in risk assessment of AMR arising 
from animal production. Additionally, most bacteria in soil or manure are viable but not 
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culturable. In the case of soil bacteria, as much as 99% may not be cultured (Torsvik et al., 
1990). Therefore, most AMR is carried by unculturable bacteria, and AMR present in both 
culturable and unculturable bacteria should be examined to account for the entire AMR 
reservoir.  

5. Mitigation of AMR arising from animal production  
Although antibiotics are widely thought to be the most successful drug in human medicine, 
risk of AMR to human health emerged from the early clinical practices (Gezon & Cryst, 
1948; Rutherford et al., 1946). As elaborated above, extensive use of antimicrobials in 
livestock production made AMR situation worse. The potential but great risk precipitated 
the ban, at first partially and now completely, of antimicrobials as growth promoters in 
Europe (Casewell et al., 2003). The ban led to significant decrease in AMR though not 
completely eliminated AMR from animal husbandry (Dibner & Richards, 2005). Although 
there is much debate about the total ban of antimicrobials as growth promoters and AMR 
prevalence, antimicrobials are still used as growth promoters outside of Europe. Therefore, 
there is a need to effectively control the dissemination of AMR off animal farms, and 
management and disposal of animal manure provide a critical control point in containing 
and reducing AMR arising from animal production systems. 

5.1 Lagoons 

In most swine and dairy farms, animal manure is typically collected from the barn into a pit 
and then pumped into an on-farm lagoon. The manure is stored in the waste lagoon for 
extended period of time (varying from weeks to months depending on seasons) until being 
applied to crop land. Such lagoons are large to ensure enough capacity to store the manure 
from large confined animal feeding operations (CAFOs). Quite a few studies have detected 
high levels of AMR in animal waste lagoons (Fox, 2004; Koike et al., 2007; Macauley et al., 
2007; Mezriouia & Baleuxb, 1994). The bottom of animal waste lagoons is rarely lined by any 
impermeable material, and thus lagoon water, together with some compounds, bacteria, 
including antimicrobial-resistant ones, can seep into the aquifer underneath and be 
translocated into groundwater. Thus, this type of treatment, which is thought to be 
improper in many aspects, can lead to serious pollutions. Several studies have examined the 
impact of swine lagoons on AMR in groundwater. By comparing AMR profiles of E. coli in 
groundwater underneath swine waste lagoons with those in groundwater of crop farms, 
Anderson et al. showed that swine waste lagoon dramatically increased the prevalence E. 
coli and its multiple drug resistance (Anderson & Sobsey, 2006). Using PCR assays, AMR 
genes arising from swine waste lagoons were also found to be disseminated to groundwater 
(Chee-Sanford et al., 2001; Koike et al., 2007). Irrigation of crop land with the lagoon water 
and subsequent run off can disseminate AMR further to soil and surface water. 

A number of studies have examined the potential of livestock waste lagoons to reduce AMR 
present in the animal manure. By analyzing fecal streptococci using a cultivation-based 
method, several tet gene classes by PCR, and methylation of 23S rRNA by probe 
hybridization, Jindal et al. found that swine waste lagoons had high prevalence of AMR 
(Jindal et al., 2006). By comparing the abundance of both tet and erm genes, between swine 
manure and corresponding waste lagoons, swine waste lagoons were not found to be 
effective in reducing AMR appreciably (Chen et al., 2008; Chen et al., 2007; Wang et al., 2011; 

 
Antimicrobial Resistance Arising from Food-Animal Productions and Its Mitigation 475 

Yu et al., 2005). Actually, some AMR can increase during lagoon storage (Wang et al., 2011). 
This is consistent with the previous finding that AMR can increase in lagoons that store 
sewage (Mezriouia & Baleuxb, 1994).  

Currently, there is no regulation on animal waste lagoons, but the potential risk posed by 
such lagoons is of great concern. Recognizing the potential risk, several research groups 
have investigated reduction of manure by tertiary treatments that have been used in 
municipal wastewater treatments. Macauley et al. (Macauley et al., 2006) examined the effect 
of chlorine, ultraviolet light and ozone on swine lagoon bacteria. They found that these 
treatments at enough concentration or strengths dramatically decreased total bacteria 
present in swine lagoons, and a combination of chlorine and tetracycline killed all bacteria. 
Because antimicrobial resistant bacteria have similar ecological and physiological traits than 
as their susceptible peers, except for their AMR ability, these treatments should equally kill 
antimicrobial resistant bacteria and thereby reducing AMR present in lagoons. However, 
additional cost associated with these tertiary treatments probably prevents them from being 
applied in farms. Indeed, few farms have adopted these treatments.  

5.2 Aerobic and anaerobic treatments 

Intensive treatments have been implemented on a few animal farms, especially swine farms. 
These treatments use biological and/or chemical processes to reduce organic strength of the 
wastewater from CAFOs. The influent and the effluent of an Ekokan upflow biofilter system 
implemented at a swine farm were found to contain similar levels of both erm and tet genes 
(Chen et al., 2010; Chen et al., 2007). Based on a laboratory-scale study, Chenier et al. also 
concluded that aerobic treatments were ineffective in preventing AMR from being 
disseminated to the environments (Chenier & Juteau, 2009; Chenier & Juteau, 2009). The 
survival of aerobic and facultative anaerobic resistant bacteria and HGT were suggested as 
possible reasons for the persistence of AMR during aerobic treatments. It should be noted, 
however, that aerobic treatments can alter the prevalence of individual resistant bacteria as 
bacterial species can differ in AMR they carry and in survival during the same aerobic 
treatments.  

Anaerobic digestion of animal manure is increasingly being implemented. The ability of an 
anaerobic sequencing batch reactor (ASBR) to decrease the AMR present in swine waste was 
assessed by Angenent et al. (Angenent et al., 2008). Although the anaerobic treatment was 
effective in reducing the tylosin present in the swine manure, both the content and the 
effluent of the ASBR had substantially higher levels of AMR than that the waste stream fed 
to this system. In a full-scale anaerobic digester, Chen et al. (Chen et al., 2010) also found that 
multiple classes of erm genes and tet genes present in swine manure did not reduce 
substantially during anaerobic digestion even though some classes of erm and tet genes 
reduced to some extent. Similar results were obtained by Ma et al. (Ma et al., 2011) who used 
a laboratory-scale digester to digest municipal sludge at both mesophilic and thermophilic 
temperatures. The similar conditions (mesophilic temperature and anaerobic environments) 
in anaerobic digester might explain the inability to reduce AMR. However, anaerobic 
digesters differ in design (complete mixed, plug-flow, etc.) and operation (organic loading 
rate, hydraulic retention time, temperature, etc.). More studies are warranted to examine 
persistence of AMR in different anaerobic digesters operated under different conditions. 
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culturable. In the case of soil bacteria, as much as 99% may not be cultured (Torsvik et al., 
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(Jindal et al., 2006). By comparing the abundance of both tet and erm genes, between swine 
manure and corresponding waste lagoons, swine waste lagoons were not found to be 
effective in reducing AMR appreciably (Chen et al., 2008; Chen et al., 2007; Wang et al., 2011; 
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5.3 Composting 

Composting has been used in management and treatment of livestock manure to produce 
fertilizer with reduced pest and disease incidence (Deluca & Deluca, 1997; Kashmanian & 
Rynk, 1995; Litterick et al., 2004). Compost has been shown to be effective to kill pathogens 
and indicator bacteria present in livestock manure (Grewal et al., 2007; Grewal et al., 2006; 
Jiang et al., 2003; Lemunier et al., 2005; Tiquia, 2005). In surveying abundance of a large 
number of tet genes and erm genes, composted manure was found to contain much less 
AMR genes, up to seven orders of magnitude, than fresh manure or manure treated by other 
technologies, including lagoon, aerobic treatment, and anaerobic treatments (Chen et al., 
2010; Chen et al., 2007; Yu et al., 2005). In a filed study using windrows of beef cattle manure, 
E. coli resistant to ampicillin and tetracycline substantially reduced in the initial two weeks 
(Sharma et al., 2009). Multiple classes of both tet and erm genes also exhibited significant 
reduction in abundance, however, the magnitude of the reduction was much smaller, even 
after 11 weeks. Nevertheless, the tet and erm genes differed in dynamics during the 18-week 
composting, with tet(A,C) and erm(A) increased marginally by week 11 relative to weeks 0 
and 5, while tet(G), RPP tet, erm(B), erm(C), erm(F), erm(T), and erm(X)) decreasing at most 
time points analyzed. The relatively cold ambient temperature (September to November in 
Alberta, Canada) prevented the temperature from reaching 55°C inside of the windrows and 
might have contributed to the relatively small magnitudes of decrease in the tet and erm 
genes. 

The intensity of composting management can affect the reduction of AMR and degradation 
of antimicrobials during composting because composting management can dramatically 
affect the microbial activities within composting windrows. This was exemplified in a pilot 
study using horse manure (Storteboom et al., 2007) where high-intensity management 
(including amending with alfalfa and dried leaves, and regularly watering and turning) was 
found to degrade antimicrobials (i.e. chlortetracycline, tylosin, and monensin) and reduce 
tet(O) gene more rapidly than low-intensity management (no amendment or watering or 
turning). However, tet(W) increased in both the composting treatments after 141 days of 
treatment. More classes and types of AMR genes need to be examined to determine to what 
extent intensities of composting management affect AMR persistence during composting 
treatment. By comparing the dynamics of tet(W) and tet(O) genes between beef cattle 
manure containing high levels of AMR and dairy manure containing low level of AMR, this 
pilot study also showed that manure that contains high levels of AMR requires a longer time 
to achieve significant reduction of AMR. Increased HGT in the presence of high levels of 
AMR might be one of the explanations in the observed difference in the AMR dynamics. 

The temporal changes in AMR carried by both cultivated and uncultivated bacteria present 
in swine manure during simulated composting at 55°C (the typical temperature achieved 
inside of large compost windrows) were compared to a simulated lagoon treatment at room 
temperature in a recent study (Wang et al., 2011). Over a 48-day period cultivated aerobic 
heterotrophic tetracycline-resistant bacteria and erythromycin-resistant bacteria decreased 
by more than 7 and 4 logs, respectively, in the simulated composting treatment, while only 1 
to 2 logs for both resistant bacterial groups in the simulated lagoon treatment. In the above 
study, the dynamics of six classes each of erm and tet genes, including erm(A), erm(B), 
erm(C), erm(F), erm(T), erm(X), tet(A/C), tet(G), tet(M), tet(O), tet(T), and tet(W), were also 
monitored. Except erm(B) and tet(A/C), all the resistance gene classes analyzed declined 
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marginally during the first 17 days of the composting treatment, but dramatically thereafter 
within 31 days of the composting treatment. The observed decreases in AMR were not 
attributed to decrease in overall bacterial population, which did not decrease in the course 
of the composting treatment (Wang et al., 2011). It remains to be determined why different 
AMR genes decreased at varying rates during composting. Two plausible explanations were 
offered to explain why cultured resistant bacteria decreased to a greater extent than the 
AMR genes analyzed: first, some resistant bacteria lost culturability or viability during 
composting, but their genetic materials, including the AMR genes, persisted. Second, not all 
the AMR genes were accounted for, as not all AMR genes could be detected by any existing 
real-time PCR assays. However, it is also possible that AMR might be more prevalent 
among culturable bacteria than among unculturable bacteria. Future studies are needed to 
test this hypothesis.  

Different classes of tet or erm genes were found to have different persistence during 
composting treatment. For example, tet(W) was reduced slower than tet(O) irrespective of 
intensity of composting treatment of horse manure (Storteboom et al., 2007). Wang et al. also 
showed that erm(B) and tet(A/C) were more persistent than erm(A), erm(B), erm(C), erm(F), 
erm(T), erm(X), tet(A/C), tet(G), tet(M), tet(O), tet(T), or tet(W). Difference in host ranges of 
AMR genes and ecology and physiology of resistant bacterial hosts are major factors 
contributing to the variations in persistence of AMR genes. However, more detailed 
investigation is needed to elucidate the mechanism that affecting persistence of different 
AMR. 

The high efficacy of composting in reducing AMR was hypothesized to be attributed to 
several reasons (Chen et al., 2010; Wang et al., 2011). First, livestock manure is dominated by 
mesophilic anaerobic bacteria, which can be killed by the thermal aerobic conditions created 
in compost. Second, compost has relatively low water content and thus water activity. As 
such, proliferation of bacteria, including antimicrobial-resistant bacteria, can be greatly 
reduced within compost piles or windrows. Third, horizontal transfer of resistant genes is 
hindered because of the phylogenetic distance between aerobic thermophiles and the 
anaerobic mesophiles (Chenier & Juteau, 2009; Chenier & Juteau, 2009). Indeed, Guan et al. 
(Guan et al., 2010; Guan et al., 2007) showed that although resistant mobile plasmids carried 
by E. coli could survive and be transferred during chicken manure composting, higher 
temperature helped prevent spread of the plasmids in the environment. The relatively low 
water activity and the solid state within compost matrix should also reduce HGT (Wang et 
al., 2011). Taken together, composting is an effective technology to reduce AMR and should 
help mitigate dissemination of AMR arising from animal production. .  

6. Concluding remarks 
Although the role(s) of AMR to bacteria is a matter of debate (Aminov, 2009; Davies, 2006; 
Yim et al., 2007; Yim et al., 2006), it is a fact that the widespread of AMR poses a risk to 
human health and livestock manure from CAFOs is a large source of AMR. Reduced use of 
antimicrobials in animal production is an option in decreasing development of AMR, but 
the perceived negative effects on productivity make it not likely, at least in the near future, 
to ban Antibiotic growth promoter (AGP) in many countries. Therefore, manure treatment 
and management should be considered as a critical control point to reduce dissemination of 
AMR off animal farms. Lagoon storage is probably the poorest in terms of reducing AMR 
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present in animal manure, while compost is the most effective. Aerobic biological treatments 
do not effectively reduce total AMR, but shift the resistant bacterial populations. Anaerobic 
treatment operated at thermophilic temperature, but not at mesophilic temperature, is 
another option to mitigate AMR present in animal manure. However, because the current 
conclusions are based on studies on either a few select cultured bacteria (e.g. E. coli, 
Enterococcus, Staphylococcus and Streptococcus) or select AMR genes (mostly tet genes and erm 
genes), future studies are warranted to include more AMR so that the conclusions will be 
applicable to AMR in general.  

Understanding the AMR genes and the corresponding resistant bacteria is essential to assess 
the risk posed to health of both humans and animals. DNA-based techniques (e.g. real-time 
PCR) enable measurement of AMR carried in both cultured and uncultured bacteria; 
however, these techniques typically do not allow identification of AMR-carrying bacteria. 
To complement this limitation cultivation-based studies are needed. Additionally, 
metagenomics empowered by massively parallel DNA sequencing provide an alternative in 
identifying the genes and bacteria in resistant populations. 

No treatment technology is practical that can completely eliminate AMR present in animal 
manure. The surviving AMR will eventually find its way to the environments. In a recent 
study, we analyzed the cultured bacteria resistant to tetracyclines or erythromycin that were 
recovered from swine manure before and after composting treatment in a comparative 
manner. We observed considerable shifts in resistant bacterial populations, AMR genes (i.e. 
tet and erm genes), carriage of multiple AMR per isolate, and plasmids (unpublished data). 
This type of studies is needed to identify the surviving resistant bacteria and their ecology 
upon land application of composted manure. 
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present in animal manure, while compost is the most effective. Aerobic biological treatments 
do not effectively reduce total AMR, but shift the resistant bacterial populations. Anaerobic 
treatment operated at thermophilic temperature, but not at mesophilic temperature, is 
another option to mitigate AMR present in animal manure. However, because the current 
conclusions are based on studies on either a few select cultured bacteria (e.g. E. coli, 
Enterococcus, Staphylococcus and Streptococcus) or select AMR genes (mostly tet genes and erm 
genes), future studies are warranted to include more AMR so that the conclusions will be 
applicable to AMR in general.  

Understanding the AMR genes and the corresponding resistant bacteria is essential to assess 
the risk posed to health of both humans and animals. DNA-based techniques (e.g. real-time 
PCR) enable measurement of AMR carried in both cultured and uncultured bacteria; 
however, these techniques typically do not allow identification of AMR-carrying bacteria. 
To complement this limitation cultivation-based studies are needed. Additionally, 
metagenomics empowered by massively parallel DNA sequencing provide an alternative in 
identifying the genes and bacteria in resistant populations. 

No treatment technology is practical that can completely eliminate AMR present in animal 
manure. The surviving AMR will eventually find its way to the environments. In a recent 
study, we analyzed the cultured bacteria resistant to tetracyclines or erythromycin that were 
recovered from swine manure before and after composting treatment in a comparative 
manner. We observed considerable shifts in resistant bacterial populations, AMR genes (i.e. 
tet and erm genes), carriage of multiple AMR per isolate, and plasmids (unpublished data). 
This type of studies is needed to identify the surviving resistant bacteria and their ecology 
upon land application of composted manure. 
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1. Introduction 
 Cephalosporins are β- lactam antibiotics. In cephalosporin C, four membered β- lactam ring 
(which is mainly responsible for the activity) is fused with six membered dihydrothiazine 
ring to form the basic nucleus, 7-aminocephalosporanic acid (7-ACA) and to which α- 
aminoadipic acid side chain is attached through an amide bond (Fig 1). (Mandell and 
Sande,1991)Although cephalosporin was found to be active against large number of 
pathogenic bacteria (Medeiros, 1997) but the main hindrance in its application is its low 
stability. Also, occurrence of bacterial strains that are resistant to already existing antibiotics 
such as methicillin resistant Staphylococcus aureus (MRSA) and vancomycin resistant E. 
faecalis (VRE) has led to the search of new semisynthetic cephalosporins with better 
solubility and new mechanism of action. Only cephalosporin C is found naturally, so it’s 
chemical modification allowed production of a whole series of semisynthetic cephalosporins 
which can be used as therapeutics to fight organisms that have become penicillin resistant. 
Chemical modifications of cephalosporin C resulted in new cephalosporin derivatives. These 
semisynthetic cephalosporins are classified based on their activity profile, the antibacterial 
spectrum. Each newer generation of cephalosporin has significantly greater Gram –ve 
antimicrobial properties than the preceding generations, (Stan,2004; Jones,1994; Jacoby,2000; 
Babini and Livermore, 2000) in most cases with decreased activity against Gram +ve 
organism. Fourth generation cephalosporins are known to have true broad spectrum 
activity. (Wilson,1998; Tzouvelekis et al., 1998) In the past decade, even though the 
cephalosporin antibiotics have made remarkable progress and contribution in the treatment 
of acute diseases originated from pathogenic infection in clinics, many efforts still exist to 
achieve the well balanced broad spectrum and to improve beta-lactamase stability. 7α-
formamido cephalosporins were isolated as fermentation product of various gram negative 
bacteria. The development of a new antibiotic focuses mainly with the study and 
characterization of its mechanism of its activity (Table 1). The β-lactam antibiotics like 
penicillin, cephalosporins, vancomycin, etc. are specific inhibitor working against bacterial 
cell wall (peptidoglycan) synthesis but newer strains have β-lactamase activity which 
destroys most of the β-lactam antibiotics and thus make them resistant to it. However, 
cephalosporins proved to be more stable to β-lactamase. Cephalosporin-C (CPC) shows 
similarity to in structure with the penicillin in having an acyl side chain attached to an 
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amino group of a double ring nucleus (Figure 1). The side chain was identical to that of 
penicillin N, i.e. D-α-aminoadipic acid. Although both the types have the four membered β-
lactam group, cephalosporin-C have a six membered dihydrothiazine ring in place of the 
five membered thiazolidine ring system which is a characteristic of penicillins. But these 
antibiotics are not that effective to be used for clinical purposes. The cephalosporin nucleus, 7- 
aminocephalosporanic acid (7-ACA) is derived from cephalosporin-C, prove to be more 
effective. Modification of 7-ACA side chains resulted in the development of newer generations 
of useful antibiotic agents, which leaded to various generations of cephalosporins. 
 

Antibiotics Source Mode of action 
Antibacterial antibiotics  
Bacitracin Bacillus subtilis Cell-wall synthesis 
Cephalosporin Cephalosporium sp. Cell-wall synthesis 
Chloramphenicol Streptomyces venezuelae Protein synthesis 
Cycloserin Streptomyces leavendulae Cell-wall synthesis 
Erythromycin Streptomyces erythraeus Protein synthesis 
Kanamycin Streptomyces kanomycetoius Protein synthesis 
Neomycin Streptomyces fradiae Protein synthesis 
Novobiocin Streptomyces sp. DNA synthesis 
Penicillin Penicillium sp. Cell-wall synthesis 
Polymixin Bacillus polymyxa Cell membrane 
Streptomycin Streptomyces griseus Protein synthesis 
Tetracycline Streptomyces aureofaciens Protein synthesis 
Vancomycin Streptomyces orientalis Cell-wall synthesis 
Antiprotozoan antibiotics  
Fumagilin Aspergillus fumigatus Protein synthesis 
Antifungal antibiotics   
Amphotericin B Streptomyces nodosus Membrane function 
Cycloheximide Streptomyces griseus Protein synthesis 
Griseofulvin Penicillium griseofulvum Cell-wall, microtubules 
Nystatin Streptomyces noursei Damages cell-membrane 

Table 1. Different mode of activity/ action of major antibiotics. (Gaurav et al., 2011) 

The β-lactam antibiotics like penicillin, cephalosporins, vancomycin, etc. are specific inhibitor 
working against bacterial cell wall (peptidoglycan) synthesis but newer strains have β-
lactamase activity which destroys most of the β-lactam antibiotics and thus make them 
resistant to it. However, cephalosporins proved to be more stable to β-lactamase. 
Cephalosporin-C (CPC) shows similarity to in structure with the penicillins in having an acyl 
side chain attached to an amino group of a double ring nucleus (Figure 1). The side chain was 
identical to that of penicillin N, i.e. D-α-aminoadipic acid. Although both the types have the 
four membered β-lactam group, cephalosporin-C have a six membered dihydrothiazine ring 
in place of the five membered thiazolidine ring system which is a characteristic of penicillins. 
But these antibiotics are not that effective to be used for clinical purposes. The cephalosporin 
nucleus, 7- aminocephalosporanic acid (7-ACA) is derived from cephalosporin-C, prove to be 
more effective. Modification of 7-ACA side chains resulted in the development of newer 
generations of useful antibiotic agents, which leaded to various generations of cephalosporins. 
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Fig. 1. The structure of Cephalosporin 

Cephalosporins are nowadays more suggested for the prophylaxis and treatment of 
bacterial infections caused by susceptible microorganisms. First generation cephalosporins 
are predominantly effective against gram positive bacteria and successive generations 
(Table 2) have further enhanced the activity against the gram negative bacteria too (Essack, 
2001) However, the synthesis of different generations of cephalosporins are only possible 
either by microbial routes or by enzymatically converting cephalosporin-C. Hence, a brief 
discussion on microbial synthesis of cephalosporin-C is quite needed.  
 

Various Generation Example 
First generation Cephalosporins Cephalothin 

Cephaloridine 
Cephazolin 
Cephradine 
Cefroxadine 

Second generation 
Cephalosporins 

Cephamandole 
Cefuroime 
Ceforanide 
Cefotiam 

Third generation Cephalosporins Cefotaxime 
Ceftazidime 
Ceftizoxime 
Ceftriaxone 
Cefixime 
Ceftibuten 

Fourth generation 
Cephalosporins 

Cefipime 
Cefpirome 

Table 2. Various Generations of Cephalosporin group of antibiotics 
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Fig. 1. The structure of Cephalosporin 

Cephalosporins are nowadays more suggested for the prophylaxis and treatment of 
bacterial infections caused by susceptible microorganisms. First generation cephalosporins 
are predominantly effective against gram positive bacteria and successive generations 
(Table 2) have further enhanced the activity against the gram negative bacteria too (Essack, 
2001) However, the synthesis of different generations of cephalosporins are only possible 
either by microbial routes or by enzymatically converting cephalosporin-C. Hence, a brief 
discussion on microbial synthesis of cephalosporin-C is quite needed.  
 

Various Generation Example 
First generation Cephalosporins Cephalothin 

Cephaloridine 
Cephazolin 
Cephradine 
Cefroxadine 

Second generation 
Cephalosporins 

Cephamandole 
Cefuroime 
Ceforanide 
Cefotiam 

Third generation Cephalosporins Cefotaxime 
Ceftazidime 
Ceftizoxime 
Ceftriaxone 
Cefixime 
Ceftibuten 

Fourth generation 
Cephalosporins 

Cefipime 
Cefpirome 

Table 2. Various Generations of Cephalosporin group of antibiotics 
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2. Microbial synthesis of cephalosporin-C  
The biosynthesis of cephalosporin-C is carried only by few microorganisms, viz. fungi, 
Streptomyces sp. and bacteria. It can produced by free and immobilized microbial cells 
(Kundu et al., 2000) using various cultivation modes of batch and continuous strategy 
(Mahapatra et al., 2002). In batch mode of fermentation, Cephalosporin-C is produced in 
stirred tank bioreactors (Srivastava et.al, 1996) as well as in air lift bioreactor (Srivastava et 
al., 1995; 1999).In continuous mode of fermentation, it can be produced both by packed bed 
bioreactor using different types of immobilization processes and in continuous stirred tank 
bioreactor. As it’s a highly aerobic process in nature, cephalosporin-C is also produced by 
immobilized microbial cells utilizing symbiotic mode (in-situ oxygen production) in a 
packed bed bioreactor. (Kundu et al., 1993)  

In order to fulfill the need of large quantity of semi-synthetic cephalosporin, the key 
intermediates should be produced in large quantity through very efficient and cheap 
production routes. But the chemical production of the intermediates generates large 
quantities of wastes and requires expensive and hazardous chemicals and reaction 
conditions. In order to overcome these problems, enzymes are used to perform the required 
reactions. Cephalosporin C is converted to 7-ACA in a two step enzymatic process. First the 
side chain is deaminated by a D-amino oxidase, resulting in an α-keto acid that 
spontaneously loses carbon dioxide in the presence of hydrogen peroxide to form glutaryl-7-
ACA. Subsequent enzymztic deacylation of the glutaryl side chain yields 7-ACA. The 
enzyme used, cephalosporin acylase, removes a charged aliphatic side chain without 
damaging the β- lactam nucleus. These enzymatic processes have the advantage of 
generating less waste and requiring less expensive chemicals. Thus, cephalosporin-C is 
directly converted to 7-ACA by cephalosporin-C acylase enzyme. (Zhang and Xu, 1993) 

2.1 Production strategy of cephalosporin C (primary precursor)  

Microbial production of Cephalosporin C, a secondary metabolite, occurs in late stationary 
phase (Idio-phase) of growth. So the main strategy of the production is to grow the culture 
to saturation level and then control the flow of nutrient to maintain the stationary phase. 
(Srivastava et al., 2006) Cephalosporin C fermentation always requires highly aerobic 
condition to maintain uniform yield. Hence, maximum focus is given on oxygenation of the 
media. There are different processes involved using various modes of bioreactors, viz. 
conventional and non conventional Bioreactors. The conventional mode of bioreactors 
involves in batch or continuous stirred tank bioreactors whereas non conventional mode 
involves in packed bed bioreactors, airlift bioreactors and the like. (Srivastava et al., 1996) 

2.1.1 Cephalosporin C production by conventional mode of bioreactors 

Conventional mode involves production by batch bioreactor or continuous stirred tank 
reactor (Kundu et al., 1993). Surface liquid culture and solid state fermentation are not very 
much favorable as there is high probability of oxygen limitation. There are some research 
occurring in the field but the stable process involved is the stirred tank batch bioreactors. 
They have special attachment for oxygen sparging and agitation for making the oxygen 
more available to microorganisms (Srivastava et al., 1996).The morphological characteristics 
of the mold change under high agitation which in turn affects the yield of the Cephalosporin 
C. (Kundu et al., 1993) 
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Continuous mode involves various continuous stirred tank bioreactors. The first type is 
where the oxygen is being sparged in the reactor fitted with an agitator (Figure 2 A). The 
second process involves addition of highly oxygenated media in the bioreactor (Figure 2 B). 
The continuous processes have advantages but there are several parameters which are to be 
maintained. Due to the microorganism, being filamentous and taking long time to reach 
stationary phase microorganism are first allowed to grow under batch condition and then 
continuous mode of operation is started. (Srivastava et al., 2006) 

 
Fig. 2. A) Continuous Bioreactor with oxygen Sparger B) Continuous Bioreactor with oxygen 
enriched fresh substrate 

2.1.2 Cephalosporin C production by Non conventional mode of bioreactors 

The non conventional mode involves in either Packed bed bioreactor or Airlift bioreactor. 
Various modes of immobilized microorganisms are used in packed bed reactors. The main 
advantage of packed bed reactor is that it can be operated in batch or continuous mode. The 
residence time and microorganism reusability is high in case of packed bed reactors. There 
are reported studies involving silk sachets for holding the immobilized beads with 
significant increase in production. (Kundu et al., 2000) 

Cephalosporin C fermentation is a highly aerobic process. The major problem which arises 
with aerobic fermentation are the mass transfer limitation of oxygen to immobilized cell. 
(Mishra et al., 2005) Even with addition of highly oxygenated media, the beads packed in 
depth doesn’t have enough oxygen to carry out cephalosporin C production, instead they 
produce Penicillin N, which is not desirable. There is a reported study where mixed culture 
technique for improving the oxygen supply to the immobilized cells. In such system, the 
products of metabolism of one microorganism are utilized by the second microorganism. 
Photoautotrophic algae (Chlorella sp.) which produce oxygen in situ are coupled with fungi 
(Cephalosporium acremonium) which in turn produce the Cephalosporin C. (Figure 3) (Kundu 
and Mahapatra, 1993; Kundu et al., 2003) The algae absorb CO2 from air and media 
producing free oxygen which not only removes the anaerobic condition prevailing in 
packed bed reactor but also adds up oxygen to the media. Co-immobilization of whole cells 
were reported to be carried out by using various immobilizing agents, viz. Bagasse, Silk 
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sachets, calcium/Barium/strontium alginate and the same coated with poly-acrylamide 
resin.  

 
Fig. 3. Packed Bed Reactor with Co-immobilized microbial cells (Algae and Fungi) for 
enhanced oxygenation 

Airlift Bioreactors are the most favorable reactors for production as it completely solve the 
oxygenation issue. There are two types of Airlift bioreactors. Internal air loop reactors have 
inner draft tube (Figure 4) while the external bioreactors have external tube as downcomer. 
They both have significant production values. (Srivastava and Kundu, 1999; Srivastava et al., 
1995)The air lift reactor ensures proper oxygenation and agitation. They are also gentle on 
filamentous fungi imparting low shear than any other conventional process agitator, 
improving production. Though, the process is costlier and tough but it ensures high 
cephalosporin C production. Figure 4 shows the airlift bioreactors involved in cephalosporin 
C production. The internal loop airlift reactors have better oxygenation and are preferred 
above external loop bioreactor.  
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Fig. 4. Internal air-loop reactor for Cephalosporin C production 

2.2 Production strategy of 7- amino cephalosporanic acid (secondary precursor) 

Biosynthesis of 7- Amino cephalosporanic acid (7-ACA) is an important process which 
involves the use of free and immobilized microbial cells. This can be single step or multi-
step microbial enzymatic process (Gaurav et al., 2007). There are lots of advantages of single 
step over the multi-step process (Nigam et al., 2005). Cephalosporin C acylase enzyme is 
involved in the conversion of Cephalosporin C to 7- ACA in single step mode of conversion. 
The microorganisms used for the synthesis of this enzyme are Pseudomonas diminuta, Bacillus 
megaterium and E. coli (Nigam and Kundu, 1999). There is also study on continuous 
production of 7-ACA by loading immobilized microbial cell in a packed bed bioreactor at 
optimum cells to carrier ratio and at an optimum flow rate (Nigam et al., 2005).  

3. Different generations Cephalosporins 
Cephalosporins can usually be classified into four different generations though newer 
generations are in active research, developed in response to a specific clinical need for a 
drug with different characteristics than the previous generation. Table 2 narrates the 
examples of various generation of Cephalosporins group of antibiotics. 
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3.1 First generation cephalosporins 

The first generation cephalosporins were first introduced in the mid-1960s and were stable 
to the β-lactamases known at that time. They permeated the outer membrane of gram-
negative bacilli quicker than the penicillins. The first generation drugs include Cephalothin, 
Cephaloridine and Cefazolin (Figure 5). Cephalothin was synthesized by biochemically 
using different processing strategies [Gaurav et.al., 2007]. Cephalexin and Cefeclor are both 
used as oral treatment drugs, and have broad activity against both gram-positive and gram-
negative microorganisms. However, they are inactive against Enterococci as they don’t bind 
well to PBPs of the Enterococci having slight difference.  

 
Fig. 5. First generation Cephalosporins 

3.2 Second generation cephalosporins 

The second generation cephalosporins have enhanced activity against gram-negative 
microorganisms (Livermore 1987; Stan et al., 2004). They are more stable to hydrolysis by 
plasmid-mediated β-lactamases when compared to cefoxitin, to the chromosomal class C 
cephalosporinase of several Enterobacteriaceae. (Medeiros 1997). The second generation 
cephalosporins include, Cefoxitin, Cefmetazole, Cefuroxime and Cefotetan (Figure 6). 
Cefuroxime is generally used for respiratory tract and community acquired infections. 
Cefoxitin has an extra methoxy-group that imparts protection against β-lactamase , but with 
an added disadvantage that it causes induction of the chromosomal β-lactamases in several 
bacterial organisms (which can be counterproductive). Cefoxitin (as well as Cefotetan) is 
well effective against Bacteroides fragilis, an enteric anaerobe but not against Pseudomonas or 
Enterobacter as it can’t enter them.  
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Fig. 6. Second generation Cephalosporins 

3.3 Third generation cephalosporins 

The third generation cephalosporins are less effective than the first generation cephalosporins 
against gram-positive cocci but are very much potent against Enterobacteriaceae, including the 
β-lactamase-producing strains (Mandell & Sande 1991). The aminothiazolyl and 
iminomethoxy groups are the substituents in third generation cephalosporins (Neu 1986), 
which imparted greater stability against the chromosomal class C β-lactamases and with an 
increased spectrum of activity.These cephalosporins include Cefotaxime, Ceftizoxime and 
Ceftazidime (Figure 7). The drugs are broad spectrum antibiotics that are effective against both 
gram-negative and gram-positive microorganisms. The sodium salts of these antibiotics also 
showed a greater potential. 

Cefotaxime has an enhanced affinity to penicillin binding proteins (PBPs) of gram-negative 
bacteria and thus it could penetrate faster into bacterial cell as compared to older generation 
cephalosporins.  

Also, cefotaxime is the main intermediary in the synthesis of cefpodoxime proxetil, a third 
generation oral cephalosporin, introduced recently into medical practice (Durckheimer et al., 
1985; Reynolds 1989). Third-generation cephalosporins have a broad spectrum of antimicrobial 
activity including Gram-positive, Gram-negative, and selected anaerobic species. (Neu 1991).  

β -lactamase induction or resistant organism selections are an important issue, especially in 
nosocomial infections (Stratton et al., 1992). Third generation cephalosporins vary in their 
ability to induce β-lactamases, but none is as effective inducers as the cephamycins, clavams, 
or carbapenems The discovery of Klebsiella isolates resistant to oxyiminocephalosporins 
imparted more difficulties to β-lactam antibiotics mediated by extended-spectrum β-
lactamases (ESBLs). Mutation in the structural genes of plasmid-mediated TEM, SHV, and 
OXA β-lactamases and to a lesser extent in the PER and CTX enzymes enhanced their 
affinity for third generation cephalosporins and monobactams, but with varying degrees 
marking the pavement for newer generations. 
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Fig. 7. Third generation cephalosporins 

3.4 Fourth generation cephalosporins 

The fourth generation cephalosporins  contains a positively charged quaternary nitrogen 
atom at C-3, resulting in higher activity (compared to the third-generation cephalosporins) 
against β-lactamase derepressed mutants of P. areuginosa and other enteric bacteria 
(Georgopapdakau et al., 1989). The fourth generation cephalosporins, Cefepime, Cefpirome 
and Cefclidin (Figure 8) have the 7-amino-thiazolyl groups [(Livermore & Williams 1996). 
Cefepime have good potency against gram-negative organisms such as Pseudomonas 
aeruginosa, and gram-positive organism such as Staphylococcus aureus, also exhibiting 
increased stability against β-lactamase-overproducing bacteria. Cefepime is [6 R – [6 α, 7 β 
(Z)]]-1-[[7-[[(2-amino-4-thiazolyl) (methoxyimino) acetyl] amino]-2-carboxy-8-oxo-5-thia-1-
azabicyclo oct-2-en-3yl] methyl]-1-methylpyrrolidinium inner salt. It is synthesized from 7-
aminocephalosporanic acid (7-ACA) with help of trimethylsilyl iodide and N-
methylpyrrolidine. It is stable to hydrolysis by the more common chromosomal and 
plasmid-mediated β-lactamases, and it is quite stable against inducible chromosomally 
mediated cephalosporinases  
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Fig. 8. Fourth generation Cephalosporins 

3.5 Fifth generation cephalosporins 

The fifth generation cephalosporin is still an unclear picture with many new modified 
cephalosporins in the research sector. This generation antibiotic is specifically developed 
against nosocomial infections of MRSA and Pseudomonas based refractory infection in 
immuno-compromised patients. Drugs which are in immediate attention of FDA are 
Ceftobiprole, LB10522 (Kim et al., 1996) and RU-59863 (Figure 9). Ceftobiprole specifically 
attacks by binding to this penicillin-resistant target. Interactions with cephalosporin side 
chains occurs in the groove, closed in the free PBP 2a enzyme, binds to the 7-acyl amino side 
chain, and in another extended groove where it interacts with the 3'-cephem side chain 
through noncovalent interactions (Lim & Strynadka 2002). It is stable to class A 
penicillinases produced by S. aureus and enteric gram-negative microorganisms and is more 
stable to few class C beta-lactamases of enteric gram-negative microorganisms (Hebeisen et 
al., 2001). 
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The fourth generation cephalosporins  contains a positively charged quaternary nitrogen 
atom at C-3, resulting in higher activity (compared to the third-generation cephalosporins) 
against β-lactamase derepressed mutants of P. areuginosa and other enteric bacteria 
(Georgopapdakau et al., 1989). The fourth generation cephalosporins, Cefepime, Cefpirome 
and Cefclidin (Figure 8) have the 7-amino-thiazolyl groups [(Livermore & Williams 1996). 
Cefepime have good potency against gram-negative organisms such as Pseudomonas 
aeruginosa, and gram-positive organism such as Staphylococcus aureus, also exhibiting 
increased stability against β-lactamase-overproducing bacteria. Cefepime is [6 R – [6 α, 7 β 
(Z)]]-1-[[7-[[(2-amino-4-thiazolyl) (methoxyimino) acetyl] amino]-2-carboxy-8-oxo-5-thia-1-
azabicyclo oct-2-en-3yl] methyl]-1-methylpyrrolidinium inner salt. It is synthesized from 7-
aminocephalosporanic acid (7-ACA) with help of trimethylsilyl iodide and N-
methylpyrrolidine. It is stable to hydrolysis by the more common chromosomal and 
plasmid-mediated β-lactamases, and it is quite stable against inducible chromosomally 
mediated cephalosporinases  
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Fig. 8. Fourth generation Cephalosporins 

3.5 Fifth generation cephalosporins 

The fifth generation cephalosporin is still an unclear picture with many new modified 
cephalosporins in the research sector. This generation antibiotic is specifically developed 
against nosocomial infections of MRSA and Pseudomonas based refractory infection in 
immuno-compromised patients. Drugs which are in immediate attention of FDA are 
Ceftobiprole, LB10522 (Kim et al., 1996) and RU-59863 (Figure 9). Ceftobiprole specifically 
attacks by binding to this penicillin-resistant target. Interactions with cephalosporin side 
chains occurs in the groove, closed in the free PBP 2a enzyme, binds to the 7-acyl amino side 
chain, and in another extended groove where it interacts with the 3'-cephem side chain 
through noncovalent interactions (Lim & Strynadka 2002). It is stable to class A 
penicillinases produced by S. aureus and enteric gram-negative microorganisms and is more 
stable to few class C beta-lactamases of enteric gram-negative microorganisms (Hebeisen et 
al., 2001). 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

498 

 
Fig. 9. Fifth generation Cephalosporins 

4. Current research in new generation cephalosporins 
It is also known that incorporation of a methoxy group in both cephalosporin and penicillin 
has led to a considerable increase in beta-lactamase stability. These findings prompted us to 
prepare methoxy and formamido derivatives of Cephalosporin and screen them for their 
antibacterial activity. 
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Our research team’s current work is to attempt synthesizing some new semi-synthetic 
cephalosporins and some by modifying already existing semi-synthetic cephalosporins such 
as cefotaxime (third generation). It is broad spectrum antibiotic with high resistance against 
beta-lactamases. But the main problem is that it is poorly soluble in water. Hence, the efforts 
have been made to prepare cephalosporins having better solubility using cefotaxime. All 
these semi-synthetic cephalosporins are derived from the key intermediate 7- ACA, a 
product derived from cephalosporin C hydrolysis. They differ in the nature of the substitute 
attached at the 3 and/ or 7- position of the cephem ring and express various biological and 
pharmacological effects. 

In the present work, enzymatic method has been employed to produce 7-ACA, the key 
intermediate and this 7-ACA is then utilized for the synthesis of new semi-synthetic 
cephalosporins. Nicotinic acid, benzimidazole, imidazole or substituted benzimidazole system 
has been shown to have different pharmacological effects including antifungal, antibacterial 
and antiviral effects. 2-substituted benzimidazoles, with various types of biological activity, 
have a close relationship to nucleic acid metabolism. Hence, semi-synthetic cephalosporins 
containing these nucleuses were prepared and the assessment of these molecules has been 
checked to interfere with various cellular and metabolic processes. (Figure 10) 
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Fig. 10. Formation of new generation Cephalosporins. 
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In a search for unique and potent cephalosporin antibiotics, we have prepared new semi-
synthetic cephalosporins. The motivation for synthesizing these semi-synthetic 
cephalosporins was to increase the availability of drug at the target site and their oral 
absorptivity and increased stability. Thus, recurring need for an easily cleaved blocking 
group for the carboxylic acid in the cephalosporin synthetic chemistry forms the basis of the 
research. All the synthesised cephalosporins were having easily hydrolysable esters for oral 
absorption studies; they were also having such suitable blocking groups for the carboxyl, 
which might be removed later without disruption of the beta-lactam ring. Although simple 
esters, like the methyl ester, are known to possess diminished antibiotic activity compared 
to the free acids, the possibility exists that more easily hydrolysable esters (by enzymatic or 
chemical means) might exhibit significant in vivo activity. A therapeutic advantage might be 
anticipated from derived compounds if the structural environment of the carboxyl group is 
a bar to absorption through the gastric or intestinal walls. Activity could be inherent in the 
derivative or be produced a result of enzymatic cleavage to the parent compound after 
absorption has occurred. Gastric acidity, often a negative influence in oral absorptibility of 
penicillins, would send to be an unlikely factor in cephalosporin absorption because of the 
relatively good acid stability of this class of antibiotics. For the synthesis of these analogues, 
the methods that are of general applicability are used. To form peptides from a 
cephalosporin required that the carboxyl at C-4 be appropriately activated for acylation of a 
protected amino acid. In synthetic organic chemistry, compound containing the 
carbodiimide functionality are dehydrating agents and are often used to activate carboxylic 
acids towards amide or ester formation. Additives, such as N-hydroxybenzotriazole are 
often added to increase yields and decrease side reactions. EDC (acronym for 1-ethyl-3-(3-
dimethylaminopropyl) carbodiimide hydrochloride) is a water soluble carbodiimide which 
is used as a carboxyl activating agent for the coupling of primary amines to yield amide 
bonds. The possibility that amides derived from a cephalosporanic acid and an amino acid 
might cross the intestinal wall and be cleaved in the body.  

5. Conclusion 
In general, attempts to modify the β- lactam thiazolidine ring system of penicillin without loss 
of antibacterial activity had been unsuccessful. The discovery, structure elucidation and 
modification of cephalosporin C, which led to important new generations of Cephalosporin 
group of antibiotics and its large scale production and marketing. In the past decade, even 
though cephalosporin antibiotics have made remarkable progress and contribution in the 
treatment of acute disease, many efforts still exist to achieve the well-balanced broad-spectrum 
and to improve beta-lactamases stability. This work, lead to highly active, acid stable, 
penicillin resistant, nontoxic antibiotic with increased potency against a wide range of bacteria. 
Although the progress is in preliminary stage but significance of the work is enormous.  
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1. Introduction 
Probiotics are live microorganisms that confer a health benefit on the host when 
administered in adequate amounts (Food and Agriculture Organization of the United 
Nations-World Health Organization Working Group, 2002). Many microbial species have 
probiotic properties, but those most commonly used are lactobacilli (Salminen et al, 1998; 
Caplice & Fitzgerald, 1999; Leroy & De Vuyst, 2004). Lactobacilli have a long history of safe 
use in the production and consumption of fermented foods and beverages. Over recent 
decades, as awareness of the beneficial effects of probiotic strains in promoting gut and 
general health has grown, the development and consumption of probiotic foods has 
increased worldwide (Saarela et al, 2002). Thus, it is essential to thoroughly investigate the 
safety of lactobacilli used in probiotic products (Salminen et al, 1998; Borriello et al, 2003).   

The human gut is the natural habitat for a large and dynamic bacterial community that has a 
great relevance for health (Spor et al, 2011). The human gut microbiota is a complex 
ecosystem colonized by approximately 1014 bacterial cells with Bacteroides, Eubacterium, 
Bifidobacterium, Ruminococcus, and Clostridium as the pre-dominant genera (Kurokawa et al, 
2007). The huge diversity of antibiotic resistance genes detected in the human gut 
microbiome suggests that antibiotic resistant bacteria in the gastrointestinal tract (GIT) 
function as reservoir of antibiotic resistance genes (Salyers et al, 2007; Sommer et al, 2009). 
When probiotic strains enter the gut, they interact with the native microbiota and gene 
transfer can occur (Teuber et al, 1999; Mathur & Singh, 2005; Salim Ammor et al, 2007). The 
dissemination of antibiotic resistance genes can reduce the therapeutic possibilities in 
infectious diseases. It is therefore relevant to look for the presence of transferable antibiotic 
resistance genes in lactobacilli that are or shall be used as probiotic strains for human 
consumption or as starter cultures of fermented food or feed products.  

This article reviews the experiments to be performed and the criteria for assessment of 
antibiotic resistance in probiotic lactobacilli. Due to the growing availability of whole 
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1. Introduction 
Probiotics are live microorganisms that confer a health benefit on the host when 
administered in adequate amounts (Food and Agriculture Organization of the United 
Nations-World Health Organization Working Group, 2002). Many microbial species have 
probiotic properties, but those most commonly used are lactobacilli (Salminen et al, 1998; 
Caplice & Fitzgerald, 1999; Leroy & De Vuyst, 2004). Lactobacilli have a long history of safe 
use in the production and consumption of fermented foods and beverages. Over recent 
decades, as awareness of the beneficial effects of probiotic strains in promoting gut and 
general health has grown, the development and consumption of probiotic foods has 
increased worldwide (Saarela et al, 2002). Thus, it is essential to thoroughly investigate the 
safety of lactobacilli used in probiotic products (Salminen et al, 1998; Borriello et al, 2003).   

The human gut is the natural habitat for a large and dynamic bacterial community that has a 
great relevance for health (Spor et al, 2011). The human gut microbiota is a complex 
ecosystem colonized by approximately 1014 bacterial cells with Bacteroides, Eubacterium, 
Bifidobacterium, Ruminococcus, and Clostridium as the pre-dominant genera (Kurokawa et al, 
2007). The huge diversity of antibiotic resistance genes detected in the human gut 
microbiome suggests that antibiotic resistant bacteria in the gastrointestinal tract (GIT) 
function as reservoir of antibiotic resistance genes (Salyers et al, 2007; Sommer et al, 2009). 
When probiotic strains enter the gut, they interact with the native microbiota and gene 
transfer can occur (Teuber et al, 1999; Mathur & Singh, 2005; Salim Ammor et al, 2007). The 
dissemination of antibiotic resistance genes can reduce the therapeutic possibilities in 
infectious diseases. It is therefore relevant to look for the presence of transferable antibiotic 
resistance genes in lactobacilli that are or shall be used as probiotic strains for human 
consumption or as starter cultures of fermented food or feed products.  

This article reviews the experiments to be performed and the criteria for assessment of 
antibiotic resistance in probiotic lactobacilli. Due to the growing availability of whole 
bacterial genome sequences, sequence-based identification approaches for antibiotic 
resistance are also discussed.   

2. Antibiotic resistance of probiotic lactobacilli 
Many food production is estimated to involve microbial fermentation processes by using 
lactic acid bacterial (LAB) strains (Food and Agriculture Organization of the United 
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Nations-World Health Organization Working Group, 2002), for example, sausage, ham, 
cheese, and dairy products. In addition, probiotics have become available on the market, 
containing a single strain or a combination of strains. The proposed problem is that 
probiotic strains might contain acquired resistance genes. From a point of safety, it is 
necessary to distinguish between intrinsic and acquired resistance genes.  

Antibiotic resistance proles have recently been reported for several lactobailli. These have 
been found susceptible to penicillins and ampicillin (cell wall synthesis inhibitor) (Danielsen 
& Wind, 2003; Coppola et al, 2005) in contrast to vancomycin. Most lactobacilli have been 
found to be resistant to glycopeptides types of antibiotics. However, the resistance towards 
vancomycin has been demonstrated being as intrinsic (Tynkkynen et al, 1998). Lactobacilli 
are usually susceptible to chloramphenicol, erythromycin and clindamycin (protein 
synthesis inhibitors) (Coppola et al, 2005; Klare et al, 2007). In addition, resistance against 
trimethoprim (nucleic acid synthesis inhibitor), seems to be intrinsic (Ammor et al, 2007). 
Resistance to tetracycline has been observed more often among lactobacilli (Roberts, 2005; 
Korhonen et al, 2008). Resistance against neomycin, kanamycin, streptomycin and 
gentamicin (aminoglycosides) has been observed more frequently among lactobacilli 
(Coppola et al, 2005; Danielsen, 2002; Zhou et al, 2005).  

Acquired resistance genes which are potentially transferable have been detected in 
lactobailli. These have been described in multiple studies and have been reviewed (Ammor 
et al, 2007). Two of the most commonly observed resistance genes in lactobacilli found so far 
are tet(M) for tetracycline resistance and erm(B) for erythromycin resistance, followed with 
cat genes coding for chloramphenicol resistance (Danielsen, 2002; Lin et al, 1996; Gevers et 
al, 2003a; Cataloluk & Gogebakan, 2004).  

Acquired resistance genes of probiotic lactobacilli have been reported previously (Table 1). 
In the PROSAFE project, probiotic lactobacilli possessed erm(B) and/or tet(W), tet(M) or 
unidentified members of the tet(M) group (Klare et al, 2007). In probiotic commercial L. 
reuteri ATCC 55730, tet(W) and the lincosamide resistance gene lnu(A) were detected 
(Kastner et al, 2006). Hummel et al determined antibiotic resistances of probiotic lactobacilli 
and to verify these at the genetic level. L. salivarius BFE 7441 possessed an erm(B) gene, 
which was encoded on the chromosome (Hummel et al, 2007). Probiotic lactobacilli of 
African and European origins were studied and compared for their susceptibility to 
antibiotics. Acquired resistance genes encoding aminoglycoside (aph(3’)-III, aadA, aadE) and 
tet(S) and erm(B) were detected (Ouoba et al, 2008). The potentially probiotic strain L. 
plantarum CCUG 43738, which displayed atypical phenotypic resistance to tetracycline and 
minocycline, was found to contain a tet(S) gene located on a plasmid of approximately 14 kb 
(Huys et al, 2006). 

3. Evidence of potential horizontal gene transfer of probiotic lactobacilli 
When probiotic strains enter the gut, they interact with the native microbiota and gene 
transfer can occur. Probiotics might contribute to the transfer of antibiotic resistance genes 
to other commensal bacteria or pathogens present in the GIT. The occurrence of large 
numbers of transferable resistance genes within the intestinal microbiota is undesirable due 
to the potential risk of acquisition by pathogens present in the GIT and subsequent antibiotic 
treatment failure (Licht & Wilcks, 2005). 
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Probiotic 
strains 

Antibiotic 
phenotype 

Antibiotic 
genotype  

(gene location) 
Transferability Reference 

L. rhamnosus 
GG (ATCC 
53103) 

Vmr Not detacted No transconjugants 
in mating experiment

Tynkkynen et 
al, 1998 

L. brevis KB290 Vmr, Tcr, Cir Not detected No transconjugants
in mating experiment

Fukao et al, 
2009 

L. reuteri 
ATCC 55730 Tcr, Lmr tet(W), lnu(A) 

(pLR581, pLR585) Potentially transferable Rosander et al, 
2008 

L. crispatus L-
295 Emr, Cmr, Tcr erm(B), tet(W) No transconjugants

in mating experiment
Klare et al, 

2007 
L. crispatus L-
296 Emr, Cmr, Tcr erm(B), tet(W) No transconjugants

in mating experiment
Klare et al, 

2007 
L. plantarum L-
437 Tcr tet(M) group No transconjugants

in mating experiment
Klare et al, 

2007 

L. reuteri L-285 Tcr tet(W) No transconjugants
in mating experiment

Klare et al, 
2007 

L. reuteri L-
285-2 Tcr tet(M) group No transconjugants

in mating experiment
Klare et al, 

2007 
L. salivarius 
BFE 7441 

Emr, Cir, Gmr, 
Smr 

erm(B) 
(chromosome) 

No transconjugants
in mating experiment

Hummel et al, 
2007 

L. reuteri L4: 
12002 

Cir, Emr, Gmr, 
Smr, Kmr, Nmr, 

Tcr, Vmr 

erm(B) 
(plasmid) Transferable Ouoba et al, 

2008 

L. paracasei L5 Amr, Cir, Gmr,
Kmr, Smr, Vmr aph(3')-III, aadA No transconjugants

in mating experiment
Ouoba et al, 

2008 

L. plantarum L7 
Amr, Cir, Gmr, 
Tcr, Kmr, Smr, 

Vmr 
aadE No transconjugants 

in mating experiment
Ouoba et al, 

2008 

L. casei L9 Amr, Cir, Gmr, 
Kmr, Smr, Vmr 

aph(3')-III, aadA, 
aadE 

No transconjugants
in mating experiment

Ouoba et al, 
2008 

L. paraplantarm 
L10 

Amr, Cir, Tcr, 
Vmr tet(S) No transconjugants

in mating experiment
Ouoba et al, 

2008 

Vancomycin (Vm),  ampicillin (Am), tetracycline (Tc), erythromycin (Em),  clindamycin (Cm), gentamicin 
(Gm), ciprofloxacin (Ci), lincosamide (Lm), Kanamycin (Km), streptomycin (Sm) and chloramphenicol (Cl) 

Table 1. Systematic assessment of antibiotic resistance in  probiotic lactobacilli have been 
reported previously 

Several of these genetic determinants in lactobacilli are harboured by extrachromosomal 
elements which are conjugative plasmids and transposons (Mathur & Singh, 2005; 
Danielsen, 2002; Gevers et al, 2003a; Axelsson et al, 1988; Gfeller et al, 2003). Transfer from 
lactobacilli to other commensal bacteria has been documented in vitro (Feld et al, 2008; 
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Nations-World Health Organization Working Group, 2002), for example, sausage, ham, 
cheese, and dairy products. In addition, probiotics have become available on the market, 
containing a single strain or a combination of strains. The proposed problem is that 
probiotic strains might contain acquired resistance genes. From a point of safety, it is 
necessary to distinguish between intrinsic and acquired resistance genes.  

Antibiotic resistance proles have recently been reported for several lactobailli. These have 
been found susceptible to penicillins and ampicillin (cell wall synthesis inhibitor) (Danielsen 
& Wind, 2003; Coppola et al, 2005) in contrast to vancomycin. Most lactobacilli have been 
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and to verify these at the genetic level. L. salivarius BFE 7441 possessed an erm(B) gene, 
which was encoded on the chromosome (Hummel et al, 2007). Probiotic lactobacilli of 
African and European origins were studied and compared for their susceptibility to 
antibiotics. Acquired resistance genes encoding aminoglycoside (aph(3’)-III, aadA, aadE) and 
tet(S) and erm(B) were detected (Ouoba et al, 2008). The potentially probiotic strain L. 
plantarum CCUG 43738, which displayed atypical phenotypic resistance to tetracycline and 
minocycline, was found to contain a tet(S) gene located on a plasmid of approximately 14 kb 
(Huys et al, 2006). 

3. Evidence of potential horizontal gene transfer of probiotic lactobacilli 
When probiotic strains enter the gut, they interact with the native microbiota and gene 
transfer can occur. Probiotics might contribute to the transfer of antibiotic resistance genes 
to other commensal bacteria or pathogens present in the GIT. The occurrence of large 
numbers of transferable resistance genes within the intestinal microbiota is undesirable due 
to the potential risk of acquisition by pathogens present in the GIT and subsequent antibiotic 
treatment failure (Licht & Wilcks, 2005). 
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Gevers et al, 2003b; Jacobsen et al, 2007; Sasaki et al, 1988; Schlundt et al, 1994). Studying the 
board-host-range conjugative plasmid pAMβ1, transfer was observed in vitro from 
lactobacilli (L. plantarum, L. reuteri, L. fermentum, and L. murinus) to other commensal 
bacteria (Ouoba et al, 2008; Tannock, 1987; Gasson & Davies, 1980; Shrago et al, 1986; West 
& Warner, 1985). In the diassociated model pAMβ1 has been transferred from L. reuteri to 
Enterococcus faecalis (Morelli et al, 1988). Interspecies conjugative transfer of tetracycline and 
erythromycin resistance plasmids from lactobacilli has been demonstrated previously in 
vitro (Gevers et al, 2003a; Ouoba et al, 2008; Feld et al, 2008). Recently, tetracycline-resistant 
L. paracasei strains were identified in samples of milk and natural whey starter cultures. A 
transposon Tn916 including tet(M) was transferred to E. faecalis in vitro (Devirgiliis et al, 
2009).  

Transfer has been demonstrated in the GIT of rodents, both gnotobiotic (Feld et al, 2008; 
Jacobsen et al, 2007; Morelli et al, 1988) and those having an indigenous gut microbiota (Feld 
et al, 2008; Jacobsen et al, 2007; Schlundt et al, 1994; McConnell et al, 1991; Gruzza et al, 1994; 
Igimi et al, 1996). In addition, the in vivo transfer of vancomycin resistance has recently been 
shown between enterococci and probiotic lactobacilli in gnotobiotic mice (Mater et al, 2008). 
Recent experiments of antibiotic resistance transferability in vivo were also conducted from 
L. plantarum to E. faecalis (Jacobsen et al, 2007). However, the potential contribution of 
lactobacilli to the acquisition and dissemination of antibiotic resistance genes in the human 
GIT is poorly addressed for both conjugative and non-conjugative resistance plasmids. 
Nevertheless, conclusive documentation of transfer in the GI from probiotic lactobacilli is 
lacking and therefore more studies need to be carried out. 

4. Systematic assessment of antibiotic resistance in probiotic lactobacilli  
Antibiotic-resistance screening for lactobacilli intended for use in dairy products such as 
probiotics or as starters is now tending to become systematic. The European Food Safety 
Authority (EFSA) has taken responsibility to launch the European initiative toward a 
“qualied presumption of safety” (QPS) concept which, similar to the GRAS system in the 
United States, is aimed to allow strains with an established history and safety status to enter 
the market without extensive testing requirements (European Commission, 2003). The QPS 
approach together with the recommendations of the FEEDAP panel of EFSA will give a 
framework for better decision making in safety assessments of antibiotic resistance (Figure 
1) (European Commission, 2005; European Food Safety Authority, 2008). 

In phenotypic methods, FEEDAP requires the determination of the MICs of the most 
relevant antibiotics for each bacterial strain that is used as a feed additive in order to 
eliminate the possibility of acquired resistances. Those microbiological breakpoints define a 
MICs which, if exceeded, triggers the need for a more extensive investigation to define the 
genetic basis of the observed resistance and to assess the risk for transfer of this resistance to 
other bacteria. In genotypic methods, the latest literature indicates that the search for 
acquired resistance genes using PCR-based techniques (Klare et al, 2007; Hummel et al, 
2007; Ouoba et al, 2008; Ammor et al, 2008; Devirgiliis et al, 2008; Fukao et al, 2009; Rizzotti 
et al, 2009; Comunian et al, 2010) or micro-arrays (Ammor et al, 2008) is a powerful tool to 
identify resistant LAB strains. 
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Fig. 1. Proposed scheme for the antibiotic resistance assessment of a bacterial strain 
(European Commission, 2005; European Food Safety Authority, 2008) 

In case of suspected acquired resistance or intrinsic resistance, transferability tests are 
optional. Conjugation can be detected with bacterial mating experiments. The suspected 
donor with an antibiotic resistant phenotype is mixed with a recipient strain sensitive to the 
respective antibiotic, and the transfer of the resistance is subsequently checked. Frequencies 
of 10-6 to 10-5 of transconjugant cells are usually the highest experimentally obtainable. If 
transferability of the resistance is proven, then the strain will not be considered for use in 
microbial products and further tests are superfluous. 

Systematic assessment of antibiotic resistance in some commercial probiotic lactobacilli have 
been reported previously (Table 1). L. rhamnosus GG (ATCC 53103) is a probiotic strain used 
in fermented dairy products in many countries. Studies have shown that the genes needed 
for vancomycin resistance in L. rhamnosus GG are not related to transferable enterococcal van 
genes and have not revealed any potential risks caused by the vancomycin resistance in this 
strain (Tynkkynen et al, 1998). The QPS approach was applied to determine the resistance of 
the probiotic strain Lactobacillus brevis KB290 that is used as a probiotic strain in fermented 
food products in Japan. The authors concluded from their investigation that the antibiotic 
resistance observed in L. brevis KB290 was due not to a potentially acquired mechanisms but 
to intrinsic resistance. It was concluded that according to the QPS criteria, these results 
provided safety assurance for the ongoing use of L. brevis KB290 as a probiotic (Fukao et al, 
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In phenotypic methods, FEEDAP requires the determination of the MICs of the most 
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eliminate the possibility of acquired resistances. Those microbiological breakpoints define a 
MICs which, if exceeded, triggers the need for a more extensive investigation to define the 
genetic basis of the observed resistance and to assess the risk for transfer of this resistance to 
other bacteria. In genotypic methods, the latest literature indicates that the search for 
acquired resistance genes using PCR-based techniques (Klare et al, 2007; Hummel et al, 
2007; Ouoba et al, 2008; Ammor et al, 2008; Devirgiliis et al, 2008; Fukao et al, 2009; Rizzotti 
et al, 2009; Comunian et al, 2010) or micro-arrays (Ammor et al, 2008) is a powerful tool to 
identify resistant LAB strains. 
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Fig. 1. Proposed scheme for the antibiotic resistance assessment of a bacterial strain 
(European Commission, 2005; European Food Safety Authority, 2008) 

In case of suspected acquired resistance or intrinsic resistance, transferability tests are 
optional. Conjugation can be detected with bacterial mating experiments. The suspected 
donor with an antibiotic resistant phenotype is mixed with a recipient strain sensitive to the 
respective antibiotic, and the transfer of the resistance is subsequently checked. Frequencies 
of 10-6 to 10-5 of transconjugant cells are usually the highest experimentally obtainable. If 
transferability of the resistance is proven, then the strain will not be considered for use in 
microbial products and further tests are superfluous. 

Systematic assessment of antibiotic resistance in some commercial probiotic lactobacilli have 
been reported previously (Table 1). L. rhamnosus GG (ATCC 53103) is a probiotic strain used 
in fermented dairy products in many countries. Studies have shown that the genes needed 
for vancomycin resistance in L. rhamnosus GG are not related to transferable enterococcal van 
genes and have not revealed any potential risks caused by the vancomycin resistance in this 
strain (Tynkkynen et al, 1998). The QPS approach was applied to determine the resistance of 
the probiotic strain Lactobacillus brevis KB290 that is used as a probiotic strain in fermented 
food products in Japan. The authors concluded from their investigation that the antibiotic 
resistance observed in L. brevis KB290 was due not to a potentially acquired mechanisms but 
to intrinsic resistance. It was concluded that according to the QPS criteria, these results 
provided safety assurance for the ongoing use of L. brevis KB290 as a probiotic (Fukao et al, 
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2009). In the PROSAFE project, probiotic lactobacilli displayed phenotypic resistance to 
tetracycline and/or erythromycin possessed erm(B) and/or tet(W), tet(M) or unidentified 
members of the tet(M) group. In vitro intra- and interspecies filter-mating experiments failed 
to show transfer of resistance determinants. L. reuteri ATCC 55730, a commercially available, 
well-documented a probiotic bacterium, has been shown to carry unusual resistances to 
tetracycline and lincosamides (Kastner et al, 2006). Deletion of the two plasmids was 
achieved by use of a protoplast-formation technique. BioGaia concluded that L. reuteri strain 
DSM 17938, except for the deletion of plasmids pLR581 and pLR585, was substantially 
equivalent to its parent strain L. reuteri ATCC 55730. Additionally, BioGaia concluded that 
the evidence demonstrating the safety of strain ATCC 55730 is equally applicable to strain 
DSM 17938 (Rosander et al, 2008). Hummel et al determined antibiotic resistances and to 
verify these at the genetic level according to the QPS system. L. salivarius BFE 7441 
possessed an erm(B) gene, which was encoded on the chromosome and which could not be 
transferred in lter-mating experiments (Hummel et al, 2007). Probiotic lactobacilli of 
African and European origins were studied and compared for their susceptibility to 
antibiotics. Acquired antibiotic resistance genes encoding aminoglycoside (aph(3’)-III, aadA, 
aadE) and tet(S) and erm(B) were detected. Only the erm(B) gene found in L. reuteri 12002 
could be transferred in vitro to enterococci (Ouoba et al, 2008).  

5. Whole genome based assessment of antibiotic resistance in probiotic 
lactobacilli 
Due to the growing availability of whole bacterial genome sequences, sequence-based 
identification approaches have in recent years been intensively explored for safety evaluation 
such as antibiotic resistance in probiotic lactobacilli. Commercial probiotic L. acidophilus NCFM 
and L. reuteri DSM 17938 were assessed with whole genome and no known acquired resistance 
genes were detected (Agency Response Letter GRAS Notice No. GRN 000357; (Heimbach, 
2008). Whole genome sequences were used to screen for acquired antibiotic resistance genes in 
lactobacilli strains which could be used in human nutrition (Bennedsen et al, 2011). 

Moreover the overall NCBI clusters of orthologous groups (COGs) analysis is recommended 
(Heimbach, 2008). The COG category V (termed defense mechanisms) consists of many 
COGs that may have a potential safety interest, such as antibiotic resistance (Heimbach, 
2008). Although it doesn’t imply that these genes in COG category V are involved in 
antibiotic resistance, it is recommended to be assessed that there is nothing unusual about 
the number of COGs belonging to category V and none of the each gene was a part of a 
detectable mobile element such as predicted transposase genes (Heimbach, 2008). The 
overall COG analysis of L. reuteri DSM 17938 with complete genomes revealed that several 
COGs belonging to category V were found (Heimbach, 2008). The data indicated that there 
was nothing unusual about the number of COGs belonging to category V among these 
strains. Further analysis of each of the genes revealed that no gene was clustered with 
complete transposons or ISs. Thus none of the genes was a part of a detectable mobile 
element (Heimbach, 2008). 

6. Conclusions 
In this context, probiotic lactobacilli are considered to pool the resistant genes and might 
transfer these to pathogenic bacteria. In order to eliminate this possibility, resistance to the 
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most relevant antibiotics for each strain used as probiotic lactobacilli, food or feed additives 
could be determined using the systematic QPS protocols. Moreover, due to the growing 
availability of whole bacterial genome sequences, sequence-based identification approaches 
have been enployed. These can be used to screen strains for unwanted genetic content such 
as antibiotic resistance. This screening supports normal safety assessment of probiotic 
lactobacilli. 
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1. Introduction  
Microbial resistance to antibiotics is a world-wide problem in human and veterinary 
medicine. It is generally accepted that the main risk factor for the increase in the antibiotic 
resistance is an extensive use of antibiotics. In fact, for the last 50 years, high levels of 
antibiotics are commonly used for treatment and prevention of infectious diseases in 
humans and animals. This led to emergence and dissemination of resistant bacteria and 
resistance genes in wild populations (Bogaard & Stobberingh 2000). The antimicrobial 
agents used in animal care are also significant, both in increasing resistance in animal 
pathogens, and in transmission of resistant bacteria from animals to humans. In part, this is 
due to the transfer of antimicrobial-resistant normal or commensal microflora of animals, via 
the food chain to humans. Several recent papers reported link between antibiotic use in food 
producing animals, emergence of antibiotic resistance in Salmonella, Escherichia coli, 
enterococci or Campylobacter in treated animals and transfer of these resistances to humans 
(or their resistance genes to human pathogens) via the food chain (Barton 2000; Angulo et al. 
2004). However, less attention was paid to potential for antibiotic use in aquaculture 
industries to compromise human health. In addition to transfer of resistant bacteria through 
consumption of contaminated fish and shellfish, there is substantial risk of environmental 
contamination due to practice of using medicated feeds to treat whole pens or cages. 

2. Antibiotic resistance in aquaculture 
Aquaculture around the Mediterranean basin has increased significantly to satisfy the 
demand for seafood, which cannot be met by wild fisheries harvesting as this is currently in 
a state of decline because of over-fishing, pollution and marine habitat destruction. Recent 
reports of the United Nations Food and Agriculture Organization (FAO), noted 
approximately more than 290.103 tons for the mainly species of marine fish farmed (sea bass 
and sea bream) and had previously estimated that half of the world’s seafood demand will 
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and sea bream) and had previously estimated that half of the world’s seafood demand will 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

514 

be met by aquaculture in 2020 (FAO, 2008). In Mediterranean aquaculture, the culture 
practices for most farmed fish species are mostly semi-intensive or intensive and a 
significant challenge to fish farming however is disease caused by bacteria such as 
Aeromonas sp., Vibrio sp., Pseudomonas sp. and Flavobacterium sp. Both prophylactic and 
therapeutic treatments utilize drug supplemented feeds to keep farmed fish free of diseases.  

Antibiotics such as oxytetracycline (OTC) and quinolone such as oxolinic acid (OA) are the 
most widely used in Mediterranean aquaculture in feed (Rigos & Troisi, 2005) and 
treatments discharge drugs directly into the marine environment, where they are relatively 
resistant to biodegradation. Rigos et al., 2004 found that 60-73% of the OTC and 8-12% of the 
OA administered to farmed sea bream were excreted with the faeces. Also, the results of 
ARMed (Antibiotic Resistance in the south-eastern Mediterranean) suggest existence of high 
resistances of bacteria particularly in the eastern region where the resistance in E. coli 
appears to be more important than in other Mediterranean countries. 

Previous reports noted that resistance emergence result directly from infections treatment 
with antibacterial drugs (Sorum 1998, 1999) and therefore limited their value in control of 
bacterial diseases of fish (Smith et al., 1994), apart from any public health concerns. 

Further, antibacterial drugs were shown to persist in animal tissues and in the sea, including 
the aquatic food chain (CIESM, 2004) and development of antibiotic resistance is direct 
consequence of drug pollution. Chelossi et al., 2003 found that antibiotics discharged 
through faeces or undigested feed, contributed to high incidences of quinolone, tetracyclin 
and penicillin-resistant benthic bacteria and caused a shift in structure of the benthic 
microbial assemblage next to fish farms. Moreover, a considerable increase in resistance to 
several antimicrobial drugs has been discovered in some species of Vibrio and Pseudomonas 
recovered from diseased farmed sea bream of south-western Spain (Zorilla et al., 2003).  

In Turkey, bacteria isolated from sea bass (Dicentrarchus labrax) showed a multidrug 
resistance to trimethoprim-sulfamethoxazole, cephalothin, tetracyclin and streptomycin 
suggesting that fish farms act as a reservoir of multidrug-resistant pathogenic bacteria such 
as Pseudomonas and Vibrio (Matyar, 2007). Considering the frequent usage of anti-bacterial 
drugs in Mediterranean fish farming, and serious problems of their rapid increase in 
resistance and transfer to non-target microflora including human and animal pathogens, 
there is an urgent need for monitoring drug contamination in aquatic environment and thus, 
the need for alternative techniques replacing drugs with effective and inexpensive 
probiotics which became increasingly evident and necessary to avoid resistance in fish 
farming sites and antibiotic residues in fish flesh destined for human consumption.  

In Tunisia, aquaculture fish industry was developed since 1989 and has highly increased 
during these last ten years and national production passed from 1566 tons in 2000 to 4468 
tons in 2009 with an increase in number of aquatic farms multiplied by about five. The 
production statistics in 2009 noted more than 2800 tons for marine fish farming. Regarded as 
a strategic activity that can support the fishing sector, aquaculture benefits in Tunisia of a 
particular interest mainly for the most two marine species farmed sea bass (Dicentrarchus 
labrax) and sea bream (Sparus aurata), which were undertaken in almost private farms.  

The evolution of antibiotic resistance of the main bacterial species of medical interest is 
subject to increased surveillance in Tunisia. Since 1999, the research laboratory on antibiotic 
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resistance (LAB MDT-03) established a system for monitoring bacterial resistance to 
antibiotics (L’Antibio - Résistance en Tunisie or LART). It includes four hospitals regularly 
monitoring the epidemiology of major bacterial species of medical importance and antibiotic 
resistance data collected are used in development of recommendations to antibiotic therapy 
(Boutiba et al., 2007). However, the problem of antibiotic resistance is underestimated in 
animal production including aquaculture and studies related are scarced. A study of 
pathogens vibrios isolated from sea bass showed a multi-resistance of Vibrio alginolyticus 
and Vibrio parahaemolyticus for almost antibiotics used and sensitivity was only 
demonstrated for furazolidone and chloramphenicol (Bakhrouf et al., 1995). Bouamama et 
al., 2001 isolated several multiresistant bacteria from mussel Mytilus galloprovincialis with 
resistance profiles to 12 different antibiotics in Aeromonas hydrophila and Propioni acnes. Vibrio 
alginolyticus was isolated from internal organs of sea bream and sea bass reared in two fish 
farms located in Tunisian coast. Multi-drug resistance to antimicrobial agents was detected, 
all the 34 strains tested were resistant to ampicillin, 31 strains were resistant to 
nitrofurantoïne and 12 were resistant to tetracycline (Ben Kahla-Nakbi et al., 2006). The most 
recent study of Rezgui et al., (2010) showed abundance of antibiotic resistant bacteria 
isolated mainly from gills and intestinal tract of sea bream and sea bass which belong to 
several species of the genus Pseudomonas, Aeromonas, Vibrio and Enterobacteriaceae and were 
resistant essentially to tetracyclin and penicillin (antibiotics commonly used respectively in 
veterinary and human clinical). 

3. Probiotics as alternative to antibiotics in aquaculture  
The increasing problems associated with infectious diseases in fish, the frequent usage of 
drugs for treatment and prevention of these diseases and the rapid increase in resistance to 
these antibiotics represent major challenges for this source of food production worldwide. 
Thus, replacing drugs with effective and inexpensive probiotics was became increasingly 
evident and necessary to avoid resistance in fish farming sites and antibiotic residues in fish 
flesh destined for human consumption (Vershuere et al., 2000; Balcazar et al., 2006; 
Rengpipat et al., 2008). 

3.1 Probiotics: definition and principles 

The term, probiotic, simply means “for life”, originating from the Greek words “pro” and 
“bios” (Gismondo et al., 1999). The most widely quoted definition was made by Fuller (1989). 
He defined a probiotic as “a live microbial feed supplement which beneficially affects the host 
animal by improving its intestinal balance”. This definition is still widely referred to, despite 
continual contention with regard to the correct definition of the term. Current probiotic 
applications and scientific data on mechanisms of action indicate that non-viable microbial 
components act in a beneficial manner and this benefit is not limited just to the intestinal 
region (Salminen et al., 1999). Besides, based on the intricate relationship an aquatic organism 
has with the external environment when compared with that of terrestrial animals, the 
definition of a probiotic for aquatic environments needs to be modified. Verschuere et al. 
(2000a) suggested the definition “a live microbial adjunct which has a beneficial effect on the 
host by modifying the host-associated or ambient microbial community, by ensuring 
improved use of the feed or enhancing its nutritional value, by enhancing the host response 
towards disease, or by improving the quality of its ambient environment”. 
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3.2 Different modes of action 

Several studies have demonstrated certain modes of probiotic action in effect in the aquatic 
environment. Bairagi et al. (2002) assessed aerobic bacteria associated with the 
gastrointestinal tract (GIT) of nine freshwater fish. They determined that selected strains 
produced digestive enzymes, thus facilitating feed utilization and digestion. Ramirez & 
Dixon (2003) reported on the enzymatic properties of anaerobic intestinal bacteria isolated 
from three fish species, showing the potential role a probiotic could play. In the paper of 
Bairagi et al. (2004) the benefit of adding B. subtilis and B. circulans to the diet of rohu, Labeo 
rohita, was shown. In the search to replace fish meal with leaf meal in fish feed, they found 
that addition of the two fish intestinal Bacillus spp. increased performance as judged by 
several factors (growth, feed conversion ratio, and protein efficiency ratio). They attributed 
this to the extracellular cellulolytic and amylolytic enzyme production by the bacteria. 
Although competition for adhesion sites has been widely suggested as a mode of action, 
there is little evidence in the literature to demonstrate this. Although for not direct 
attachment competition, Yan et al. (2002) demonstrated that production of antibiotic 
substances by two seaweed-associated Bacillus sp. was dependent on biofilm formation by 
the bacteria. This study highlighted a factor which might be important for some bacteria to 
be effective probiotics, i.e. surface attachment. Such observation concurred with Fuller's 
(1989) definition of a probiotic, i.e. the requirement for GIT colonization. It has been 
proposed that the mechanism of competitive exclusion for attachment sites could be given a 
distinct advantage via addition of probiotic bacteria during the initial egg fertilization steps 
of larviculture, thereby “getting in there first” (Irianto and Austin, 2002a). 

Several studies have attributed a probiotic effect to competition for energy sources (Rico 
Mora et al., 1998; Verschuere et al., 1999; Verschuere et al., 2000b). Beneficial growth and 
survival was found in Artemia sp. pre-exposed to nine strains of bacteria before challenge 
with V. proteolyticus (Verschuere et al., 1999). It was concluded that the effect was not caused 
by extracellular products, but required the live bacterial cell. Although it was not 
specifically tested, they hypothesized that the protective effect probably resulted from 
competition for energy sources and for adhesion sites.  

Itami et al. (1998) found that addition of Bifidobacterium thermophilum derived peptidoglycan 
to kuruma shrimp increased significantly their survival when they were challenged with V. 
penaeicida. They attributed this to an immunostimulatory effect, as the phagocytic activity of 
shrimp granulocytes was significantly higher in the treated shrimp compared with those of 
the control animals. Gullian et al. (2004) tested immunostimulation by a live Vibrio sp. (P62) 
and Bacillus sp. (P64), using V. alginolyticus as a positive control. They concluded that P64 
and V. alginolyticus were immunostimulants. A review by Smith et al. (2003) provided 
important information on the potential problems associated with immunostimulants in 
crustacean aquaculture. They argued that the prolonged use of immunostimulants was in 
fact detrimental to the host and that much more research was needed before their use 
during critical periods could be considered safe. 

Competition for iron has been reported as an important factor in marine bacteria 
(Verschuere et al., 2000a). Iron is needed by most bacteria for growth, but is generally 
limited in the tissues and body fluids of animals and in the insoluble ferric Fe3+ form 
(Verschuere et al., 2000a). Iron-binding agents, siderophores, allow acquisition of iron 
suitable for microbial growth. Siderophore production is a mechanism of virulence in some 
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pathogens (Gram et al., 1999). Equally, a siderophore producing probiotic could deprive 
potential pathogens of iron under iron limiting conditions. This was shown by Gram et al. 
(1999), who found that a culture supernatant of Pseudomonas fluorescens, grown in iron-
limited conditions, inhibited growth of V. anguillarum, whereas the supernatant from iron-
available cultures did not. 

Possibly the most studied mode of probiotic action in aquatic animals is the production of 
inhibitory substances. Currently, there are four methods commonly employed to screen for 
inhibitory substances in vitro; the double layer method, the well diffusion method, the cross-
streak method, and the disc diffusion method. All methods are based on the principle that a 
bacterium produces extracellular substance inhibitor to itself or another bacterial strain (the 
indicator). The inhibitory activity is displayed by growth increase of the producer culture in 
agar medium. 

This in vitro screening method has identified very good probiotics in aquaculture (Irianto & 
Austin, 2002b; Lategan and Gibson, 2003; Vaseeharan et al., 2004; Lategan et al., 2004a,b), 
with two major limitations for this approach. The first is that other modes of probiotic 
activity (e.g. immunostimulation, digestive enzymes production, competition for attachment 
site, or nutrients) will not be expressed in the laboratory on agar plate and, hence, a major 
source of potential beneficial action will be overlooked. The second drawback is that 
positive results in vitro fail to determine the real in vivo effect. 

3.3 Developing probiotics for aquaculture 

It has been widely published that a probiotic must possess certain properties (Verschuere et 
al., 2000a). These properties were proposed in order to aid in correct establishment of new, 
effective and safe products and included: 

1. The probiotic should not be harmful to the host it is desired for, 
2. It should be accepted by the host, e.g. through ingestion and potential colonization and 

replication within the host, 
3. It should reach the location where the effect is required to take place, 
4. It should actually work in vivo as opposed to in vitro findings, 
5. It should preferably not contain virulence resistance genes or antibiotic resistance genes. 

The future application for probiotics in aquaculture looks bright. There is an ever-increasing 
demand for aquaculture products and a similar increase in the search for alternatives to 
antibiotics. The field of probiotics intended for aquacultured animals is now attracting 
considerable attention and a number of commercial products are available.  

3.4 Probiotic strains studied in aquaculture 

Most probiotics proposed as biological control agents in aquaculture belong to the lactic acid 
bacteria (Lactobacillus and Carnobacterium), although other genera or species have also been 
studied, belonging to the genus Vibrio, to the genus Bacillus, or to the genus Pseudomonas, 
and also Aeromonas and Flavobacterium (Table 1). 

Within probiotic group, lactic acid bacteria (LAB) have been recognized for their 
fermentative ability as well as their health and nutritional benefits since they exert strong 
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3.2 Different modes of action 

Several studies have demonstrated certain modes of probiotic action in effect in the aquatic 
environment. Bairagi et al. (2002) assessed aerobic bacteria associated with the 
gastrointestinal tract (GIT) of nine freshwater fish. They determined that selected strains 
produced digestive enzymes, thus facilitating feed utilization and digestion. Ramirez & 
Dixon (2003) reported on the enzymatic properties of anaerobic intestinal bacteria isolated 
from three fish species, showing the potential role a probiotic could play. In the paper of 
Bairagi et al. (2004) the benefit of adding B. subtilis and B. circulans to the diet of rohu, Labeo 
rohita, was shown. In the search to replace fish meal with leaf meal in fish feed, they found 
that addition of the two fish intestinal Bacillus spp. increased performance as judged by 
several factors (growth, feed conversion ratio, and protein efficiency ratio). They attributed 
this to the extracellular cellulolytic and amylolytic enzyme production by the bacteria. 
Although competition for adhesion sites has been widely suggested as a mode of action, 
there is little evidence in the literature to demonstrate this. Although for not direct 
attachment competition, Yan et al. (2002) demonstrated that production of antibiotic 
substances by two seaweed-associated Bacillus sp. was dependent on biofilm formation by 
the bacteria. This study highlighted a factor which might be important for some bacteria to 
be effective probiotics, i.e. surface attachment. Such observation concurred with Fuller's 
(1989) definition of a probiotic, i.e. the requirement for GIT colonization. It has been 
proposed that the mechanism of competitive exclusion for attachment sites could be given a 
distinct advantage via addition of probiotic bacteria during the initial egg fertilization steps 
of larviculture, thereby “getting in there first” (Irianto and Austin, 2002a). 

Several studies have attributed a probiotic effect to competition for energy sources (Rico 
Mora et al., 1998; Verschuere et al., 1999; Verschuere et al., 2000b). Beneficial growth and 
survival was found in Artemia sp. pre-exposed to nine strains of bacteria before challenge 
with V. proteolyticus (Verschuere et al., 1999). It was concluded that the effect was not caused 
by extracellular products, but required the live bacterial cell. Although it was not 
specifically tested, they hypothesized that the protective effect probably resulted from 
competition for energy sources and for adhesion sites.  

Itami et al. (1998) found that addition of Bifidobacterium thermophilum derived peptidoglycan 
to kuruma shrimp increased significantly their survival when they were challenged with V. 
penaeicida. They attributed this to an immunostimulatory effect, as the phagocytic activity of 
shrimp granulocytes was significantly higher in the treated shrimp compared with those of 
the control animals. Gullian et al. (2004) tested immunostimulation by a live Vibrio sp. (P62) 
and Bacillus sp. (P64), using V. alginolyticus as a positive control. They concluded that P64 
and V. alginolyticus were immunostimulants. A review by Smith et al. (2003) provided 
important information on the potential problems associated with immunostimulants in 
crustacean aquaculture. They argued that the prolonged use of immunostimulants was in 
fact detrimental to the host and that much more research was needed before their use 
during critical periods could be considered safe. 

Competition for iron has been reported as an important factor in marine bacteria 
(Verschuere et al., 2000a). Iron is needed by most bacteria for growth, but is generally 
limited in the tissues and body fluids of animals and in the insoluble ferric Fe3+ form 
(Verschuere et al., 2000a). Iron-binding agents, siderophores, allow acquisition of iron 
suitable for microbial growth. Siderophore production is a mechanism of virulence in some 
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pathogens (Gram et al., 1999). Equally, a siderophore producing probiotic could deprive 
potential pathogens of iron under iron limiting conditions. This was shown by Gram et al. 
(1999), who found that a culture supernatant of Pseudomonas fluorescens, grown in iron-
limited conditions, inhibited growth of V. anguillarum, whereas the supernatant from iron-
available cultures did not. 

Possibly the most studied mode of probiotic action in aquatic animals is the production of 
inhibitory substances. Currently, there are four methods commonly employed to screen for 
inhibitory substances in vitro; the double layer method, the well diffusion method, the cross-
streak method, and the disc diffusion method. All methods are based on the principle that a 
bacterium produces extracellular substance inhibitor to itself or another bacterial strain (the 
indicator). The inhibitory activity is displayed by growth increase of the producer culture in 
agar medium. 

This in vitro screening method has identified very good probiotics in aquaculture (Irianto & 
Austin, 2002b; Lategan and Gibson, 2003; Vaseeharan et al., 2004; Lategan et al., 2004a,b), 
with two major limitations for this approach. The first is that other modes of probiotic 
activity (e.g. immunostimulation, digestive enzymes production, competition for attachment 
site, or nutrients) will not be expressed in the laboratory on agar plate and, hence, a major 
source of potential beneficial action will be overlooked. The second drawback is that 
positive results in vitro fail to determine the real in vivo effect. 

3.3 Developing probiotics for aquaculture 

It has been widely published that a probiotic must possess certain properties (Verschuere et 
al., 2000a). These properties were proposed in order to aid in correct establishment of new, 
effective and safe products and included: 

1. The probiotic should not be harmful to the host it is desired for, 
2. It should be accepted by the host, e.g. through ingestion and potential colonization and 

replication within the host, 
3. It should reach the location where the effect is required to take place, 
4. It should actually work in vivo as opposed to in vitro findings, 
5. It should preferably not contain virulence resistance genes or antibiotic resistance genes. 

The future application for probiotics in aquaculture looks bright. There is an ever-increasing 
demand for aquaculture products and a similar increase in the search for alternatives to 
antibiotics. The field of probiotics intended for aquacultured animals is now attracting 
considerable attention and a number of commercial products are available.  

3.4 Probiotic strains studied in aquaculture 

Most probiotics proposed as biological control agents in aquaculture belong to the lactic acid 
bacteria (Lactobacillus and Carnobacterium), although other genera or species have also been 
studied, belonging to the genus Vibrio, to the genus Bacillus, or to the genus Pseudomonas, 
and also Aeromonas and Flavobacterium (Table 1). 

Within probiotic group, lactic acid bacteria (LAB) have been recognized for their 
fermentative ability as well as their health and nutritional benefits since they exert strong 
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antimicrobial activities against many pathogenic microorganisms and were considered as 
harmless bacteriocin-producing strains which may act antagonistic against fish pathogens 
(Maugin & Novel, 1994; Ringo & Gatesoupe, 1998). Moreover, LAB were signalled as 
competing for nutrients or space with spoiling microorganisms due to their ability to 
produce organic acids, hydrogen peroxide, diacetyl and bacteriocins and therefore should 
be of applied interest for marine fish and shellfish food bio-preservation (Franz C. et al., 
2007).  

Animals tested Potential probiotic Pathogen tested or type of study 
 conducted 

Test method 

Gilthead sea bream 
 
Gilthead sea bream  
Atlantic cod  
Atlantic cod  
Atlantic salmon  
Atlantic salmon  
Atlantic salmon 
Atlantic salmon, 
rainbow trout 
Eel  
 
Eel.  
Eel  
Goldfish  
Indian major carp  
Nile tilapia  
 
Pollack  
 
Rainbow trout  
Rainbow trout  
Rainbow trout  
Rainbow trout  
Rainbow trout  
 
Rainbow trout  
Rainbow trout  
 
Rainbow trout  
Rainbow trout  
Rainbow trout  
Rainbow trout  
Rohu  
Sea bass  
Senegalese sole  
Silver perch  
Tilapia  
Turbot  
Turbot  
Turbot  
 

Cytophaga sp., Roseobacter sp., Ruergeria sp.,
 Paracoccus sp.,A. sp., Shewanella sp. 
V. spp., Micrococcus sp.  
Carnobacterium divergens 
Carnobacterium divergens 
Lactobacillus plantarum 
Carnobacterium sp. (K1) 
Ps. fluorescens 
Carnobacterium sp.  
 
Commercial product: Cernivet® LBC 
(Ent. Faecium SF68), Toyocerin® (B. toyoi) 
A. media 
A. media 
Dead cells of A. hydrophila 
B. subtilis 
Str. faecium, Lactobacillus acidophilus,  
Sacc. cerevisiae 
Commercial product: Bactocell (Pediococcus 
 acidilactici), Levucell (Sacc. cerevisiae) 
Ps.fluorescens 
Lactobacillus rhamnosus 
Ps. spp. 
A. hydrophila, V. fluvialis, Carnobacterium sp. 
Dead cells of A. hydrophila, V. fluvialis,  
Carnobacterium sp. 
Lactobacillus rhamnosus 
Commercial product: BioPlus2B (B. subtilis, 
 B. licheniformis) 
Lactobacillus rhamnosus 
Pediococcus acidilactici, Sacc. boulardii 
A. sobria 
Lactobacillus rhamnosus 
B. circulans, B. subtilis 
Debaryomyces hansenii, Sacc. cerevisiae 
V. spp., Ps. spp., Micrococcus sp. 
A. media 
Commercial product: Alchem Poseidon, Korea 
2 unidentified marine bacteria 
Marine bacteria 
Roseobacter spp., V. spp. 

Natural larval survival study 
 
L. anguillarum 
V. anguillarum 
V. anguillarum 
A. salmonicida 
V. anguillarum, A. salmonicida 
A. salmonicida 
V. anguillarum, V. ordalii,  
Y. ruckeri, A. salmonicida 
Ed. tarda 
 
Saprolegnia sp 
Saprolegnia parasitica 
A. salmonicida 
A. hydrophila 
Growth study 
 
Pollack growth study using  
enriched Artemia 
V. anguillarum 
A. salmonicida ssp. salmonicida  
(furunculosis) 
V. anguillarum 
A. salmonicida 
A. salmonicida 
Immune enhancement paper 
Y. ruckeri 
Natural immunostimulation measured 
Prevention of vertebral column  
compression syndrome 
L. garvieae, Str. iniae 
Natural immunostimulation measured 
Digestive enzyme study 
Digestive enzyme study 
V. harveyi 
Saprolegnia sp. 
Ed. tarda 
GIT colonization study 
Natural survival study 
V. anguillarum, V. splendidus, Psalt. 
sp. 

In vivo  
 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
 
In vivo  
 
In vitro and in vivo 
In vivo 
In vivo 
In vivo 
In vivo 
 
In vivo 
 
In vitro and in vivo 
- 
 
In vitro and in vivo 
In vitro and in vivo 
In vivo 
In vivo 
In vivo 
 
In vivo 
In vivo 
In vivo 
In vivo 
In vivo 
In vivo 
In vitro and in vivo 
In vivo 
In vivo 
In vivo 
In vivo 
In vitro and in vivo 
 

  
Table 1. Summary of research towards probiotics for finfish  

The LAB bacteriocin producer widespread in nature, and were isolated from several 
sources: dairy products, fermented sausages, vegetables, sillage, and mammalian gastro-
intestinal tract (Laukova et al., 1993; Kato et al., 1994; Giraffa, 1995; Ennahar et al.,1998). 
Recently, bacteriocin producing LAB were efficiently tested in attempt to improve aquatic 
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environment for both shrimp and fish aquaculture (Calo-Mata P et al., 2007; Chae-Woo et 
al., 2009). Among them, bacteria belonging to the genus Enterococcus are primarily 
associated with the indigenous human and animal gastrointestinal flora and are widely 
distributed, being found in air, water, sewage, soil and vegetation (J. Lukasova & A. 
sustackova, 2003). Although certain Enterococcus spp. have recently been associated with 
human nosocomial infections (Murray, 1998), a wide variety of enterococcal strains are 
increasingly being used as probiotics owing to their contribution to the healthy microflora of 
human mucosal surfaces. They have also been introduced into animal foods owing to their 
contribution to the health of farmed animals and as biological control agents in aquaculture 
(Calo-Mata P. et al., 2007). 

4. Probiotic development in aquaculture farming in Tunisia 
In Tunisia, fish farming of the two species sea bass (Dicentrarchus labrax) and gilthead sea 
bream (Sparus aurata) has significantly increased since a great benefit for such aquaculture 
which was threatened by microbial infections causing high mortalities at larval stages, and 
therefore decrease in farmed fish production. In addition, widespread use of antibiotics 
created an ecological problem for coastal ecosystems due to emergence of antibiotic resistant 
pathogen bacteria (Bouamama, 2001; Dellali, 2001; El Bour et al., 2001). Therefore, selection 
and use of probiotic bacteria capable of inhibiting pathogenic bacteria in sustainable way 
without ecosystem alteration would be a useful for specific farming problems. In this scope, 
for several years the INSTM team in Tunisia, in collaboration with the Department of 
Analytical Chemistry, Nutrition and Food Science, from the University of Santiago de 
Compostela in Spain were focusing in isolation and characterization of probiotic group, 
lactic acid bacteria (LAB) which were recognized for their fermentative ability as well as 
their health and nutritional benefits. 

The study aimed to investigate the occurrence and antibiotic resistance profiles of 
Enterococcus spp. associated to the skin and the gastrointestinal tract of farmed sea bass and 
sea bream, the main fish species with high economic value cultured in Mediterranean 
aquaculture. This was accomplished by phenotypic and genotypic analysis, the latter 
including 16S rRNA sequencing and RAPD-PCR analysis. Besides, and with a view to 
perform a preliminary screening of potential probiotic LAB, the strains were investigated in 
their ability to produce antibacterial compounds against spoilage and pathogenic bacteria.  

4.1 Methodology  

Gilthead sea bream (Sparus aurata) and European sea bass (Dicentrarchus labrax) were 
collected from a fish farm in Hergla (Aquaculture Tunisiènne, Monastir, Tunisia). Skin 
patches were excised and the intestinal content was removed by dissecting the fish, 
removing the intestine and squeezing out the contents. Eighty four LAB strains were then 
isolated and investigated. The phenotypic characterization of bacterial isolates was studied 
to determine their colony morphology, cell morphology, motility, Gram stain and the 
production of cytochrome oxidase and catalase. The phenotypic identification of LAB strains 
was carried out by means of miniaturized API 50 CH biochemical tests (BioMérieux, Marcy 
L’Etoile, France). The results of the identification tests were interpreted using the APILAB 
PLUS software (BioMérieux).  
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antimicrobial activities against many pathogenic microorganisms and were considered as 
harmless bacteriocin-producing strains which may act antagonistic against fish pathogens 
(Maugin & Novel, 1994; Ringo & Gatesoupe, 1998). Moreover, LAB were signalled as 
competing for nutrients or space with spoiling microorganisms due to their ability to 
produce organic acids, hydrogen peroxide, diacetyl and bacteriocins and therefore should 
be of applied interest for marine fish and shellfish food bio-preservation (Franz C. et al., 
2007).  

Animals tested Potential probiotic Pathogen tested or type of study 
 conducted 

Test method 

Gilthead sea bream 
 
Gilthead sea bream  
Atlantic cod  
Atlantic cod  
Atlantic salmon  
Atlantic salmon  
Atlantic salmon 
Atlantic salmon, 
rainbow trout 
Eel  
 
Eel.  
Eel  
Goldfish  
Indian major carp  
Nile tilapia  
 
Pollack  
 
Rainbow trout  
Rainbow trout  
Rainbow trout  
Rainbow trout  
Rainbow trout  
 
Rainbow trout  
Rainbow trout  
 
Rainbow trout  
Rainbow trout  
Rainbow trout  
Rainbow trout  
Rohu  
Sea bass  
Senegalese sole  
Silver perch  
Tilapia  
Turbot  
Turbot  
Turbot  
 

Cytophaga sp., Roseobacter sp., Ruergeria sp.,
 Paracoccus sp.,A. sp., Shewanella sp. 
V. spp., Micrococcus sp.  
Carnobacterium divergens 
Carnobacterium divergens 
Lactobacillus plantarum 
Carnobacterium sp. (K1) 
Ps. fluorescens 
Carnobacterium sp.  
 
Commercial product: Cernivet® LBC 
(Ent. Faecium SF68), Toyocerin® (B. toyoi) 
A. media 
A. media 
Dead cells of A. hydrophila 
B. subtilis 
Str. faecium, Lactobacillus acidophilus,  
Sacc. cerevisiae 
Commercial product: Bactocell (Pediococcus 
 acidilactici), Levucell (Sacc. cerevisiae) 
Ps.fluorescens 
Lactobacillus rhamnosus 
Ps. spp. 
A. hydrophila, V. fluvialis, Carnobacterium sp. 
Dead cells of A. hydrophila, V. fluvialis,  
Carnobacterium sp. 
Lactobacillus rhamnosus 
Commercial product: BioPlus2B (B. subtilis, 
 B. licheniformis) 
Lactobacillus rhamnosus 
Pediococcus acidilactici, Sacc. boulardii 
A. sobria 
Lactobacillus rhamnosus 
B. circulans, B. subtilis 
Debaryomyces hansenii, Sacc. cerevisiae 
V. spp., Ps. spp., Micrococcus sp. 
A. media 
Commercial product: Alchem Poseidon, Korea 
2 unidentified marine bacteria 
Marine bacteria 
Roseobacter spp., V. spp. 

Natural larval survival study 
 
L. anguillarum 
V. anguillarum 
V. anguillarum 
A. salmonicida 
V. anguillarum, A. salmonicida 
A. salmonicida 
V. anguillarum, V. ordalii,  
Y. ruckeri, A. salmonicida 
Ed. tarda 
 
Saprolegnia sp 
Saprolegnia parasitica 
A. salmonicida 
A. hydrophila 
Growth study 
 
Pollack growth study using  
enriched Artemia 
V. anguillarum 
A. salmonicida ssp. salmonicida  
(furunculosis) 
V. anguillarum 
A. salmonicida 
A. salmonicida 
Immune enhancement paper 
Y. ruckeri 
Natural immunostimulation measured 
Prevention of vertebral column  
compression syndrome 
L. garvieae, Str. iniae 
Natural immunostimulation measured 
Digestive enzyme study 
Digestive enzyme study 
V. harveyi 
Saprolegnia sp. 
Ed. tarda 
GIT colonization study 
Natural survival study 
V. anguillarum, V. splendidus, Psalt. 
sp. 

In vivo  
 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
In vitro and in vivo 
 
In vivo  
 
In vitro and in vivo 
In vivo 
In vivo 
In vivo 
In vivo 
 
In vivo 
 
In vitro and in vivo 
- 
 
In vitro and in vivo 
In vitro and in vivo 
In vivo 
In vivo 
In vivo 
 
In vivo 
In vivo 
In vivo 
In vivo 
In vivo 
In vivo 
In vitro and in vivo 
In vivo 
In vivo 
In vivo 
In vivo 
In vitro and in vivo 
 

  
Table 1. Summary of research towards probiotics for finfish  

The LAB bacteriocin producer widespread in nature, and were isolated from several 
sources: dairy products, fermented sausages, vegetables, sillage, and mammalian gastro-
intestinal tract (Laukova et al., 1993; Kato et al., 1994; Giraffa, 1995; Ennahar et al.,1998). 
Recently, bacteriocin producing LAB were efficiently tested in attempt to improve aquatic 
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environment for both shrimp and fish aquaculture (Calo-Mata P et al., 2007; Chae-Woo et 
al., 2009). Among them, bacteria belonging to the genus Enterococcus are primarily 
associated with the indigenous human and animal gastrointestinal flora and are widely 
distributed, being found in air, water, sewage, soil and vegetation (J. Lukasova & A. 
sustackova, 2003). Although certain Enterococcus spp. have recently been associated with 
human nosocomial infections (Murray, 1998), a wide variety of enterococcal strains are 
increasingly being used as probiotics owing to their contribution to the healthy microflora of 
human mucosal surfaces. They have also been introduced into animal foods owing to their 
contribution to the health of farmed animals and as biological control agents in aquaculture 
(Calo-Mata P. et al., 2007). 

4. Probiotic development in aquaculture farming in Tunisia 
In Tunisia, fish farming of the two species sea bass (Dicentrarchus labrax) and gilthead sea 
bream (Sparus aurata) has significantly increased since a great benefit for such aquaculture 
which was threatened by microbial infections causing high mortalities at larval stages, and 
therefore decrease in farmed fish production. In addition, widespread use of antibiotics 
created an ecological problem for coastal ecosystems due to emergence of antibiotic resistant 
pathogen bacteria (Bouamama, 2001; Dellali, 2001; El Bour et al., 2001). Therefore, selection 
and use of probiotic bacteria capable of inhibiting pathogenic bacteria in sustainable way 
without ecosystem alteration would be a useful for specific farming problems. In this scope, 
for several years the INSTM team in Tunisia, in collaboration with the Department of 
Analytical Chemistry, Nutrition and Food Science, from the University of Santiago de 
Compostela in Spain were focusing in isolation and characterization of probiotic group, 
lactic acid bacteria (LAB) which were recognized for their fermentative ability as well as 
their health and nutritional benefits. 

The study aimed to investigate the occurrence and antibiotic resistance profiles of 
Enterococcus spp. associated to the skin and the gastrointestinal tract of farmed sea bass and 
sea bream, the main fish species with high economic value cultured in Mediterranean 
aquaculture. This was accomplished by phenotypic and genotypic analysis, the latter 
including 16S rRNA sequencing and RAPD-PCR analysis. Besides, and with a view to 
perform a preliminary screening of potential probiotic LAB, the strains were investigated in 
their ability to produce antibacterial compounds against spoilage and pathogenic bacteria.  

4.1 Methodology  

Gilthead sea bream (Sparus aurata) and European sea bass (Dicentrarchus labrax) were 
collected from a fish farm in Hergla (Aquaculture Tunisiènne, Monastir, Tunisia). Skin 
patches were excised and the intestinal content was removed by dissecting the fish, 
removing the intestine and squeezing out the contents. Eighty four LAB strains were then 
isolated and investigated. The phenotypic characterization of bacterial isolates was studied 
to determine their colony morphology, cell morphology, motility, Gram stain and the 
production of cytochrome oxidase and catalase. The phenotypic identification of LAB strains 
was carried out by means of miniaturized API 50 CH biochemical tests (BioMérieux, Marcy 
L’Etoile, France). The results of the identification tests were interpreted using the APILAB 
PLUS software (BioMérieux).  
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Production of antibacterial activities was investigated, against a range of 39 pathogenic and 
spoilage microorganisms (Table2), to select potential producer strains. Detection of 
bacteriocin activity in LAB strains was screened by means of a standardized agar disk 
diffusion method.  

Code  Genus Species Origin
AmH01 Aeromonas hydrophila ATCC 7966 
BaC23  Bacillus cereus ATCC 14893 
BaP31 Bacillus pumilus ATCC 7061 
BaS05 Bacillus Subtilis ssp. Spizizenii ATCC 6633
BxT01 Brochotrix thermosphacta ATCC 11509 
CbD21 Carnobacterium divergens ATCC 35677
CbM01 Carnobacterium maltaromaticum LHICA collection 
EbA01 Enterobacter aerogenes ATCC 13048
EbC11 Enterobacter cloacae ATCC 13047 
HaA02 Hafnia alvei ATCC 9760 
KlOx11 Klebsiella oxytoca ATCC 13182 
KlP02 Klebsiella planticola ATCC 33531 
KlPn21 Klebsiella Pneumoniae ssp. pneumoniae ATCC 10031 
Lb30A Lactobacillus saerimneri LHICA collection 
MoM02 Morganella morganii ssp. morganii ATCC 8076H 
PhD11 Photobacterium damselae ATCC 33539 
PrM01 Proteus mirabilis ATCC 14153 
PrP11 Proteus penneri ATCC 33519 
PrV21 Proteus vulgaris ATCC 9484 
PsF12 Pseudomonas fluorescens ATCC 13525 
PsFr51 Pseudomonas fragi ATCC 4973
PsG21 Pseudomonas gessardii LHICA collection 
SrM53 Serratia marcescens ssp. marcescens ATCC 274
SyE21 Staphylococcus epidermidis ATCC 35983 
SyX11 Staphylococcus xylosus ATCC 29971
StM03 Stenotrophomonas maltophilia ATCC 13637 
59 Staphylococcus aureus ATCC 9144 
4521 Staphylococcus aureus ATCC 35845 
4032 Lysteria monocytogenes NCTC 11994 
1112 Lysteria monocytogenes 1112 LHICA collection 
CI34.1 Pseudomonas anguilliseptica Seabream*
ACR5.1(AS) Aeromonas salmonicida Turbot* 
CI52.1(VCI) Vibrio anguillarum Seabream* 
ACC30.1 Photobacterium damselae ssp. piscida Sole* 
V62 Vibrio anguillarum Seabream** 
VF Vibrio anguillarum Seabass*** 
AF Aeromonas salmonicida Seabass*** 
V90.11.287(V287) Vibrio anguillarum Seabass****
AH2 Pseudomonas fluorescens Lates niloticus****  

 * Strains provided by Pr. J. L. Romalde (Spain). ** Strain provided by Pr. G. Breuil (France). 
*** Strains provided by Pr. J. C. Raymond (France). **** Strains provided by Pr. L. Gram (Denmark).  

Table 2. Pathogenic and spoilage indicator microorganisms used to test the antibacterial 
activities of LAB isolates. 

Genetic characterization of producer LAB strains was then performed by PCR targeted to 
the 16S rRNA gene using the universal set of primers: p8FPL (forward: 5’-
AGTTTGATCCTGGCTCAG-3’) and p806R (reverse: 5’-GGACTACCAGGGTATCTAAT-3’), 
that yield a 800 bp PCR product of the 16S rRNA gene. The PCR products were purified and 
sequenced. The sequences were compared with others present in GenBank database. 
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Further genetic characterization of LAB isolates was performed by RAPD-PCR using 
primers M13 (5´-GAGGGTGGCGGTTCT-3´) (Andrighetto et al., 2004). To check 
reproducibility, all PCR assays were performed in triplicate. Each reaction we included a 
tube without template DNA as a negative control. 

The antibacterial sensitivity was determined by the agar diffusion method according to 
Chabbert (1982), using 16 antibiotics that were selected as representative of different classes 
of antimicrobial agents relevant in human and animal medicine (Penicillin G, Amoxicillin, 
Oxacilin, Cefoxitin, Ceftriaxon, Streptomycin, Tobramycin, Neomycin, Chloramphenicol, 
Tetracyclin, Oleandomycin, Nitrofurantoin, Trimethoprim-Sulphonamid, Rifampicin, 
Oxolinic acid and also Vancomycin). Based on the zones of inhibition a qualitative report of 
“susceptible”, “intermediate” or “resistant” can be determined for the tested bacteria 
according to French national guidelines (Comité de l’Antibiogramme de la Société Française 
de Microbiologie, 1996). 

4.2 Results and discussion 

Eighty four strains of LAB were isolated from both gastrointestinal content and skin of fish 
studied. All isolates were Gram-positive, catalase-negative, facultatively anaerobic and 
nonmotile chain-forming cocci. They were tested for assaying inhibitory production against 
39 Gram-positives and Gram-negatives bacteria, including pathogenic bacteria in 
aquaculture and others spoilage bacteria. 58 strains (69%) exhibited inhibitory activity 
against a large number of the indicator organisms investigated. Greater inhibition was 
observed against L. monocytogenes, S. aureus, A. hydrophila, A. salmonicida, V. anguillarum and 
Carnobacterium strains in comparison with the remaining indicators. The diameters of the 
inhibition halos were within the 7.5–18 mm range. Thus, we selected 35 highly producing 
strains that generated inhibitory zones with diameters between 12 and 18 mm.  

The results allowed the classification of the strains as belonging to the species E. faecium (29 
strains) and E. sanguinicola (6 strains) (paper under process) (Table3). Other studies, 
previously mentioned, also showed that the skin and gastrointestinal tract of various fish 
species contains lactic acid bacteria which produce antibacterial compounds able to inhibit 
the growth of several micoorganisms (Ringo 1999; Spanggaard B. et al., 2001; Rengpipat S. et 
al., 2008; Vijayabaskar P & Somasundaram S. T., 2008; Ringo, 2008). 

According to the results obtained, all the strains tested were resistant to at least three 
different antibiotics. The frequency of resistance to the various antimicrobials for all bacteria 
is presented in Fig. 1. Differences of resistance rates were noted for amoxicillin, oxacillin, 
cephalosporins (cefoxitin, ceftriaxon), aminosids (streptomycin, tobramycin and neomycin), 
macrolids (oleandomycin) and oxolinic acid. In contrast, phenicol, tetracyclin, rifampicin 
and trimethoprim-sulphamid were the most active antibiotics against the majority of the 
bacterial isolates (fig1).  

In fact, more than half (64.8%) of all the isolates were found to be resistant to amoxicillin and 
71.4% were resistant to oleandomycin, 78.1% to ceftriaxon, 80.1% to streptomycin and 85% 
to cefoxitin. Oxacillin resistance was found in 92.5% of the isolates and tobramycin and 
oxolinic acid resistance in 94.2%. Resistance to neomycin was found in 98.3% of the isolates. 
Resistance to chloramphenicol and trimethoprim-sulphamide was detected in 5.1% and 
2.2% of the isolates respectively, 8% of the isolates were found to be resistant to tetracyclin. 
Resistance to rifampicin was seen in 16.9% of the isolates  
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Production of antibacterial activities was investigated, against a range of 39 pathogenic and 
spoilage microorganisms (Table2), to select potential producer strains. Detection of 
bacteriocin activity in LAB strains was screened by means of a standardized agar disk 
diffusion method.  
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AH2 Pseudomonas fluorescens Lates niloticus****  

 * Strains provided by Pr. J. L. Romalde (Spain). ** Strain provided by Pr. G. Breuil (France). 
*** Strains provided by Pr. J. C. Raymond (France). **** Strains provided by Pr. L. Gram (Denmark).  

Table 2. Pathogenic and spoilage indicator microorganisms used to test the antibacterial 
activities of LAB isolates. 

Genetic characterization of producer LAB strains was then performed by PCR targeted to 
the 16S rRNA gene using the universal set of primers: p8FPL (forward: 5’-
AGTTTGATCCTGGCTCAG-3’) and p806R (reverse: 5’-GGACTACCAGGGTATCTAAT-3’), 
that yield a 800 bp PCR product of the 16S rRNA gene. The PCR products were purified and 
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and trimethoprim-sulphamid were the most active antibiotics against the majority of the 
bacterial isolates (fig1).  

In fact, more than half (64.8%) of all the isolates were found to be resistant to amoxicillin and 
71.4% were resistant to oleandomycin, 78.1% to ceftriaxon, 80.1% to streptomycin and 85% 
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Strains Fish Organ Identification Accession number 
UPAA 1 Sea bass GIT Enterococcus sanguinicola GU460379 
UPAA 4 Sea bass GIT Enterococcus faecium GU460381 
UPAA 7 Sea bass Skin Enterococcus faecium GU460383 
UPAA 11 Sea bream GIT Enterococcus faecium HQ450696 
UPAA 15 Sea bass Skin Enterococcus faecium GU460385 
UPAA 23 Sea bass GIT Enterococcus faecium GU460388 
UPAA 24 Sea bass GIT Enterococcus faecium GU460389 
UPAA 25 Sea bass GIT Enterococcus faecium GU460390 
UPAA 31 Sea bass Skin Enterococcus faecium GU460394 
UPAA 32 Sea bass GIT Enterococcus faecium GU460395 
UPAA 33 Sea bass GIT Enterococcus sanguinicola GU460396 
UPAA 34 Sea bream Skin Enterococcus faecium HQ450701 
UPAA 35 Sea bream GIT Enterococcus faecium HQ450702 
UPAA 37 Sea bass GIT Enterococcus faecium GU460398 
UPAA 39 Sea bream GIT Enterococcus faecium HQ450704 
UPAA 40 Sea bream GIT Enterococcus faecium HQ450705 
UPAA 44 Sea bream Skin Enterococcus faecuim HQ450706 
UPAA 45 Sea bream GIT Enterococcus faecuim HQ450707 
UPAA 53 Sea bass GIT Enterococcus faecium GU460402 
UPAA 54 Sea bass GIT Enterococcus faecium GU460403 
UPAA 56 Sea bass Skin Enterococcus faecium GU460404 
UPAA 57 Sea bass Skin Enterococcus sanguinicola GU460405 
UPAA 58 Sea bass Skin Enterococcus faecium GU460406 
UPAA 63 Sea bass GIT Enterococcus faecium GU460409 
UPAA 71 Sea bream GIT Enterococcus sanguinicola HQ450716 
UPAA 80 Sea bass GIT Enterococcus faecium GU460416 
UPAA 83 Sea bass Skin Enterococcus faecium GU460415 
UPAA 85 Sea bream GIT Enterococcus faecium HQ450721 
UPAA 89 Sea bream GIT Enterococcus faecium HQ450724 
UPAA 105 Sea bass GIT Enterococcus faecium GU460417 
UPAA 110 Sea bream GIT Enterococcus faecium HQ450730 
UPAA 111 Sea bass Skin Enterococcus faecium GU460420 
UPAA 113 Sea bass GIT Enterococcus sanguinicola GU460421 
UPAA 114 Sea bass GIT Enterococcus faecium GU460422 
UPAA 116 Sea bass Skin Enterococcus sanguinicola. GU460423 

 
 
Table 3. Antibacterial producing isolates 
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P: penicillin G; Ax: amoxicillin; Ox: oxacillin; Fox: cefoxitin; Cro: ceftriaxon; Str: streptomycin; Tob: 
tobramycin; N: neomycin; C: chloramphenicol; Te: tetracyclin; Ol: oleandomycin; Fm: furans; Sxt: 
trimethoprim-sulphamide; Ra: rifampicin; Ar: oxolinic acid; V: vancomycine. 

Fig. 1. Profiles of resistance obtained for the different enterococci isolates against the 16 
antimicrobial agents tested. 

Interestingly, all the strains were sensitive to vancomycin, penicillin and furans and were 
not haemolytic.  

Enterococci have been known to be resistant to most antibiotics used in clinical practice. 
Multidrug-resistant and vancomycin-resistant enterococci are commonly isolated from 
humans, animal sources, aquatic habitats, agricultural run-off which indicates their ability to 
enter the human food chain (Rice et al., 1995). They are naturally resistant to cephalosporins, 
aminoglycosides and clindamycin and may also be resistant to tetracyclins and 
erythromycin. They are intermediate sensitive to penicillin and ampicillin and 
glycopeptides. The strains that produce β-lactamase are rare and Vancomycin-resistant 
enterococci (VRE) are emerging as a global threat to public health. 

Enterococci are known to acquire antibiotic resistance with relative ease and to be able to 
spread these resistance genes to other species (Kuhn et al., 2000). Enterococcus faecalis has 
been reported to transfer plasmids harbouring antibiotic-resistance traits to other 
enterococci and to Listeria monocytogenes in water treatment plants (Marcinek et al., 1998). 
Enterococcus faecium conjugative transposons can be transferred from animal bacteria to 
human ones. Such conjugative trasposons can also transfer vancomycin resistance to 
Staphylococcus aureus, streptococci and lactobacilli.  

The extremely high level of antibiotic resistance observed in these bacteria has made them 
feared infectious agents in intensive care wards. Possible pathogenicity factors like 
hemolysins have been described. The most important species are E. faecalis and E. faecium, 
the first being more common in human illnesses, the second one (though less common in 
human infections) may pose a larger resistance threat (Huycke et al., 1998). 
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Multidrug-resistant and vancomycin-resistant enterococci are commonly isolated from 
humans, animal sources, aquatic habitats, agricultural run-off which indicates their ability to 
enter the human food chain (Rice et al., 1995). They are naturally resistant to cephalosporins, 
aminoglycosides and clindamycin and may also be resistant to tetracyclins and 
erythromycin. They are intermediate sensitive to penicillin and ampicillin and 
glycopeptides. The strains that produce β-lactamase are rare and Vancomycin-resistant 
enterococci (VRE) are emerging as a global threat to public health. 

Enterococci are known to acquire antibiotic resistance with relative ease and to be able to 
spread these resistance genes to other species (Kuhn et al., 2000). Enterococcus faecalis has 
been reported to transfer plasmids harbouring antibiotic-resistance traits to other 
enterococci and to Listeria monocytogenes in water treatment plants (Marcinek et al., 1998). 
Enterococcus faecium conjugative transposons can be transferred from animal bacteria to 
human ones. Such conjugative trasposons can also transfer vancomycin resistance to 
Staphylococcus aureus, streptococci and lactobacilli.  

The extremely high level of antibiotic resistance observed in these bacteria has made them 
feared infectious agents in intensive care wards. Possible pathogenicity factors like 
hemolysins have been described. The most important species are E. faecalis and E. faecium, 
the first being more common in human illnesses, the second one (though less common in 
human infections) may pose a larger resistance threat (Huycke et al., 1998). 
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In both species, the evolutionary development of resistance has been attributed to the 
possession of broad host range and extremely mobile genetic elements like conjugative 
plasmids and transposons. The molecular details of the structures and functions of these 
elements are fairly well studied and becoming understood (Clewell et al., 1995; Marra & 
Scott 1999). It is noteworthy that transcription of the transfer functions of Tn916 requiring 
excission of the element is dramatically increased in the presence of tetracyclin (Celli & 
Trieu-Cuot 1998). 

Therefore, antibiotic resistance, notably to vancomycin, and the presence of haemolysins as 
an indicator of potential pathogenecity, must be evaluated in these microorganisms, before 
they can be used as probiotics and/or food additives. 

The antimicrobial spectra observed for the Enterococcus species isolated included several 
genera indicating a broad spectrum of activity against Gram-positive but also Gram-
negative pathogenic and spoilage organisms. A number of earlier studies have also shown 
that several marine bacteria produce inhibitory substances that inhibit bacterial pathogens 
in aquaculture systems (Nogami & Maeda, 1992; Austin et al., 1995; Rengpipat et al., 1998; 
Gram et al., 1999; Chahad et al., 2007). The use of such bacteria to inhibit pathogens by 
release of antimicrobial substances is now gaining importance in fish farming as a better and 
more effective alternative than administering antibiotics to manage the health of these 
organisms (Vijayan et al., 2006). Spanggaard et al. (2001) reported that this antagonism was 
the most influential factor preventing the establishment of the exogenous bacteria and 
indicates that the antagonistic part of an indigenous flora may offer a significant 
contribution to the control of unwanted (pathogenic) bacteria. 

LAB isolated from the same environment on which they will be further used as bio-control 
cultures, ensure that these LAB strains are well ecological adapted. This fact is an important 
factor for their effectiveness as natural antimicrobial agents. The local results suggest the 
potential usefulness of the inhibitory-producing strains isolated from fish, as probiotics in 
aquaculture, in order to prevent bacterial infections caused by A. salmonicida, A. hydrophila 
and V. anguillarum which are the most common pathogenic bacteria isolated from the 
marine environment, causing high mortalities of fish and shellfish. Their inhibitory activities 
show some properties which make it potentially remarkable food preservatives.  

5. Conclusion  
In comparison with studies on impact of antibio-resistance on terrestrial food producing 
animals, those related to marine aquaculture enterprises still scarced. The present study 
supports the view that there is a risk of transfer of resistant bacteria to humans from 
consumption of aquaculture products. In Tunisian field, although there are no products 
registered for use in aquaculture, antimicrobial resistance resistance is present in isolates 
from aquaculture.. 

The extent of the resistance found and in particular the significant levels of multiple 
resistance are of concern. Follow-up studies are required to investigate the extent of 
antibiotic use in Tunisian aquaculture farms and environments and to determine the 
molecular basis of antimicrobial resistance to the different antibiotics, the potential for 
transfer of resistance genes from aquaculture isolates to human pathogens, some assessment 
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of the risk of transfer of resistant organisms (or genes) to humans via food chain and the 
threats imposed by environmental contamination with antibiotic resistant bacteria. 

The highly antibacterial producing Enterococcus strains isolated from both sea bream and sea 
bass which inhibit growth of pathogenic and spoiling bacteria should have a potential 
practical interest and offer a natural means for simultaneous application as probiotics 
and/or for preventing the development of Listeria in food stuffs.  
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1. Introduction 
Antibiotics have shown a proven efficiency profile in therapy against some infectious agents 
for several decades. Nevertheless, a large-scale spreading of antibiotics in the environment, 
and emergence of resistant or even multi-resistant pathogenic bacterial strains has become a 
general concern promise to even further increase. Besides therapeutic applications, 
antibiotics are often used as a selection pressure to avoid bio-contamination in production 
processes such as fermentation. In this particular context the problem can show two distinct 
facets: the antibiotic molecule itself, seen as a contaminant product in a given biological and 
the antibiotic resistance gene used as a selection marker. 

The increasing regulatory requirements to which biological agents are subjected will 
hopefully have a great impact in the field of industrial protein expression and production. 
There is an expectation that in a near future, there may be “zero tolerance” towards 
antibiotic-based selection and production systems. Besides the antibiotic itself, the antibiotic 
resistance gene is a major subject of consideration. The complete absence of antibiotic-
resistance gene being the only way to ensure that propagation in the environment or 
transfer of resistance to pathogenic strains will not happen.  

In order to address these issues, different and complementary approaches can be applied. 
The first would be to design more stable host/vector couples allowing to set-up and 
conduct fermentation processes in complete absence of antibiotics. A more achieved strategy 
would be to substitute the antibiotic-based selection by an alternative mean such as the 
complementation of an essential gene product, not expressed by the host or sophisticated 
post-segregational killing mechanism. 

For specific therapeutic agents or fields of application such as DNA vaccination or gene 
therapy the presence of an antibiotic resistance gene in the vector backbone is seen as 
undesirable to health authorities. In that case the problem is the possibility of horizontal 
transfer of antibiotic resistance to circulating microbial population. 

2. Current selection methods 
2.1 Different antibiotic-based systems 

Most commercialized vectors use antibiotic-based selection markers. Ampicillin and 
kanamycin resistance genes are two widely used selection markers. 
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Ampicillin resistance gene, AmpR also known as blaTEM1, is derived from Salmonella 
paratyphi. It allows the synthesis of the beta-lactamase enzyme, which neutralizes antibiotics 
of the penicillin group, such as ampicillin. Surprisingly, ampicillin that is the most popular 
selection marker used in research laboratories is in fact a very inefficient selection mean in 
liquid cultures. The antibiotic-resistance gene product, -lactamase, efficiently secreted into 
the culture supernatant rapidly eliminates the antibiotic, even if used at high concentration. 

Chloramphenicol is more rarely used, or for some specific applications, for instance, large 
plasmid or cosmid DNA amplification. The spectra of activity of this antibiotic being 
variable between true bactericidal and bacteriostatic effect according to the gram character 
or nature of the bacterial strain considered (Rahal and Simberkoff 1979). 

Kanamycin resistance gene, KanR also know as ntpII (neomycin phosphotransferase II) was 
initially isolated from the transposon Tn5 that was present in the bacterium strain Escherichia 
coli K12. The gene encodes the aminoglycoside 3'-phosphotransferase enzyme, which 
inactivates by phosphorylation a range of aminoglycoside antibiotics such as neomycin and 
kanamycin. 

2.2 Advantages and drawbacks 

Even if antibiotic resistance gene are widely use for DNA production and recombinant 
protein expression in bacteria, regulatory agencies tend to restrict their use because of 
potential horizontal transfer to environmental bacteria. Indeed, due to several mechanisms 
of gene transfer between bacteria, a potential risk of antibiotic resistance spread exists. 

3. Potential concern  
3.1 Safety issue 

Antibiotic resistance genes are the most commonly used selectable markers for plasmid 
production (i.e. for vaccine or therapeutic DNA or for production of recombinant proteins as 
biotherapeutics).To date, kanamycin resistance gene is the most commonly used as 
selectable antibiotic marker. Ampicillin resistance gene is not acceptable due to concerns for 
patients which have reactivity to -lactam antibiotics. Tetracyclin resistance gene is toxic for 
E.coli (Williams et al., 2009) 

The major issue is the horizontal genetic transfer of antibiotic resistance gene to prokaryotic 
organisms present in the environment for biotherapeutic production or in commensal flora.  

3.2 Horizontal transfer 

Horizontal genetic transfer (HGT) is the passage of genetic elements between organisms 
(Tuller et al., 2011). This HGT is a major driving force in bacterial evolution by facilitating 
the diversity of bacteria. An essential element in HGT is to determine which factors 
influence the fixation of transferred genes. Some of these factors have already been 
identified (Tuller et al., 2011) and correspond to the advantage conferred by the transferred 
gene, the toxicity of its product, the ability of the transferred gene to be integrated into the 
host genome and to be stabilized, the number of interactions of the transferred gene product 
and the compatibility of codon usage between the transferred gene and the host. Tuller et 
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al., 2011, have shown a correlation between the number of horizontally transferred gene 
with different organisms and the similarity between their tRNA pools. Moreover, organisms 
present in a same ecological environment have similar tRNA pools. These two points 
increase the probability of integration and fixation of a HTG into a new host genome.  

Acquisition of antibiotic resistance is one element of this evolution by HTG. For example, 
Datta and Kontomichalou in 1965 have shown the importance of the penicillin resistance 
transfer across the Enterobacteriaceae. More recently, acquisition of the virulence factors that 
distinguish Salmonella from Escherichia coli has been shown as the result of HTG 
(Wiedenbeck & Cohan, 2011).  

Moreover, one element favoring HTG is the length of DNA and this is the case with plasmid 
harboring antibiotic resistance gene used in recombinant protein (biotherapeutic) 
expression.  

These elements are potential concerns that have to be taken into account in production of 
therapeutics or vaccine plasmid products and of biotherapeutics to restrict safety issues.  

4. Regulatory point of view 
A large number of guidance for industry, have been released by the FDA. Among these 
some are directly applied to the use of antibiotic resistance marker genes in different 
contexts such as transgenic plants at large or crops for animal feed. Here we have 
deliberately decided to restrict our focus on vaccines and biological therapeutics. 

The market of “biotherapeutics”, derived from recombinant DNA technologies, is entering 
an exponential growing phase. As much as 34 monoclonal antibodies have been, to date, 
approved by the FDA for various therapeutic applications. Besides antibodies, other 
products such as next generation recombinant vaccines and gene therapy constructs are 
progressively invading new therapeutic areas. As a result of growth in existing markets and 
the opening of new opportunities, the global demand is largely projected to further increase. 
A direct consequence is a progressive adaptation and strengthening of the existing 
regulation. A reasonable expectation is a move towards a “zero tolerance” for antibiotic 
based selection in production systems. 

4.1 North American & European regulation 

As soon as in July 1993, the FDA drafted some points to consider in the characterization of 
cell lines used to produce biological products. 

‘Penicillin or other beta lactam antibiotics should not be present in production cell cultures. 
Minimal concentrations of other antibiotics or inducing agents may be acceptable [21 CFR 
610.15(c)]. However, the presence of any antibiotic or inducing agent in the product is 
discouraged.’ 

The WHO technical report series N° 878: “Requirements for the use of animal cells as in vitro 
substrates for the production of biologicals”, published in 1998 goes exactly in the same 
direction. 

‘Penicillin or other -lactam antibiotics shall not be present in production cell cultures. 
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Minimal concentration of other antibiotics may be acceptable. However the presence of any 
antibiotic in a biological process or product is discouraged.’ 

Over the years the recommendation became more precise or specific to some categories of 
biological products such as DNA vaccines. The potential issue of allergic responses to some 
classes of antibiotics is evoked, the necessity to document the trace amount of antibiotics in 
the final product clearly seen as mandatory. And finally appears an interesting allusion to 
novel strategies to replace antibiotic-based selection. 

In December 1996 FDA issued a draft guidance entitled - Points to Consider on Plasmid 
DNA Vaccines for Preventive Infectious Disease Indications 

‘Antibiotic resistance is commonly employed as a selection marker. In considering the use of an 
antibiotic resistance marker, CBER is advising manufacturers against the use of penicillin or 
other beta-lactam antibiotics as these antibiotics can, in certain individuals, result in allergic 
reactions ranging in severity from skin rashes to immediate anaphylaxis. When an antibiotic 
resistance marker is required in a plasmid DNA vaccine construct, CBER advises the use of an 
antibiotic such as kanamycin or neomycin. These aminoglycoside antibiotics are not extensively 
used in the treatment of clinical infections due to their low activity spectrum, prevalence of 
kanamycin-resistant bacteria, and their problematic therapeutic index with toxicities including 
irreversible ototoxicity and nephrotoxicity. Specifications for the level of antibiotic present in the 
final container should be established and should consider the minimum level of antibiotic that 
will give an unintentional clinical effect. The use of alternative antibiotic resistance markers or 
the use of suppressor tRNA genes in a plasmid construct intended as plasmid DNA vaccine 
should be discussed with CBER prior to full scale development of a new vaccine product.’ 

Several updates (2006 and 2009) of this guidance are accessible on the web. 

The EMEA is perfectly in line with its North American counterpart, as a matter of example, 
a 2001 guidance indicates: 

 ‘lack of expression in mammalian cells should be verified due to regulatory concerns’ 

This comment is an illustration of the concern applied to the antibiotic-resistance gene itself. 

In a draft review, released from the FDA in November 2004, it is clearly specified that the use 
of beta-lactams should be avoided or at least very clearly documented in terms of safety for the 
patient. This recommendation, even if not prohibitive, appears as extremely dissuasive.  

Content and Review of Chemistry, Manufacturing and Control (CMC) Information for 
Human Gene Therapy Investigational New Drug Application (INDs) 

‘Because some patients may be sensitive to penicillin, we recommend that you, a sponsor, do not 
use beta-lactam antibiotics during the manufacturing of a therapeutic product for humans. If 
beta-lactam antibiotics are used, we recommend that you take and describe precautions to 
prevent hypersensitivity reactions.‘ 

In a recent release from the FDA (October 23, 2009) dedicated to Vaccines, Blood & Biologics, 
entitled: Common Ingredients in U.S. Licensed Vaccines: Why are antibiotics in some vaccines? 

‘Certain antibiotics may be used in some vaccine production to help prevent bacterial 
contamination during manufacturing. As a result, small amounts of antibiotics may be present 
in some vaccines. Because some antibiotics can cause severe allergic reactions in those children 
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allergic to them (like hives, swelling at the back of the throat, and low blood pressure), some 
parents are concerned that antibiotics contained in vaccines might be harmful. However, 
antibiotics most likely to cause severe allergic reactions (e.g., penicillins, cephalosporins and 
sulfa drugs) are not used in vaccine production, and therefore are not contained in vaccines.’ 

In the issue of july 7th 2011 of: Common Ingredients in U.S. Licensed Vaccines, some 
comments on antibiotics used in vaccine manufacturing processes are somewhat moderated. 

‘Examples of antibiotics used during vaccine manufacture include neomycin, polymyxin B, 
streptomycin and gentamicin. Some antibiotics used in vaccine production are present in the 
vaccine, either in very small amounts or they are undetectable. For example, antibiotics are used 
in some production methods for making inactivated influenza virus vaccines. They are used to 
reduce bacterial growth in eggs during processing steps, because eggs are not sterile products. 
The antibiotics that are used are reduced to very small or undetectable amounts during 
subsequent purification steps. The very small amounts of antibiotics contained in vaccines have 
not been clearly associated with severe allergic reactions.’ 

4.2 Conclusion and future rules 

According to the above mentioned information: 

- It is not yet prohibited but strongly advised to avoid or minimize the use of any kind of 
antibiotics in cell or bacterial culture, 

- If antibiotics are used, it is mandatory to minimize their amount and to control for the 
presence of traces in the final product, 

- The rationale for the use of antibiotics must be clearly documented in the CTD 
- Penicillin, more generally -lactams and streptomycin must not be used in reason of 

potential concerns with hyper reactivity of some patients to antibiotics of the -lactam 
family 

- Kanamycin and neomycin are the preferred choice and still tolerated. 

The use of antibiotic resistance markers is generally discouraged, and if used the in vivo 
effect needs to be evaluated. 

There are specific mentions for the nature of the gene encoding resistance to kanamycin, as 
reviewed by Williams et al., (2009). The gene neomycin phosphotransferase III [npt-III, aph 
(3′)-III] should be avoided, since it also confers resistance to amikacin, a reserve antibiotic 
(EMEA, 2008).  

As a final comment it is easy to anticipate, what might be the future requirements from 
health authorities: constructs have to be completely devoid of antibiotic resistance genes in 
their final structure, even if in use at early stages of construction. Alternative solutions 
would be available and validated soon. 

5. Alternatives to antibiotics in bio-production 
5.1 Vector stabilization 

One aspect to be considered during recombinant biopharmaceutical expression is the 
stability of the plasmid used. More than 20 years ago, several studies on natural plasmids 
have highlighted that some plasmids naturally display regions necessary for their stability. 
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(EMEA, 2008).  

As a final comment it is easy to anticipate, what might be the future requirements from 
health authorities: constructs have to be completely devoid of antibiotic resistance genes in 
their final structure, even if in use at early stages of construction. Alternative solutions 
would be available and validated soon. 

5. Alternatives to antibiotics in bio-production 
5.1 Vector stabilization 

One aspect to be considered during recombinant biopharmaceutical expression is the 
stability of the plasmid used. More than 20 years ago, several studies on natural plasmids 
have highlighted that some plasmids naturally display regions necessary for their stability. 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

536 

Ogura & Higara,, 1983a, have shown that plasmid F, that exists only as one to two copies 
per chromosome and is stably inherited to daughter cells during cell growth, contains 
stabilization sequences. They did show that these sequences were independent from 
plasmid replication function. They first identify 3 regions essential for plasmid maintenance: 
SopA and SopB that acts in trans and SopC that acts in cis to stabilize the plasmid by probably 
interacting with cellular components. These authors also put in evidence that SopA, SopB 
and SopC were not sufficient for full stability of mini-F plasmid, and identified the ccd 
(control of cell death) region that seemed to control cell division when copy number 
carrying ccd segment decreases (Ogura & Higara, 1983b). The so-called ccd region is divided 
into two functional regions: ccdB, which product inhibits the host cell division and ccdA, 
which product is able to inhibit the ccdB function. Two years after, Jaffé et al., 1985, 
demonstrated that cell division is not immediately inhibited and that residual division could 
take place in the plasmid free-cells before finally being inhibited. Authors concluded that ccd 
region guarantees that plasmid carrying cells could grow preferentially in a population by 
killing plasmid free daughter cells, introducing the concept of post-segregational killing. 

Plasmid R1 has also been shown to contain a stabilization system (Gerdes et al., 1985). As for 
plamid F, the stabilization system is based on post segregational killing du to the parAB+ 
locus. This locus is composed of two genes Hok (Host killing) and Sok (suppression of 
killing). The translation of the Hok messenger, encoding a toxin lethal to the bacteria, is 
completely blocked by the anti-messenger Sok. In the absence of plasmid, Sok, which is less 
stable than Hok, is lost first, allowing the translation of the Hok mRNA and expression of 
the toxin lethal to the cell. 

Concerning plasmid maintenance, it has been shown that factors reducing mutlimerization 
of plasmid could increase plasmid stability (Summers & Sherratt, 1984). ColE1 plasmid 
contains a region, cer that seems to be necessary for a recombination event converting 
multimers to monomers, allowing the plasmid to be more stable. Multimer resolution is 
achieved through action of the XerCD site-specific recombinase at the cer site (see Figure 1). 
Cloning of the cer locus into various expression vectors has been extensively documented 
and the proof of principle largely established in high-cell density cultures. 

 
Fig. 1. Multimers resolution of high copy plasmids by XerC/D recombinase at cer locus. 

5.2 Genomic integration 

If mutation and deletion into E.coli genome are now widely used, it seems that genomic 
integration is not the preferred way to express a recombinant protein without antibiotic 
selection. However, some plasmid-free system have been described (see Figure 2). 
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Fig. 2. Establishment of a plasmid-free expression system, illustration adapted from 
Striedner et al., 2010. 

In 2009, a “plasmid-free T7-based E.coli expression system” has been developed by inserting 
a region of a pET plasmid into bacterial genome by λ Red recombination and P1 
transduction (Datsenko & Wanner, 2000, as cited in Striedner et al., 2010). The study 
compared protein expression between plasmid-based and plasmid-free expression system 
showing an improved protein production with chromosome-based system. This system also 
conferred a high stability and simple upstream processing as well as high flexibility in 
process design.(Striedner et al., 2010). 

More recently, Lemuth et al., 2011, reported the construction of the first plasmid-free E. coli 
strain that produces astaxanthin. This engineered E. coli strain harbors 5 heterologous 
biosynthetic genes from P. ananatis and one from N. punctiforme that are required for the 
formation of astaxanthin. Furthermore, a plasmid-free E.coli strain that accumulated 
astaxanthin as the exclusive carotenoid was engineered. This system presents many 
advantages compared to a plasmid-based strategy: a reduced metabolic burden, a better 
stability and obviously the absence of selection markers such as antibiotic resistance genes. 

5.3 Complementation of essential gene product and auxotrophy markers 

Essential gene complementation requires the engineering of a bacterial strain lacking an 
essential gene. The activity of the lacking gene product can be complemented by the culture 
medium or by transforming the bacteria with a plasmid having this gene as selection marker 
(see Figure 3).  

Several antibiotic-free selection systems are based on gene complementation. One of the first 
systems was based on dapD gene (Degryse, 1991). The dapD gene, which has a role in the 
lysine biosynthetic pathway as well as cell wall assembly, has been selected as a preferred 
candidate by several authors, knowing that mutations in the DAP pathway are lethal. The 
limitations, in that case, are the intrinsic difficulty in construction of a dapD mutant strain 
and the dependence towards defined culture media composition. 

Based on the same gene, a more elaborated strategy called “operator repressor titration” 
emerged in 2001. In this system, dapD gene is engineered in order to be under the control of 
lac Operon. When not supplemented with IPTG or DAP, dapD gene is not expressed 
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Fig. 3. Antibiotic-free selection system based on essential gene complementation. 

inducing bacterial death. When the strain is transformed by a lac operator containing multi 
copy plasmid, the operator competitively titrates the Lac I repressor and allows the 
expression of dapD from the lac promoter allowing bacterial growth. (Cranenburgh et al., 
2001 & 2004) 

Other essential genes have been selected for the same purpose, such as infA, coding for 
translation initiation factor 1 (IF1), an essential protein for cell viability. In 2004, Hägg et al. 
generated a strain in which the infA gene has been deleted by a plasmid-based gene 
replacement method. They used a plasmid encoding a functional IF1 as selection marker and 
show that the system is tightly regulated and that no cross feeding is observed since initiation 
factors released into the media from lysed cells are not absorbed by plasmid-free cells. 

The fabl essential gene has been used in an original way because of its property to reduce the 
E.coli susceptibility to triclosan when overexpressed. In this system, only plasmid containing 
cells overexpress fabl gene and can grow in presence of triclosan. Even if triclosan is a 
biocide, it is considered as non-antibiotic and regulatory agencies approve the use of 
triclosan for clinical use (Goh & Good, 2008). 

More recently, Dong et al., 2010, developed a novel antibiotic-free selection system based on 
complementation of host auxotrophy in the NAD synthesis pathway. NAD can be de novo 
synthesized from tryptophan and aspartate with the quinolinic acid phosphoribosyltransferase 
(QAPRTase) or synthesized using the salvage pathway according to different substrates such 
as nicotinamide. Authors constructed a bacterial strain depleted for QAPRTase gene that can 
only grow if the NAD synthesis pathway is complemented by addition of salvage pathway 
substrate or QAPRTase gene present on a plasmid. The results obtained with this novel 
selection system show that the QAPRTase seletion marker does not represent a metabolic 
burden for bacterial growth and the stability of all plasmid harboring this system were 100% 
in the ΔQAPRTase strain even after 6 days of continuous growth. In this study, reserchers 
went further by complementing for the first time in an antibiotic-free selection system a 
bacterial strain by a mammalian QAPRTase gene with success. 
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A strain is auxotrophic for one amino-acid if it carries a genetic mutation that renders it 
unable to synthesize the amino-acid. Such a strain will be able to grow only if the amino-
acid is present in the environment or if the functional gene product is expressed from a 
plasmid. Amino-acid auxotrophy markers had been investigated as novel antibiotic-free 
selection markers. 

In 2001, Fiedler & Skerra developed expression vectors containing the proAB gene, in order to 
complement their proline-auxotrophic K12 strain. Their aim was not to develop an antibiotic-
free selection system but to use their strain to obtain a better expression of recombinant 
antibody Fab fragment. For this reason, the plasmid-mediated complementation is used 
simultaneously with beta-lactamase selection to completely abolish plasmid loss during high 
scale fermentation. 

In 2008, Vidal et al. described a plasmid selection system, devoid of antibiotic resistance 
gene and based on glycine auxotrophy. Researchers generated an E.coli strain that contains a 
deletion in the glyA gene, which encode for serine hydroxymethyl transferase, an enzyme 
involved in glycine biosynthesis pathway in E.coli. This strain can grow fast on a defined 
media only if glycine is added to the culture medium or if the bacteria harbor a plasmid 
expressing a functional glyA gene. They show comparable amount of recombinant protein 
with their system compared to a classical beta-lactamase selection system. 

5.4 RNA-based antibiotic-free selection systems 

Several antibiotic-free selection strategies are based on RNA, using antisense or anti-
messenger properties or using suppressor tRNA. 

The principle of down regulating an essential gene upon plasmid loss has been exploited in 
a very original way for the design of new vectors for gene therapy (Mairhofer et al., 2008). 
The expression of the essential gene murA encoding an enzyme essential for the biosynthesis 
of cell wall is under control of the Tet repressor, TetR expression is inhibited by an RNA-
RNA antisense interaction with RNAI derived from plasmid origin of replication ColE1 (see 
Figure 4A). The major advantage of this system is that no additional sequence is required on 
the plasmid. (Pfaffenzeller et al., 2006; see figure 4B)  

In a recent paper, RNA based selectable marker, not restricted to ColE1 containing vectors is 
described (Luke et al., 2009). Briefly, a counter-selectable marker (sacB) levansucrase from 
Bacillus subtilis, under control of the RNA-IN promoter is integrated into the bacterial 
chromosome induces cell death in presence of sucrose. Plasmid maintenance is ensured by 
the presence of the plasmid-borne regulator RNA-OUT anti-messenger acting as a down 
regulator of the expression of levansucrase (see Figure 4C). 

Another vector system so-called pCOR, based on the complementation of an amber 
mutation using a suppressor tRNA, and conditional origin of replication has also been 
established (Soubrier et al., 1999). The original feature of the model is that an additional 
degree of refinement was introduced, since the dependence created between the host and 
the vector has become bilateral (see Figure 4D). 

Nevertheless, the requirement for a minimal medium for culture means these systems are 
more likely to be used for DNA production rather than recombinant protein over expression. 
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Fig. 4. RNA-based antibiotic-free systems. Illustration adapted from Pfaffenzeller et al., 2006; 
Luke et al., 2009 & Soubrier et al., 1999. 

5.5 Post-segregational killing 

Post-segregational killing is a mechanism by which plasmids are stably maintained by 
expressing a gene product that would be toxic to cells becoming plasmid-free upon division 
(see Figure 5). This mechanism, discovered on natural plasmid, has been used as selection 
system devoid of antibiotic. 

One of these systems, based on ccdA/ccdB genes has been proposed by Szpirer & 
Milinkovitch, 2005, and is commercialized by the Delphigenetics Company. ccdB gene is 
inserted into the bacterial genome of the E. coli strain BL21 (DE3) and encodes a stable 
protein (100 aa), binding gyrase, essential for cell division. Upon binding gyrase, the ccdB 
gene product impairs DNA replication and induces cell death. ccdA gene, plasmid-born, 
encodes an instable protein (90 aa) under control of the mob promoter, acting as a natural 
inhibitor of ccdB. It has been shown that after 20 generations on a non-selective medium 
100% of the bacteria still contain the plasmid. Two hours after induction, the plasmid is still 
present into all bacteria, which is not the case with a standard pET/BL21DE3 system. 
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Fig. 5. Antibiotic-free selection system based on Toxin/antitoxin post-segragational killing. 
Illustration adapted from Szpirer & Milinkovitch, 2005. 

To go further, Peubez et al. proposed in 2010 a system combining the ccdA/ccdB selection 
marker to the cer fragment to increase plasmid stability among long-term fermentation. 

Different toxin/antitoxin (TA) systems have been described and could allow the generation 
of novel antibiotic-free systems. In order to detect putative TA systems, Milinkovitch's team 
had developed an algorithm based on predefined similarities and TA-specific structural 
constraints (Guglielmini et al., 2008). 

Interestingly, this TA-based antibiotic-free selection system is starting to be adapted to 
mammalian cells selection. The toxin Kid (Killing determinant) and its antidote Kis (killing 
suppressor) have been used to control cell proliferation during expression of a recombinant 
protein in CHO-K1 cells (Nehlsen et al., 2010). If antibiotics are still used in this study, 
authors show that the TA strategy can significantly increase the recombinant protein 
expression level and could be a benefit for “difficult” to produce proteins. 

6. Additional benefits 
6.1 Recombinant protein production 

In many cases, especially for “difficult proteins” the yield of protein production has proven 
to be higher with antibiotic-free system compared to a conventional one. The presence of an 
antibiotic resistance gene can indirectly reduce the amount of expressed protein, since even 
in absence of selection pressure the gene would be transcribed and account for an additional 
stress for the host during the fermentation process. However, even if the yield of protein is 
not superior to a conventional system, the antibiotic-free systems remain interesting due to 
their biosafety. 

6.1.1 Plasmid stabilisation cer locus 

Most commonly used multicopy plasmids are unstable and are lost during culture. Plasmid 
stabilization and increased maintenance during a fermentation process can be considered as 
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a first step towards antibiotic starvation. Genetic elements allowing plasmid maintenance 
during cell division and limiting the probability of plasmid loss over generations should be 
considered. 

To stabilize the plasmid, the well–studied mechanism of site specific recombination of E.Coli 
plasmid ColE1 can be used. The 380 bp Cer fragment was inserted into the plasmid carrying 
the gene of interest and the multimers are resolved to monomers by the Xer recombinase. 
(Described in 5.1, see Figure 1) 

Tables 1 and 2 show the contribution of the cer fragment in increasing the plasmid 
maintenance over time is clearly established. The plasmid loss is dependant on the antigen 
expressed. 

79%3%23h

75%20%6h

100%25%4h

100%97%2h( IPTG added)

With cerPlasmid without cerCulture time

79%3%23h

75%20%6h

100%25%4h

100%97%2h( IPTG added)

With cerPlasmid without cerCulture time

 
Table 1. Example of Helicobacter pylori AlpA protein produced in erlen flask in absence of 
Kanamycin. 

 
Table 2. Example of Helicobacter pylori Urease produced in erlen flask in absence of 
kanamycin. 

6.1.2 ccdA/ccdB 

The combination of different genetic elements can allow an increased stability and 
antibiotic-free selection. In this case, the kanamycin resistant gene present on the vector 
backbone was eliminated by a restriction enzyme digestion and self–relegation.  

The selection system based on the couple poison (gene ccdB)/antidote:(gene ccdA), proposed 
by Szpirer & Milinkovitch, 2005, combined with the stabilizing element, the cer locus, was 
tested to express different recombinant proteins. 

- the poison gene (ccdB), inserted into the bacterial genome, encodes a stable protein (100 
aa), which is an inhibitor of the DNA replication capable to bind to the gyrase ( an 
essential protein for cell division). This interaction induces the cell death.  
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- the antidote gene (ccdA), localized on the plasmid under the control of a constitutive 
promoter, encodes for a small unstable protein (90aa) which neutralizes the effect of 
ccdB protein action. 
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Fig. 6. Protein production evaluation in 1 liter fermenter. 

Figure 6 shows a comparison of expression of the same protein with the kanamycin resistant 
gene (E. coli BL21/pM1816) and the antibiotic-free system (E. coli SE1/pSP1) without the 
kanamycin resistant gene and with the ccdA gene. Both have the cer element. Upon 
induction, the behavior of both systems is comparable but a clear increase in protein 
production is observed with the antibiotic-free system at the end of fermentation. 

6.1.3 Antibiotic resistance gene elimination 

Antibiotic-based selection, convenient for cloning steps, must be removed for production. 

Even if antibiotic selection pressure is not used during the fermentation process, removal of 
this antibiotic resistance marker is of major importance to prevent horizontal transfer in the 
environment. This is particularly true for vectors to be used in gene therapy or DNA 
vaccination protocols 
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a first step towards antibiotic starvation. Genetic elements allowing plasmid maintenance 
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Table 1. Example of Helicobacter pylori AlpA protein produced in erlen flask in absence of 
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Table 2. Example of Helicobacter pylori Urease produced in erlen flask in absence of 
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In order to overcome the problem of positive pressure of selection, a new apporach has been 
developed ensuring the elimination of the antibiotic-resistance gene through homologous 
recombination. In this model the ccdA locus is split into 2 parts, containing a common 
sequence, and cloned at the 5’ and 3’ regions flanking the antibiotic resistance gene (figure 
7). After digestion at a unique restriction site located inside the antibiotic selection marker 
and transformation of ccdB expressing cells with linear DNA, a fully functional ccdA would 
assemble through homologous recombination. Only bacteria containing a recombinant 
plasmid with a functional ccdA can grow upon transformation. 

6.1.4 Summary of different antibiotic-free systems 

System 
developed Mode of action Protein 

expressed 

Comments/
potential 

drawbacks
Ref article 

Plasmid-free 
system 

Chromosome 
based expression 

system 

GFP
Human 

superoxide 
dismutase(SOD)

Modified E coli 
strain, required 

Striedner et al., 
2010 

Fabl-triclosan Endogenous 
essential gene None Chemical Biocid 

utilisation 
Goh & Good, 

2008 
E. coli strain 
ΔQAPRTase 

gene 
Complementation EGFP Modified E coli 

strain, required Dong et al., 2010 

Pro BA Complementation Fab fragment 

Modified E coli
strain, required 

Presence of 
antibiotic 

Fiedler & Skerra, 
2001 

 

E coli strain 
ΔglyA 

Glycine 
auxotrophy RhuA 

Modified E coli 
strain, required. 

Comparable to the 
conventional system

Vidal et al., 2008 

RNA/RNA 
interference 

RNA/RNA 
interaction EGFP Modified E coli 

strain, required 
Pfaffenzeller et 

al., 2006 

RNA out RNA/RNA 
interaction 

EGFP 
HA vaccine 
candidate

 Luke et al., 2009 

pCOr 
Complementation 
of amber mutation
tRNA suppressor

Luciferase 

Modified E coli 
strain, and 

minimum medium 
required 

Soubrier et al., 
1999 

ccdA/ccdB Toxin/antitoxin 
AlpA/rEPA 

vaccine 
candidates

Modified E coli 
strain required 

Peubez et al., 
2010 

Kid/Kis Toxin/antitoxin EGFP Presence of 
antibiotic

Nehlsen et al., 
2010 
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6.2 DNA immunization and gene therapy 

Requirement can also be variable according to the nature of the therapeutic product, the 
presence of an antibiotic resistance gene, tolerated on a vector expressing a recombinant 
biopharmaceutical, will be totally undesirable on a gene therapy plasmid. 

Among systems described in paragraph 5, some have been developed especially for DNA 
vaccine production such as pCOR (Soubrier et al., 1989), RNA/RNA interference 
(Pfaffenzeller et al., 2006) and RNA out (Luke et al., 2009). 

To go further, Carnes et al., 2009, have proposed a combination of antibiotic-free selection 
system and an autolytic E.coli strain to improve both upstream and downstream processes. 
The antibiotic-free selection is based on RNA selectable marker described by Luke et al., 
2009 and the autolytic plasmid DNA extraction method uses integrated bacteriophage 
endolysin gene (λR), encoding a peptidoglycan hydrolase (lysozyme) enzyme to 
permeabilize the bacterial cell wall, and to selectively extract the plasmid DNA from the 
cells in an acetate buffer. Authors found that their autolytic strain allowed efficient plasmid 
DNA recovery, similar to alkaline lysis plasmid DNA purification. 

7. Conclusion and perspectives 
Antibiotic-free selection is a general and ultimate goal that can be reached by the 
implementation of various and combined approaches. An increasing knowledge of bacterial 
physiology will give access to comprehensive information on essential genes or pathways 
that would be an unlimited source of inspiration for the design of novel selection means.  

The major driver for the definition of antibiotic-free systems is an anticipation of fulfilling 
future recommendations from health authorities to overcome safety concerns. It is easy to 
imagine that, upon availability and functional validation, these alternative selection means 
will progressively gain the status of “preferred”, “strongly recommended” and finally 
“mandatory”. 

In addition to their safety profile, some antibiotic-free systems can give access to unexpected 
properties such as a marked increase in recombinant protein production or plasmid 
recovery.  

The complete elimination of any antibiotic resistance gene is, for different reasons, of critical 
importance for recombinant protein production, DNA immunization and gene therapy 
vectors.  

It is likely to think that upon validation at industrial scale, antibiotic-free selection might be 
an added value for biotherapeutics in terms of safety profile of the product and become an 
important element of the marketing strategy as well. A direct consequence would be the 
emergence of a new “gold standard”. 
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1. Introduction 
 Lactic acid bacteria (LAB) are a heterogeneous group of bacteria widely distributed in 
nature. These bacteria are found in gastrointestinal (GI) and urogenital tract of humans and 
animals; they are present on plant material, in milk and meat, and numerous fermented 
foods. Lactic acid bacteria have been associated with traditional dairy products, cereals, 
vegetable and meat fermented foods, due to their natural presence leading to spontaneous 
fermentation. They are also used as starter cultures in industrial food production, as well as 
in the production of probiotic products due to their potential health benefits to consumer. 
Milk and dairy products are the most examined food system for the delivery of probiotic 
bacteria to the human gut. The probiotic concept has progressed and is now in the focus of 
different research. Significant improvements have been made in selection and 
characterization of new cultures and their application in food production.  

The food products, which are produced by traditional methods, exhibit a rich biodiversity 
with the respect to bacterial contents. From these products, new probiotic strains with the 
potential functional properties can been isolated and selected. The selected strains have to 
be further characterized in order to be used in the food industry. Before the probiotics can 
benefit human health, they must fulfill several criteria including: a) scientifically validated 
health properties; b) good technological properties meaning that they can be manufactured 
and incorporated into food products without loosing viability, functionality and technological 
performance; c) high survival through the upper gastrointestinal tract and high viability at 
its site of action; d) antagonistic activity to pathogens; e) antibiotic susceptibility; and f) to be 
able to function in the gut environment. Bearing in mind importance of antibiotic resistance 
of LAB in food chain, antibiotic susceptibility of potential probiotic strains is a very 
important criteria for their selection. 

In the recent decade, releasing of antibiotics in biosphere seriously increased, leading to a 
strong selective pressure for the emergence and persistence of resistant LAB strains. Since 
LAB are naturally present in traditionally made fermented food and GI tract and are also 
added as starter culture or probiotic bacteria in industrial food production, concerns have 
been raised about the antibiotic resistance of these beneficial bacteria strains. Probiotic 
bacteria can help maintaining balance in gastrointestinal tract in cases of diarrhea caused by 
antibiotic treatment. However, there is high risk associated with the ability of these resistant 
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strains to transmit the resistance gene to pathogenic bacteria in gut microbiota. This can 
complicate the treatment of a patient with an antibiotic resistant bacterial infection or 
disease. The circulation of genes coding for antibiotic resistance from beneficial LAB in the 
food chain via animals to humans is a complex problem. Therefore, there is a need to evaluate 
the safety of potential probitic strains regarding their ability to acquire and disseminate 
antibiotic resistance determinants in selection of LAB. 

In this study, importance of LAB in the food chain will be reviewed. Morphological and 
biochemical characteristics of lactobacilli, bifidobactera and enterococci, as well as criteria 
for probiotic selection and role of probiotics in health benefit will be discussed. Antibiotic 
susceptibility as criteria for potential probiotic bacteria selection and mechanisms of gene 
transfers will be considered.  

2. Lactic acid bacteria in the GI tract 

The human GI tract represents a complex ecosystem in which interactions between food, 
microbes and the host cells occur. The bacterial population of normal gut of an adult 
comprise of more than 500 different species. The quantity of microbes present in the 
intestine (about 1014) exceeds 10-fold the total number of all human cells (Backhed et al., 
2005). The most important function of this intestinal microbiota is to act as a microbial 
barrier against pathogens, by so-called competitive exclusion mechanisms, but also 
influence the humoral and cellular mucosal immune responses during the neonatal phase of 
life, and thereafter to maintain a physiologically-normal steady-state condition throughout 
life (Tancrede, 1992). The gut microflora profoundly influences nutritional, physiologic and 
protective processes. Both direct and indirect defensive functions are provided by the 
normal microbiota. Specifically, gut bacteria directly prevent colonization by pathogenic 
organisms by competing for essential nutrients or for epithelial attachment sites. By 
producing antimicrobial compounds, volatile fatty acids, and chemically modified bile acids, 
indigenous gut bacteria also create a local environment that is generally unfavourable for the 
growth of enteric pathogens. This phenomenon is called Colonization Resistance, which can be 
defined as the ability of microorganisms belonging to the normal gut microflora to impede the 
implantation of pathogens (van der Waaij, 1988). This function of the microflora is also known 
as the barrier effect. While probiotic bacteria improve colonization resistance, consensus 
thinking is that the importance of LAB as probiotic agents lies more in the indirect 
mechanisms such as immunomodulation. When the genetic repertoire of these bacteria is 
considered, the GI tract translates into a reservoir of genes encoding numerous 
physiological functions from which the human GI tract can benefit. Bacteria represent the 
most extensively investigated group of microorganisms. Which species of bacteria will be 
long-term colonized in GI tract depends on the biochemical capability of the 
microorganisms, the microenvironment determined by the host cells and the available 
foodstuffs. Lactobacilli are probably the most well known representative of favourable 
microorganisms in GI tract. There is a number of species of lactobacilli reside in the human 
intestine in a symbiotic relationship with each other and with other microorganisms 
(Claesson et al., 2007). They are generally considered essential for maintaining gut 
microfloral health; however, it is the overall balance of the various microorganisms which is 
ultimately of most importance. 
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2.1 The composition of the GI tract 

The composition of the GI microflora undergoes considerable changes from the day of birth 
until adulthood. The GI tract of a normal fetus is sterile, but colonization begins 
immediately after birth and is influenced by the mode of delivery, the infant diet, hygiene 
levels and medication (Benett et al., 1986; Gronlund et al., 1999). During the first months of 
life diet has a significant influence on the development of the intestinal flora (Heavey & 
Rowland, 1999; Stark & Lee, 1982). Within one to two days facultative anaerobes 
predominate and create a reduced environment that allows the growth of strict anaerobes. 
Within three to four days, bifidobacteria appear and become predominant. The average 
number of bifidobacteria in breast-fed infants is 1010–1011 cfu/g. In formula fed infants, 
bifidobacteria have also been demonstrated to be a numerically important species, but they 
generally occur in lower numbers than in breastfed infants of the same age (Mountzouris et 
al., 2002). The predominance of beneficial bacteria in the gut microbiota of breast-fed infants 
is thought to result from the fermentation of oligosaccharides-non-digestible carbohydrates 
consisting of several linked monosaccharides (typically 3-10 simple sugars) in breastmilk 
(Agostoni et al., 2004). Oligosaccharides pass unabsorbed through the small intestine into 
the colon, where they are fermented by resident bifidobacteria to short-chain fatty acids and 
lactic acid, reducing the gut pH to approximately 5.7, thus providing the protection against 
enteric infections (Newburg, 2000, Coppa et al., 2004). In contrast, the gut microflora of 
formula-fed infants produces a different profile of short-chain fatty acids and a pH in the 
local microenvironment of approximately 7.0 (Ogawa et al., 1992). Infant faecal flora appears 
to be stabilized at 4 weeks of age and until weaning when introduction of solid foods takes 
place (Mountzouris et al., 2002). During weaning, bifidobacteria decrease by 1 log, the 
microbiota alters from infant-type to adult-type, and a remarkable proliferation of bacteroides, 
eubacteria, peptostreptococcaceae, and clostridia occur. The faecal flora of children closely 
resembles that of adults, where the numbers of bacteroidaceae, eubacteria, peptococcaceae, 
and usually clostridia outnumbered bifidobacteria, which constitute 5-10% of the total flora. 

An adult individual’s GI tract is extremely stable and it is very difficult to introduce new 
species. There are several factors that can alter the composition of the GI flora such as 
medications (especially antibiotics), diet, climate, aging, illness, stress, pH, infections, 
geographic location, and even race (Murphy et al., 2009). Thus it is not surprising to find out 
that the composition of the GI flora not only differs among individuals, but also differs during 
the life within the same individual. Furthermore, indigenous bacteria are not distributed 
randomly throughout the gastrointestinal tract but instead are found at population levels and 
in species distributions that are characteristic of specific regions of the tract.  

As shown in Figure 1, there are three main regions that offer very different conditions for 
the survival of various microorganisms in the GI environment. In the stomach, microbial 
growth is greatly reduced by the high acidity and presence of oxygen provided by the 
swallowing. As a result, in the stomach acidotolerant microorganisms and facultative 
anaerobes such as lactobacilli, streptococci, yeasts, etc. are present. In the second region 
(small intestine), the microflora consists mainly of facultative anaerobic bacteria such as 
lactobacilli, streptococci and enterobacteria, and anaerobes such as bifidobacteria, 
bacteroides and clostridia. In the last region (colon), the number of bacteria is considerably 
high, due to the low redox potential and relatively high concentration of short-chain fatty 
acid, and counts 109–1012 cfu/ml (Cummings et al. 1989). The colon has an important role in 
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food digestion, and microflora in this region participates in the transformation of many 
carbohydrates, proteins and amino acids. The microflora of the colon is very complex and 
dominated by anaerobic bacteria (Bacteroides spp., Clostridium spp, Bifidobacterium spp., etc), 
while the facultative anaerobic bacteria are less numerous and represented by lactobacilli, 
enterococci, streptococci and Enterobacteriaceae. Yeasts (eg., Candida albicans) are relatively 
poorly represented. 

 
Fig. 1. The average concentration of microorganisms in the GI tract (adapted from 
Ouwehand & Vesterlund, 2003) 

As part of gut microbiota, it is estimated that lactobacilli are present in following 
concentrations: 103–106 cfu/ml in the oral cavity; 103 cfu/ml in the stomach; 104 cfu /ml in 
the duodenum and jejunum; 108 cfu /ml in the ileum and 109 cfu /ml in the colon (Reuter, 
2001; Koll et al., 2008; Ryan et al., 2008). An overview of lactobacilli commonly found in the 
GI tract microbiota is shown in Table 1. 

Considering that lactobacilli and bifidobacteria constitute a significant population in the GI 
tract, this environment represents a good source for the isolation of new strains of LAB. 

3. Lactic acid bacteria as probiotic bacteria 
By definition probiotics are described as „living microorganisms, which upon ingestion in 
certain numbers, exert health benefits beyond inherent basic nutrition“ (Guarner & 
Schaafsma, 1998). Regarding the probiotics, the majority of research is focused on bacterial 
genera Lactobacillus and Bifidobacterium (Table 2). 

Small intestine 
104-108 cfu/ml 
Lactobacillus 
Streptococcus 
Enterobacteria 
Bacteroides 
Clostridum 

Stomach 
101-104 cfu/ml 
Helicibacter pylori, 
Lactobacillus  
Streptococcus  
Candida albicans 

Colon
109-1012 cfu/ml 
Bacteroides 
Bacillus 
Eubacterium 
Bifidobacterium 
Clostridium 
Peptococcus 
Peptostreptococcus 
Ruminococcus 
Actinomyces 
Lactobacillus 
Enterobacteriacae 
Enterococcus 
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Oral cavity Stomach Small intestine Faeces Colon epithelial 
biopsies 

L. paracasei L. gasseri L. gasseri L. gasseri L. plantarum 
L. rhamnosus L. reuteri L. reuteri L. paracasei L. rhamnosus 
L. fermentum L. ruminis L. rhamnosus L. ruminis L. paracasei 
L. plantarum   L. reuteri  
L. gasseri   L. plantarum  
   L. salivarius  
   L. sakei  

Table 1. Lactobacillus species distribution in different parts of the GI tract (Lönnermark, 2010) 
 

Lactobacillus sp. Bifidobacteriim sp. Enterococcus sp. Others 
L. acidophilus B. bifidum E. faecium Lactococcus lactis ssp. lactis 
L.plantarum B. infantis E. faecalis Lactococcus lactis ssp. cremoris 
L. casei B. adolescentis  Leuconostoc mesenteroides 
L. rhamnosus B. longum  Pediococcus acidilactici 
L. delbrueckii ssp. bulgaricus B. breve  Propionibacterium freudenreichii 
L. fermentum B. lactis  Streptococcus thermophilus 
L. johnsonii    
L. gasseri    
L. salivarius     
L. reuteri    

Table 2. Lactic acid bacteria used as probiotics (adapted from Gardnier et al., 2002) 

They have a reputation of health promoters and they have a significant role as probiotic 
bacteria in the production of different foods, particularly in the production of fermented 
dairy products. Central position of lactobacilli and bifidobacteria in probiotic formulation is 
argumented due to (a) the association of these bacteria with human health, (b) the fact that 
they possess the Generally Regarded As Safe (GRAS) status. Enterococci, although not 
GRAS organisms, have been used as probiotics too. Some other LAB such as lactococci, 
pediococci, Leuconostoc, propionibacteria have also received attention as potential probiotic 
cultures (Table 2). 

3.1 Lactobacillus 

The genus Lactobacillus is large heterogeneous group of microorganisms, which lacks 
catalase and cytochromes and is usually microaerophilic, with growth improved under 
anaerobic conditions (Kandler & Weiss, 1989). They are Gram-positive nonmotile rods, often 
in pairs or chains, coccobacilli to long rods. They have a strictly fermentative metabolism 
and convert glucose solely or partly to lactic acid. They are classified as homofermentative 
(producing mainly lactic acid) or heterofermentative (producing carbon dioxide, ethanol, 
acetic acid and lactic acid). The optimum growth temperature is in the mesophilic range (30-
40ºC), but some strains can grow below 15ºC and some at temperatures up to 55ºC. 
Differentiation of Lactobacillus species depends on physiological criteria, carbohydrate 
fermentation, biochemical and molecular characterization (Petrovic et al., 2006). Lactobacilli 
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Oral cavity Stomach Small intestine Faeces Colon epithelial 
biopsies 

L. paracasei L. gasseri L. gasseri L. gasseri L. plantarum 
L. rhamnosus L. reuteri L. reuteri L. paracasei L. rhamnosus 
L. fermentum L. ruminis L. rhamnosus L. ruminis L. paracasei 
L. plantarum   L. reuteri  
L. gasseri   L. plantarum  
   L. salivarius  
   L. sakei  

Table 1. Lactobacillus species distribution in different parts of the GI tract (Lönnermark, 2010) 
 

Lactobacillus sp. Bifidobacteriim sp. Enterococcus sp. Others 
L. acidophilus B. bifidum E. faecium Lactococcus lactis ssp. lactis 
L.plantarum B. infantis E. faecalis Lactococcus lactis ssp. cremoris 
L. casei B. adolescentis  Leuconostoc mesenteroides 
L. rhamnosus B. longum  Pediococcus acidilactici 
L. delbrueckii ssp. bulgaricus B. breve  Propionibacterium freudenreichii 
L. fermentum B. lactis  Streptococcus thermophilus 
L. johnsonii    
L. gasseri    
L. salivarius     
L. reuteri    

Table 2. Lactic acid bacteria used as probiotics (adapted from Gardnier et al., 2002) 

They have a reputation of health promoters and they have a significant role as probiotic 
bacteria in the production of different foods, particularly in the production of fermented 
dairy products. Central position of lactobacilli and bifidobacteria in probiotic formulation is 
argumented due to (a) the association of these bacteria with human health, (b) the fact that 
they possess the Generally Regarded As Safe (GRAS) status. Enterococci, although not 
GRAS organisms, have been used as probiotics too. Some other LAB such as lactococci, 
pediococci, Leuconostoc, propionibacteria have also received attention as potential probiotic 
cultures (Table 2). 
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in pairs or chains, coccobacilli to long rods. They have a strictly fermentative metabolism 
and convert glucose solely or partly to lactic acid. They are classified as homofermentative 
(producing mainly lactic acid) or heterofermentative (producing carbon dioxide, ethanol, 
acetic acid and lactic acid). The optimum growth temperature is in the mesophilic range (30-
40ºC), but some strains can grow below 15ºC and some at temperatures up to 55ºC. 
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play crucial role in the production of fermented foods: vegetables, meats and dairy 
products. Non starter lactic acid bacteria (NSLAB) are lactobacilli which form significant 
proportion of the microflora of most cheese varieties during ripening. Many species of 
mesophilic Lactobacillus have been isolated from cheese; the ones most frequently 
encountered are L. casei, L. paracasei, L. pantarum, L. rhamnosus and L. curvatus (Beresford et 
al., 2001). For example, L. plantarum, L. casei ssp. casei and L. brevis have been isolated from 
Armada cheese, a Spanish goat milk cheese (Herreros et al., 2003), L. plantarum, L. 
paraplantarum, L. paracasei ssp. tolerans, L. sake, L. curvaus and L. pentosus from Batzos, a 
traditional Greek cheese made from raw goat′ s milk (Psoni et al., 2003) and L. para.paracasei, 
L. plantarum, L. curvatus and L. brevis from Sjenica cheese, traditional Serbian white brined 
cheese (Radulović, 2010). Traditional homemade dairy products have great potential for 
isolation of new strains, which could be used as starter cultures in food industry, as adjunct 
cultures for improving flavour of cheeses, or as probiotic in production of functional foods. 

3.2 Bifidobacterium 

Species from the genus Bifidobacterium are generally characterized as Gram-positive, non-
spore forming, nonmotile and catalase negative. They are strict anaerobes, although some 
species and strains may tolerate oxygen in the presence of carbon dioxide. Within the genus 
Bifidobacterium pleomorphism exists and it is described as short regular, thin cells with 
pointed ends, long cells with slight bends with a large variety of branching; single or in 
chains of many elements; in star-like clusters or disposed in “V” or palisade arrangements 
(Scardovi, 1986). In bifidobacteria, glucose catabolism occurs through the fructose 6-
phosphate phodphoketolase pathway, which can be used as distinguishing feature of 
bifidobacteria. During fermentation, acetic and lactic acids are produced in molar ratios 3:2. 
The optimum temperature for growth is 31-41ºC within the range 25-45ºC. Bifidobacteria are 
less acid tolerant than lactobacilli and no growth occurs at pH values less than 4.5 (Scardovi, 
1986). Nutritional requirements for growth of bifidobacteria are less complex than those of 
lactobacilli, but in some cases bifidobacteria do require specific factors for optimal growth 
(Modler et al., 1990). Bifidobacteria are natural habitants of GI tract and strains with 
probiotic properties are mainly of human origin. Bifidobacterium species constitute a 
significant portion of probiotic cultures used in functional food production.  

3.3 Enterococcus 

Although lactobacilli and bifidobacteria are most commonly used as probiotics, some 
enterococci can also be used as health-promoting bacteria. Species E. faecium and E. faecalis 
have been used as probiotic bacteria, although they are not recognized as GRAS organisms. 
All species of genus Enterococcus are Gram-positive, non-spore forming, catalasa negative, 
facultative anaerobes. They are spherical or ovoid cocci in pairs or short chains. Their 
properties, such as the ability to grow at 10ºC and 45ºC in 6.5%NaCl and at pH 9.6 and their 
survival heating to 60ºC for 30 min, are used to differentiate enterococci from other Gram-
positive catalase-negative cocci (Franz et al., 1999). Enterococci are homofermentative with 
respect to glucose metabolism, although some amounts of formic and lactic acid may be 
produced in some media. As the other LAB, enterococci do require B vitamins, amino acids, 
purine and pyramidine bases for optimal growth (Garg & Mital, 1991).  

 
Antibiotic Susceptibility of Probiotic Bacteria 

 

555 

3.4 LAB associated with therapeutic properties 

In recent years an increasing number of probiotic pharmaceutical preparations as well as 
food supplements are being promoted with health claims. The application of LAB has been 
more developed for the production of functional foods, where probiotic bacteria have an 
important role. The commercial probiotic strains, used in functional food production, must 
be well-substantiated with scientific evidence.  

The health benefits of probiotic bacteria can be considered as nutritional or 
therapeutic/prophylactic. Nutritional benefits are mainly connected with their role in 
enhancing the bioavailability of vitamins and minerals, and an increase of the digestibility of 
protein (Tamime et al., 2003). Many researchers (Begley et al., 2006; Ouwehand et al., 2003; 
Rodrigeuz et al., 2010) investigated the therapeutic/prophylactic benefits of probiotics and 
confirmed their effects: 

- Prevention of diarrhoea caused by certain pathogenic bacteria and viruses; 
- Regulation of intestinal microflora after an antibiotic therapy; 
- Treating the infection with Helicobacter pylori, responsible for the development of 

gastritis, ulcers and gastric cancer; 
- Improvement of digestion in "lactose-intolerant" individuals, who have reduced 

capability for lactose digestion;  
- Anticancer effect, as a result of the production of certain compounds during its growth;  
- Reducing cholesterol levels;  
- Stimulation of -interferon production, which contributes to increased resistance to 

some infections;  
- Increasing antibody titar (IgG immunoglobulins), which enhances the immune 

response of an organism; 

Health effects are related to microflora modification and strengthening of the gut mucosal 
barrier. Some scientific data indicated that probiotic strains have potential in the prevention 
and treatment of intestinal and urogenital infections and these cultures may be useful as an 
alternatives to antibiotic therapy. The World Health Organization (WHO) has recommended 
the reconsideration of microbial interference therapy for infection control (Bengmark, 1998). 
Certain probiotic strains have been shown multiple effects including prevention of pathogen 
attachment and invasion in cell culture, inhibiting of the growth of enteropatogens in vitro 
and enhancement the immune response. Considering thee effects, the usage of probiotics 
may decrease antibiotics dependence. Fooks et al., (1999) have suggested that probiotic 
bacteria can control the infection in several ways such as the competition for nutrients, 
secretion of antimicrobial substances, reduction of pH, blocking of adhesion sites, reduction 
of virulence, blocking of toxin receptor sites, immune stimulation and suppression of toxin 
production.  

Infections by bacterial or viral agents most frequently result in diarrhea. One of the most 
investigated probiotic, L.rhamnosus GG, has been very effective in the treatment of viral 
diarrhea in children, most cases of which were caused by rotavirus. Other probiotic strains 
such as Lactocacillus casei Shirota, B. bifidum and S. thermophillus have also been shown to be 
effective in the treatment and prevention of rotavirus diarrhea in children (Korhonen, et al., 
2007; Saavedra et al., 1994). 
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3.4 LAB associated with therapeutic properties 

In recent years an increasing number of probiotic pharmaceutical preparations as well as 
food supplements are being promoted with health claims. The application of LAB has been 
more developed for the production of functional foods, where probiotic bacteria have an 
important role. The commercial probiotic strains, used in functional food production, must 
be well-substantiated with scientific evidence.  

The health benefits of probiotic bacteria can be considered as nutritional or 
therapeutic/prophylactic. Nutritional benefits are mainly connected with their role in 
enhancing the bioavailability of vitamins and minerals, and an increase of the digestibility of 
protein (Tamime et al., 2003). Many researchers (Begley et al., 2006; Ouwehand et al., 2003; 
Rodrigeuz et al., 2010) investigated the therapeutic/prophylactic benefits of probiotics and 
confirmed their effects: 

- Prevention of diarrhoea caused by certain pathogenic bacteria and viruses; 
- Regulation of intestinal microflora after an antibiotic therapy; 
- Treating the infection with Helicobacter pylori, responsible for the development of 

gastritis, ulcers and gastric cancer; 
- Improvement of digestion in "lactose-intolerant" individuals, who have reduced 

capability for lactose digestion;  
- Anticancer effect, as a result of the production of certain compounds during its growth;  
- Reducing cholesterol levels;  
- Stimulation of -interferon production, which contributes to increased resistance to 

some infections;  
- Increasing antibody titar (IgG immunoglobulins), which enhances the immune 

response of an organism; 

Health effects are related to microflora modification and strengthening of the gut mucosal 
barrier. Some scientific data indicated that probiotic strains have potential in the prevention 
and treatment of intestinal and urogenital infections and these cultures may be useful as an 
alternatives to antibiotic therapy. The World Health Organization (WHO) has recommended 
the reconsideration of microbial interference therapy for infection control (Bengmark, 1998). 
Certain probiotic strains have been shown multiple effects including prevention of pathogen 
attachment and invasion in cell culture, inhibiting of the growth of enteropatogens in vitro 
and enhancement the immune response. Considering thee effects, the usage of probiotics 
may decrease antibiotics dependence. Fooks et al., (1999) have suggested that probiotic 
bacteria can control the infection in several ways such as the competition for nutrients, 
secretion of antimicrobial substances, reduction of pH, blocking of adhesion sites, reduction 
of virulence, blocking of toxin receptor sites, immune stimulation and suppression of toxin 
production.  

Infections by bacterial or viral agents most frequently result in diarrhea. One of the most 
investigated probiotic, L.rhamnosus GG, has been very effective in the treatment of viral 
diarrhea in children, most cases of which were caused by rotavirus. Other probiotic strains 
such as Lactocacillus casei Shirota, B. bifidum and S. thermophillus have also been shown to be 
effective in the treatment and prevention of rotavirus diarrhea in children (Korhonen, et al., 
2007; Saavedra et al., 1994). 
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Antibiotic-associated diarrhea (AAD) is a major clinical problem that occurs following 
antibiotic use. The most serious form of this kind is pseudomembranous colitis. Diarrhea is 
caused by pathogen overgrowth and in 20% cases the etiological agent is Clostridium difficile, 
a pathogen that is especially persistent and difficult to treat (Lewis & Freedman, 1998). 
Antibiotics are often used to treat for pseudomembranous colitis or other AAD, although 
the relapse may occurs when the probiotic therapy may be especially useful. Oral therapy 
with L. rhamnosus GG was effective in the prevention of AAD, in treatment of colitis, as well 
as in traveller's diarrhea (Shah, 2007). A combination of B. bifidum, S. thermophilus, L. 
delbrueckii spp. bulgaricus and L. acidophilus have been also effective in the prevention of 
traveller's diarrhea (Black et al., 1989).  

On the other hand, many studies have shown no effect of probiotic treatment (Lewis & 
Freedman, 1998). There is still some doubts regaring the quality and efficacy of probiotic 
products. Nevertheless, the probiotic food industry is flourishing. In many European 
counties the market is expanding resulting in sell of probiotic yogurts that account for over 
10% of all yogurts sold in Europe (Stanton et al., 2001).  

4. Criteria associated with probiotic bacteria 
Consortium of LAB constitute a major part of the natural microflora of human intestine and 
when present in sufficient numbers create a healthy equilibrium between beneficial and 
potentially harmful microflora in the gut (Dune et al., 2001). For some positive effects on 
human health, a probiotic strain has to reach the large intestine at a concentration of about 
107 viable cells/g (Stanton et al., 2001). Microorganisms ingested with food begin their 
journey to the lower intestinal tract via the mouth and are exposed during their transit 
through the GI tract to successive stress factors that influence their survival. The time from 
entrance to release from the stomach is about 90 min, but further digestive processes have 
longer residence times (Berrada et al., 1991). Probiotic bacteria must overcome physical and 
chemical barriers in the GI tract, especially acidic environment of the stomach, and then the 
activity of hydrolytic enzymes and bile salts in the small intestine. In a typical acid tolerance 
tests, the viability of potential probiotic organisms is determined by exposing them to low 
pH in a buffer solution or medium for a certain period of time, during which the number of 
surviving probiotic bacteria is determined. The generally requirements for probiotics are 
shown in Table 3. 
 

Acid and bile stability 
Adherence to human intestinal cells 
Ability to reduce the adhesion of pathogens to surfaces 
Colonization of human GI tract 
Antagonism against carcinogenic and pathogenic bacteria 
Production of anti-microbial substances 
Survive the various technological processes of production 
Safety evaluation: nonpathogenic, nontoxic, nonallergic, nonmutagenic 
Desirable metabolic activity and antibiotic resistance/sensitivity 
Clinically validated and documented health effects 

Table 3. The desired properties of probiotic strains (adapted from Mattila & Sarraela, 2000) 
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Bile plays an essential role in lipid digestion; it emulsifies and solubilizes lipids and 
functions as biological detergent. Prior to secretion into the duodenum, bile acids, which are 
synthesized from cholesterol, are conjugated to either glycine or taurine in liver (Begley et 
al., 2006). In the colon conjugated bile undergoes to the various chemical changes including 
deconjugation, dehydroxylation, dehydrogenation, and deglucuronidation, almost solely by 
microbial activity (Begley et al., 2006). Bile reduces the survival of bacteria by destroying 
their cell membranes, whose major components are lipids and fatty acids and these 
modifications may affect not only the cell permeability and viability, but also the 
interactions between the membranes and the environment. Bile salt hydrolases (BSHs) are 
generally intracellular, oxygeninsensitive enzymes that catalyze the hydrolysis of bile salts 
(Liong & Shah, 2005). A number of BSHs have been identified and characterized in probiotic 
bacteria (Franz et al., 2001a).  

The adhesion ability as well as interaction with pathohens is regarded as important selection 
criteria for potential probiotic strains (Salminen et al. 2010). Adhesive properties of LAB 
depend on a variety of factors, including non-specifc adhesion determined by electrostatic 
or hydrophobic forces and specific binding dependent on particular molecules. To examine 
the adhesive property of LAB, several models have been developed. These include binding 
to tissue culture cells (Tuomola & Salminen, 1998), radiolabelling (Bernet et al., 1993), 
intestinal mucus (Ouwehand et al., 2001), extracellular matrix proteins (de Leeuw et al., 
2006) and resected colonic tissue (Vesterlund et al., 2005). Although none of these models 
reflect the complex interactions occurring in the mucosal layer of the digestive tract, they 
represent a rapid method for the screening of potential probiotic strains. 

Other functional property used to characterize probiotics is the production of antimicrobial 
compounds. Several antimicrobial substances that have considerable advantages in 
competition with pathogens and other harmful bacteria are produced by LAB (Klare et al., 
2007; Radulović et al., 2010a). These substances include fatty acids, organic acids, hydrogen 
peroxide, and diacetyl, acetoin and the most studied inhibitory peptides called ‘bacteriocins’ 
(Todorov et al., 2011). The ability of probiotics to establish in the GI tract is enhanced by 
their ability to eliminate competitors. Some examples of antimicrobial substances produced 
by probiotic bacteria are presented in Table 4. 
 

Probiotic Compaund 
Lactobacillus GG Wide spread antibiotic 
L. acidophilus Acidolin,Acidophilin, Lactocidin 
L. delbrueckii ssp. bulgaricus Bulgarican 
L. plantarum Lactolin 
L. brevis Lactobacillin,Lactobrevin 
L. reuteri Reuterin 

Table 4. Antimicrobial substances (Fuller, 1992)  

Antibiotic susceptibility of potential probiotic strains is also considered as an important 
selection criterion for potential probiotic status (Hummel et al., 2007). Some LAB may carry 
potentially transmissible plasmid-encoded antibiotic resistance genes. The transmission of 
antibiotic resistance genes to unrelated pathogenic or potentially pathogenic bacteria in the 
gut is a major health concern related with the probiotic application (see detailed information 
in paragraph 6). 
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Along with above mentioned criteria, selected probiotic strains have to be able to survive 
well in the food and to have the appropriate technological properties (e.g. acidification 
during fermentation if required). In addition, it is important that the added probiotic does 
not adversely affect the taste, smell, and texture of the food or beverage.  

In vitro tests based on these selection criteria, although not a definite means of strain 
selection, may provide an useful initial information. A validation model system, such as a 
Simulator of the Human Intestinal Microbial Ecosystem (SHIME), which aims to mimic 
complex physiological and physiochemical in vivo reactions, may also be of value in strain 
selection. However, the ultimate proof of probiotic effects requires validation in well 
designed statistically sound clinical trails. Generally, tools that may be employed in such an 
assessment include in vitro studies, studies of strain properties, pharmacokinetic studies, 
animal studies, use of intestinal models, human studies and epidemiological surveillance. 
Each strain needs to be tested separately. 

It is evident that the selection of new potential probiotic bacteria is an enormous and time-
consuming task with uncertain results. 

5. Antibiotic resistance of LAB in the food chain 
During the recent years, there has been great concern about the possibility of spreading the 
antibiotic resistance in the environment. According to the European Commission (2005), it 
has been estimated that one to ten million tons of antibiotics has been released into the 
biosphere over the last 60 years. This has lead to very strong selective pressure for the 
emergence of resistant bacterial strains. Since LAB are present in the GI tract in large 
amounts, LAB resistant to certain antibiotics could benefit the host organism. Nevertheless, 
there is a risk associated with the ability of these resistant strains to transmit the resistance 
gene to pathogenic bacteria. Literature data pointed out that some LAB, the predominant 
microbiota in fermented dairy and meat products, may serve as reservoirs of antibiotic 
resistance genes potentially transferable to human pathogens (Mathur & Singh, 2005).  

The food chain could be regarded as one of the main pathways for the transmission of 
antibiotic resistant bacteria from animals to humans (Singer et al., 2003). Molecular analysis 
of resistance genes localized on transferable genetic elements showed they are identical in 
humans and animals, which confirm that food of animal origin, particularly sausages and 
cheeses made from raw milk, serve as a vehicle for the transmission of resistant bacteria and 
antibiotic resistance determinants. The antibiotics application in sub-therapeutic levels in 
animal′s drinking water and feed increases the selective pressure and amplify the transfer of 
antibiotic resistance between bacterial species. Thus there is a direct correlation between the 
indigenous microflora of the GI tract of animals with the GI tract of humans. Although 
many species of LAB used as starter and probiotic cultures possess GRAS status, potential 
risk to human health caused by the genes transfer of antibiotic resistance has not yet been 
fully defined. To address this aspect, the safety of LAB should be verified with the respect of 
their ability to acquire and disseminate resistance determinants (Kastner et al., 2006). 
Particular concern is due to the evidence of a widespread occurrence in this bacterial group 
of conjugative plasmids and transposons. The presence of transmissible antibiotic resistance 
markers in the safety evaluation of LAB strains is a very important task since genes 
conferring resistance to several antimicrobials (e.g. chloramphenicol, erythromycin, 
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streptomycin, tetracycline, and vancomycin) located on transferable genetic elements 
(plasmids or transposons) have already been characterized in lactococci (Perreten et al., 
1997), lactobacilli (Axelsson et al., 1988; Danielsen, 2002) and enterococci (Eaton & Gasson, 
2001; Huys et al., 2002) isolated from food. However, the transfer of antibiotic resistance 
genes from LAB reservoir strains to bacteria in the resident microflora of human GI tract 
and hence to pathogenic bacteria, has not been fully addressed.  

Irrespective of the antibiotic resistance mechanisms and the bacterial taxon involved, the 
possibility of spreading an antibiotic resistance determinant through horizontal transfer 
relies on its genetic basis. Therefore, a distinction between intrinsic and acquired resistance 
has to be made. Antibiotic resistance may be intrinsic for bacterial species or a genus, and it 
is characterized by the ability of an organism to survive in the presence of certain 
antimicrobial agents, due to its inherent characteristics of resistance. Intrinsic or “natural” 
resistance mechanisms involve the absence of the target, low cell permeability, antibiotic 
inactivation and the presence of efflux mechanisms. Enterococci are intrinsically resistant to 
cephalosporins and low levels of aminoglycoside and clindamycin (Teuber et al., 1999). 
Lactobacilli, pediococci and Leuconostoc spp. have been reported to have a high natural 
resistance to vancomycin, a property that is useful to separate them from other Gram-
positive bacteria (Hamilton- Miller & Shah, 1998; Simpson et al., 1988). Some lactobacilli 
have a high natural resistance to bacitracin, cefoxitin, ciprofloxacin, fusidic acid, kanamycin, 
gentamicin, metronidazole, nitrofurantoin, norfloxacin, streptomycin, sulphadiazine, 
teicoplanin, trimethoprim/sulphamethoxazole, and vancomycin (Danielsen & Wind, 2003). 
For a number of lactobacilli a very high frequency of spontaneous mutation to nitrofurazone 
(10-5), kanamycin and streptomycin was found (Curragh & Collins, 1992). From these data it 
is clear that inter-genus and inter-species differences exist, and consequently identification 
at species level is required in order to interpret phenotypic susceptibility data. Acquired 
resistance is a characteristic of some strains within a species usually susceptible to certain 
antibiotics and can be horizontally spread among the bacteria. The acquisition of antibiotic 
resistance occurs via the mutation of pre-existing genes or by horizontal transmission of 
resistance determinants. With some exception, intrinsic resistance and resistance by 
mutation are unlikely to be disseminated, although any gene responsible for intrinsic 
resistance may spread provided that it is flanked by insertion sequences (European 
Commissions); horizontally transferred genes, particularly those carried on mobile genetic 
elements, are those most likely to be transmitted (Normark & Normark, 2002). Among the 
three well-known mechanisms for horizontal gene exchange between bacteria, namely free 
DNA mediated transformation, bacteriophage induced transduction, and conjugation, the 
last is acknowledged to be the most relevant for antibiotic resistance gene transfer (Salyers, 
1995). Resistance genes are frequently carried by the mobile genetic elements involved in 
these mechanisms, such as plasmids and conjugative transposons, which can be freely 
exchanged irrespective of genus or species barriers, resulting in resistance transfer or co-
transfer (Levy, 1986). Recently it has been discovered that the so-called “mobilome” also 
involves other genetic elements: the transposon can carry integrons, which are not self-
transmissible but carry a gene encoding an integrase, which in turn mobilises resistance 
genes borne on the integron as cassettes (Clementi & Aquilanti, 2011). This mechanism 
seems to be active only in the context of resistance gene exchange and it surely determines a 
substantial increase in the horizontal mobility of these genes.  
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Along with above mentioned criteria, selected probiotic strains have to be able to survive 
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designed statistically sound clinical trails. Generally, tools that may be employed in such an 
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animal studies, use of intestinal models, human studies and epidemiological surveillance. 
Each strain needs to be tested separately. 
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consuming task with uncertain results. 
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antibiotic resistance in the environment. According to the European Commission (2005), it 
has been estimated that one to ten million tons of antibiotics has been released into the 
biosphere over the last 60 years. This has lead to very strong selective pressure for the 
emergence of resistant bacterial strains. Since LAB are present in the GI tract in large 
amounts, LAB resistant to certain antibiotics could benefit the host organism. Nevertheless, 
there is a risk associated with the ability of these resistant strains to transmit the resistance 
gene to pathogenic bacteria. Literature data pointed out that some LAB, the predominant 
microbiota in fermented dairy and meat products, may serve as reservoirs of antibiotic 
resistance genes potentially transferable to human pathogens (Mathur & Singh, 2005).  

The food chain could be regarded as one of the main pathways for the transmission of 
antibiotic resistant bacteria from animals to humans (Singer et al., 2003). Molecular analysis 
of resistance genes localized on transferable genetic elements showed they are identical in 
humans and animals, which confirm that food of animal origin, particularly sausages and 
cheeses made from raw milk, serve as a vehicle for the transmission of resistant bacteria and 
antibiotic resistance determinants. The antibiotics application in sub-therapeutic levels in 
animal′s drinking water and feed increases the selective pressure and amplify the transfer of 
antibiotic resistance between bacterial species. Thus there is a direct correlation between the 
indigenous microflora of the GI tract of animals with the GI tract of humans. Although 
many species of LAB used as starter and probiotic cultures possess GRAS status, potential 
risk to human health caused by the genes transfer of antibiotic resistance has not yet been 
fully defined. To address this aspect, the safety of LAB should be verified with the respect of 
their ability to acquire and disseminate resistance determinants (Kastner et al., 2006). 
Particular concern is due to the evidence of a widespread occurrence in this bacterial group 
of conjugative plasmids and transposons. The presence of transmissible antibiotic resistance 
markers in the safety evaluation of LAB strains is a very important task since genes 
conferring resistance to several antimicrobials (e.g. chloramphenicol, erythromycin, 
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streptomycin, tetracycline, and vancomycin) located on transferable genetic elements 
(plasmids or transposons) have already been characterized in lactococci (Perreten et al., 
1997), lactobacilli (Axelsson et al., 1988; Danielsen, 2002) and enterococci (Eaton & Gasson, 
2001; Huys et al., 2002) isolated from food. However, the transfer of antibiotic resistance 
genes from LAB reservoir strains to bacteria in the resident microflora of human GI tract 
and hence to pathogenic bacteria, has not been fully addressed.  

Irrespective of the antibiotic resistance mechanisms and the bacterial taxon involved, the 
possibility of spreading an antibiotic resistance determinant through horizontal transfer 
relies on its genetic basis. Therefore, a distinction between intrinsic and acquired resistance 
has to be made. Antibiotic resistance may be intrinsic for bacterial species or a genus, and it 
is characterized by the ability of an organism to survive in the presence of certain 
antimicrobial agents, due to its inherent characteristics of resistance. Intrinsic or “natural” 
resistance mechanisms involve the absence of the target, low cell permeability, antibiotic 
inactivation and the presence of efflux mechanisms. Enterococci are intrinsically resistant to 
cephalosporins and low levels of aminoglycoside and clindamycin (Teuber et al., 1999). 
Lactobacilli, pediococci and Leuconostoc spp. have been reported to have a high natural 
resistance to vancomycin, a property that is useful to separate them from other Gram-
positive bacteria (Hamilton- Miller & Shah, 1998; Simpson et al., 1988). Some lactobacilli 
have a high natural resistance to bacitracin, cefoxitin, ciprofloxacin, fusidic acid, kanamycin, 
gentamicin, metronidazole, nitrofurantoin, norfloxacin, streptomycin, sulphadiazine, 
teicoplanin, trimethoprim/sulphamethoxazole, and vancomycin (Danielsen & Wind, 2003). 
For a number of lactobacilli a very high frequency of spontaneous mutation to nitrofurazone 
(10-5), kanamycin and streptomycin was found (Curragh & Collins, 1992). From these data it 
is clear that inter-genus and inter-species differences exist, and consequently identification 
at species level is required in order to interpret phenotypic susceptibility data. Acquired 
resistance is a characteristic of some strains within a species usually susceptible to certain 
antibiotics and can be horizontally spread among the bacteria. The acquisition of antibiotic 
resistance occurs via the mutation of pre-existing genes or by horizontal transmission of 
resistance determinants. With some exception, intrinsic resistance and resistance by 
mutation are unlikely to be disseminated, although any gene responsible for intrinsic 
resistance may spread provided that it is flanked by insertion sequences (European 
Commissions); horizontally transferred genes, particularly those carried on mobile genetic 
elements, are those most likely to be transmitted (Normark & Normark, 2002). Among the 
three well-known mechanisms for horizontal gene exchange between bacteria, namely free 
DNA mediated transformation, bacteriophage induced transduction, and conjugation, the 
last is acknowledged to be the most relevant for antibiotic resistance gene transfer (Salyers, 
1995). Resistance genes are frequently carried by the mobile genetic elements involved in 
these mechanisms, such as plasmids and conjugative transposons, which can be freely 
exchanged irrespective of genus or species barriers, resulting in resistance transfer or co-
transfer (Levy, 1986). Recently it has been discovered that the so-called “mobilome” also 
involves other genetic elements: the transposon can carry integrons, which are not self-
transmissible but carry a gene encoding an integrase, which in turn mobilises resistance 
genes borne on the integron as cassettes (Clementi & Aquilanti, 2011). This mechanism 
seems to be active only in the context of resistance gene exchange and it surely determines a 
substantial increase in the horizontal mobility of these genes.  
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5.1 Procedure for antimicrobial susceptibility/resistance patterns of LAB 

As mentioned above, an intrinsic resistance and resistance by mutation are unlikely to be 
disseminated, so the risk is mainly characterized by horizontally transferred genes. 
Therefore, distinction between natural and acquired antibiotic resistance among the 
population of LAB is of a great importance. Analysis of Minimal Inhibitory Concentration 
(MIC) and their distributions in defined species/antibiotic combinations helps to 
differentiate between these two resistance mechanisms. When a bacterial strain 
demonstrates higher resistance to a specific antibiotic than the other strains of the same 
taxonomical unit, the presence of acquired resistance is indicated and there is a need for 
further analysis to confirm the genetic basis of resistance.  

According to Murray et al., (2003) the MIC distribution of a given antibiotic for a single 
bacterial species in the absence of resistance mechanisms should approach statistical 
normality while bimodal distribution of MIC values suggest acquired resistance. For the 
purpose of identifying bacterial strains with acquired and potentially transferable antibiotic 
resistance, microbiological breakpoints have been defined. Microbiological breakpoints are 
set by studying the MIC distribution in the bacterial population and the part of population 
that clearly deviates from a susceptible majority is considered resistant (Olsson-Liljequist et 
al., 1997). 

The data used for the definition of microbiological breakpoints, as reported in Table 5, were 
derived from the published body of research and from national and European monitoring 
procedures. The antibiotics listed: ampicillin, vancomycin, gentamicin, kanamycin, 
streptomycin, erythromycin, clindamycin, quinupristin+dalfopristin, tetracycline and 
chloramphenicol were chosen to maximise the identification of resistance genotypes by 
assessing the resistance phenotypes. 

In Gram-positive, bacteria acquired trimethoprim resistance, although occasionally detected 
is relatively rare. The data available (Korhonen et al., 2007) indicate that within species of 
lactobacilli the range of apparent trimethoprim resistances can be wide with no clear 
breakpoint values. Therefore, the MIC testing of trimethoprim for LAB was not considered 
relevant. Furthermore, testing for linezolid and neomycin is no longer considered necessary. 
The extremely rare non-mutational resistance to linezolid is due to the acquisition of the cfr 
gene, which also confers resistance to chloramphenicol (Arias et al., 2008; Toh et al., 2007). 
Testing for chloramphenicol resistance will efficiently cover for the hazard of acquiring 
resistance to linezolid. Neomycin is removed from the list since testing for the remaining three 
aminoglycosides efficiently covers the hazard of acquiring resistance to aminoglycosides. 

Antibiotic susceptibility testing may be performed using different phenotypic test methods. 
In Clinical and Laboratory Standards Institute (CLSI), formerly National Committee on 
Clinical Laboratory Standards (NCCLS), the approved standards state that the methods of 
choice are agar dilution and broth microdilution (Anonym, 2007). Other widely used 
methods include the agar gradient method and commercial methods, such as Etest, which 
consists of a predefined gradient of antibiotic concentrations on a plastic strip 
(AbBiomerieux, Sweden). In addition to phenotypic antibiotic resistance determinations, 
also genotypic detection of particular genes causing resistance may be performed. These 
genotypic methods include different PCR –based methods, southern hybridization, plasmid 
profiling and microarray (Ammor et al., 2008; Aquilanti et al., 2007). The situation is clearest 
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Lactobacillus obligate 
homofermentative 

1 2 16 16 16 1 1 4 4 4 

Lactobacillus helveticus 1 2 16 16 16 1 1 4 4 4 
Lactobacillus acidophilus
group 

1 2 16 16 16 1 1 4 4 4 

Lactobacillus delbrueckii 1 2 16 16 16 1 1 4 4 4 
Lactobacillus obligate 
heterofermentative 

2 n.r. 16 16 64 1 1 4 8 4 

Lactobacillus reuteri 2 n.r. 8 16 64 1 1 4 16 4 
Lactobacillus fermentum 1 n.r. 16 32 64 1 1 4 8 4 
Lactobacillus facultative 
heterofermentative* 

4 n.r. 16 64 64 1 1 4 8 4 

Lactobacillus plantarum 2 n.r. 16 64 n.r. 1 1 4 32 8 
Lactobacillus rhamnosus 4 n.r. 16 64 32 1 1 4 8 4 
Lactobacillus paracasei 2 n.r. 32 64 n.r. 1 1 4 4 4 
Bifidobacterium 2 2 64 n.r. 128 0.5 0.25 1 8 4 
Enterococcus 4 4 32 512 128 4 4 4 2 8 
Pediococcus 4 n.r. 16 64 64 1 1 4 8 4 
Leuconostoc 2 n.r. 16 16 64 1 1 4 8 4 
Lactococcus lactis 2 4 32 64 64 2 4 4 4 8 
Streptococcus thermophilus 2 4 32 64 64 2 2 4 4 4 
Bacillus spp. n.r. 4 4 8 8 4 4 4 8 8 
Propionibacterium 2 4 64 64 64 0.5 0.25 0.5 2 2 
Other Gram (-) 1 2 4 16 8 0.5 0.25 0.5 2 2 

n.r. not required; 
 *including Lactobacillus salivarius; 
 **possible interference of the growth medium 

Table 5. Microbiological breakpoints categorizing bacteria as resistant (mg L-1). Strains with 
MIC higher than the breakpoints below are considered as resistant.  

when the phenotypic and genotypic resistance patterns are in agreement. However, a 
phenotypically resistant strain may be genotypically “susceptible”. This is usually due to the 
fact that appropriate genes are not included in the test patterns, or there might be unknown 
resistance genes. Tetracycline, for example, has more than 40 different genes conferring 
antibiotic resistance discovered at the moment, and the number of tetracycline resistance 
genes continues to increase (Roberts, 2005). In contrast, a susceptible phenotype may also 
carry silent genes, which are observed with genotyping. 

However, there is still a lack of agreement on the resistance-susceptibility breakpoints for 
most antibiotics in LAB (Charteris et al., 1998; Danielsen & Wind, 2003; Katla et al., 2001). 
Generally, the choice of medium has been shown to have a profound impact on the MICs of 
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5.1 Procedure for antimicrobial susceptibility/resistance patterns of LAB 

As mentioned above, an intrinsic resistance and resistance by mutation are unlikely to be 
disseminated, so the risk is mainly characterized by horizontally transferred genes. 
Therefore, distinction between natural and acquired antibiotic resistance among the 
population of LAB is of a great importance. Analysis of Minimal Inhibitory Concentration 
(MIC) and their distributions in defined species/antibiotic combinations helps to 
differentiate between these two resistance mechanisms. When a bacterial strain 
demonstrates higher resistance to a specific antibiotic than the other strains of the same 
taxonomical unit, the presence of acquired resistance is indicated and there is a need for 
further analysis to confirm the genetic basis of resistance.  

According to Murray et al., (2003) the MIC distribution of a given antibiotic for a single 
bacterial species in the absence of resistance mechanisms should approach statistical 
normality while bimodal distribution of MIC values suggest acquired resistance. For the 
purpose of identifying bacterial strains with acquired and potentially transferable antibiotic 
resistance, microbiological breakpoints have been defined. Microbiological breakpoints are 
set by studying the MIC distribution in the bacterial population and the part of population 
that clearly deviates from a susceptible majority is considered resistant (Olsson-Liljequist et 
al., 1997). 

The data used for the definition of microbiological breakpoints, as reported in Table 5, were 
derived from the published body of research and from national and European monitoring 
procedures. The antibiotics listed: ampicillin, vancomycin, gentamicin, kanamycin, 
streptomycin, erythromycin, clindamycin, quinupristin+dalfopristin, tetracycline and 
chloramphenicol were chosen to maximise the identification of resistance genotypes by 
assessing the resistance phenotypes. 

In Gram-positive, bacteria acquired trimethoprim resistance, although occasionally detected 
is relatively rare. The data available (Korhonen et al., 2007) indicate that within species of 
lactobacilli the range of apparent trimethoprim resistances can be wide with no clear 
breakpoint values. Therefore, the MIC testing of trimethoprim for LAB was not considered 
relevant. Furthermore, testing for linezolid and neomycin is no longer considered necessary. 
The extremely rare non-mutational resistance to linezolid is due to the acquisition of the cfr 
gene, which also confers resistance to chloramphenicol (Arias et al., 2008; Toh et al., 2007). 
Testing for chloramphenicol resistance will efficiently cover for the hazard of acquiring 
resistance to linezolid. Neomycin is removed from the list since testing for the remaining three 
aminoglycosides efficiently covers the hazard of acquiring resistance to aminoglycosides. 

Antibiotic susceptibility testing may be performed using different phenotypic test methods. 
In Clinical and Laboratory Standards Institute (CLSI), formerly National Committee on 
Clinical Laboratory Standards (NCCLS), the approved standards state that the methods of 
choice are agar dilution and broth microdilution (Anonym, 2007). Other widely used 
methods include the agar gradient method and commercial methods, such as Etest, which 
consists of a predefined gradient of antibiotic concentrations on a plastic strip 
(AbBiomerieux, Sweden). In addition to phenotypic antibiotic resistance determinations, 
also genotypic detection of particular genes causing resistance may be performed. These 
genotypic methods include different PCR –based methods, southern hybridization, plasmid 
profiling and microarray (Ammor et al., 2008; Aquilanti et al., 2007). The situation is clearest 
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Lactobacillus obligate 
homofermentative 

1 2 16 16 16 1 1 4 4 4 

Lactobacillus helveticus 1 2 16 16 16 1 1 4 4 4 
Lactobacillus acidophilus
group 

1 2 16 16 16 1 1 4 4 4 

Lactobacillus delbrueckii 1 2 16 16 16 1 1 4 4 4 
Lactobacillus obligate 
heterofermentative 

2 n.r. 16 16 64 1 1 4 8 4 

Lactobacillus reuteri 2 n.r. 8 16 64 1 1 4 16 4 
Lactobacillus fermentum 1 n.r. 16 32 64 1 1 4 8 4 
Lactobacillus facultative 
heterofermentative* 

4 n.r. 16 64 64 1 1 4 8 4 

Lactobacillus plantarum 2 n.r. 16 64 n.r. 1 1 4 32 8 
Lactobacillus rhamnosus 4 n.r. 16 64 32 1 1 4 8 4 
Lactobacillus paracasei 2 n.r. 32 64 n.r. 1 1 4 4 4 
Bifidobacterium 2 2 64 n.r. 128 0.5 0.25 1 8 4 
Enterococcus 4 4 32 512 128 4 4 4 2 8 
Pediococcus 4 n.r. 16 64 64 1 1 4 8 4 
Leuconostoc 2 n.r. 16 16 64 1 1 4 8 4 
Lactococcus lactis 2 4 32 64 64 2 4 4 4 8 
Streptococcus thermophilus 2 4 32 64 64 2 2 4 4 4 
Bacillus spp. n.r. 4 4 8 8 4 4 4 8 8 
Propionibacterium 2 4 64 64 64 0.5 0.25 0.5 2 2 
Other Gram (-) 1 2 4 16 8 0.5 0.25 0.5 2 2 

n.r. not required; 
 *including Lactobacillus salivarius; 
 **possible interference of the growth medium 

Table 5. Microbiological breakpoints categorizing bacteria as resistant (mg L-1). Strains with 
MIC higher than the breakpoints below are considered as resistant.  

when the phenotypic and genotypic resistance patterns are in agreement. However, a 
phenotypically resistant strain may be genotypically “susceptible”. This is usually due to the 
fact that appropriate genes are not included in the test patterns, or there might be unknown 
resistance genes. Tetracycline, for example, has more than 40 different genes conferring 
antibiotic resistance discovered at the moment, and the number of tetracycline resistance 
genes continues to increase (Roberts, 2005). In contrast, a susceptible phenotype may also 
carry silent genes, which are observed with genotyping. 

However, there is still a lack of agreement on the resistance-susceptibility breakpoints for 
most antibiotics in LAB (Charteris et al., 1998; Danielsen & Wind, 2003; Katla et al., 2001). 
Generally, the choice of medium has been shown to have a profound impact on the MICs of 
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LAB. The recommended growth media by the National Committee for Clinical Laboratory 
Standards (Mueller-Hinton agar) (NCCLS, 2002) and by the British Society for Antimicrobial 
Chemotherapy (Iso-Sensitest agar) (Andrews, 2001) do not support growth of all LAB. MRS 
medium, that generally supports the growth of LAB much better, is not always compatible 
to the Iso-Sensitest medium for the use in susceptibility testing, as was reported for various 
classes of antibiotics (Huys et al., 2002). Furthermore, there are still no guidelines available 
for the interpretation of susceptibility test results of commensal or food-associated bacteria. 
Additionally, MIC breakpoints values have been shown to be species specific and thus vary 
between species of the same genera (Danielsen & Wind, 2003). Also, distinguishing between 
intrinsic, non-specific and acquired resistance is difficult and requires, besides the 
evaluation of genetic base of resistance, that the antimicrobial-resistance patterns of many 
LAB species from different sources may be compared (Teuber et al., 1999). 

5.2 Mobile genetic elements in LAB  

A prerequisite for LAB to acquire antibiotic resistance genes from other bacteria is their 
ability to communicate actively and passively with these bacteria with the aid of conjugative 
plasmids and transposons. Conjugative plasmids and transposons are common in LAB, and 
due to their wide environmental distribution, it is possible that these commensal bacteria act 
as vectors for the dissemination of antibiotic resistance determinants to the consumer via the 
food chain. Plasmids are found in many genera of LAB, characterized by different size, 
function and distribution (Davidson et al., 1996; Wang & Lee, 1997). The functions related to 
the plasmids include hydrolysis of proteins, metabolism of carbohydrates, amino acids and 
citrate, production of bacteriocins and exopolysaccharides, and resistance to antibiotics, 
heavy metals and phages. At least 25 species of lactobacilli contain native plasmids (Wang & 
Lee, 1997), and often appear to contain multiple (from 1 to 16) different plasmids in a single 
strain. R-plasmids encoding tetracycline, erythromycin, chloramphenicol, or macrolide-
lincomycin-streptogramin resistance have been reported in L. reuteri (Lin et al., 1996; 
Tannock et al., 1994), L. fermentum (Fons et al., 1997; Ishiwa & Iwata, 1980), L. acidophilus 
(Vescovo et al., 1982), and L. plantarum (Danielsen, 2002) isolated from raw meat, silage and 
faeces. The reported prevalence of antibiotic resistance genes such as erythromycin, 
vancomycin, tetracycline, chloramphenicol, and gentamicin resistance genes, on transferable 
genetic elements in enterococci is more extensive, both on plasmids (Murray et al., 1988) and 
transposons (Clewell et al., 1995; Perreten et al., 1997a; Rice & Marshall, 1994;). A multiple 
antibiotic resistance plasmid was reported in a L. lactis strain isolated from cheese (Perreten 
et al., 1997b), encoding streptomycin, tetracycline and chloramphenicol resistance.  

Conjugative transposons are the major vehicle regarding antibiotic resistance transport in 
LAB. They have been discovered in E.faecalis (Tn916, Tn918, Tn920, Tn925, Tn2702), E. 
faecium (Tn5233) and L. lactis (Tn5276, Tn5301). In enterococci and streptococci, resistances to 
tetracycline (tet (M)), erythromycin (ermAM, erm), chloramphenicol (cat) and kanamycin 
(aphA-3) have been determined. In lactococci, code for nisin (nis) production and sucrose 
fermentation (sac) has been observed. These transposons vary in size between 16 and 70 kb 
and may be inserted into plasmids or the chromosome in one or multiple copies. They may 
mobilize plasmids or chromosomal genes. The most remarkable observation is the extreme 
host range, which is the property of the Tn916/Tn1545 family.  
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5.3 Horizontal transferability of antibiotic resistance from LAB in food chain  

The possible transfer of antibiotic resistance genes between bacterial species have been 
studied mostly in harmful or pathogenic species, but also recently in LAB. The vast majority 
of the experiments have been made in vitro, using methods such as filter-mating (Klare et al., 
2007, Ouoba et al.,2008), although these in vitro methods do not mimic the circumstances in 
nature, and results obtained cannot be compared with the results achieved or expected 
using in vivo methods. The transferability of antibiotic resistance genes in the GI tract from 
LAB is not straightforward, since the GI tract is a hostile environment to many 
allochthonous bacteria. Moreover, studies made in vivo usually are based on “worst-case 
scenario”, simulating very high daily intake of food products containing the resistant 
bacteria (Jacobsen et al., 2007). The potentially transferable genes in LAB have been 
described in multiple studies and have been reviewed in Ammor et al. (2007). Two of the 
most commonly observed resistance genes in LAB found so far are tet(M) for tetracycline 
resistance and erm(B) for erythromycin, followed with cat genes coding for chloramphenicol 
resistance (Cataloluk & Gogebakan 2004; Danielsen, 2002). 

Enterococci are known to be very well receptive for conjugation (Clewell & Weaver, 1989), 
but are also successful donor organisms for the transfer of antibiotic resistance genes to 
unrelated enterococci (Rice et al., 1998), lactobacilli (Shrago & Dobrogosz, 1988), other 
Gram-positives including Bacillus subtilis (Christie et al., 1987), Staphylococcus (Young et al., 
1987) and Listeria spp. (Charpentier et al., 1997; Perreten et al., 1997b), and even Gram-
negative bacteria (Courvalin, 1994). Moreover, the transfer of conjugative elements, 
including a plasmid-encoded kanamycin resistance and a transposon-encoded tetracycline 
and erythromycin resistance (Doucet-Populaire et al., 1991), were shown to be transferable 
from E. faecalis to Escherichia coli and Listeria monocytogenes, respectively, in the digestive 
tract of mice. In contrast, reports of conjugative transfer of antibiotic resistance genes in 
other LAB are rare. Two in vivo studies were performed, to examine the possibility of 
conjugative transfer between native Gram-positive members of the gut. Therefore, the broad 
host range conjugative plasmid pAMβ1 was transferred in vitro to L. reuteri (Morelli et al., 
1988) and L. lactis (Igimi et al., 1996) and administered orally or using gastric intubation to 
mice. By analysis of faecal content, plasmid transfer to E. faecalis was observed in both 
studies.  

In order to fully understand the extent to which LAB strains transfer resistance genes in the 
natural environment, it is essential to study genetic exchange in this context. Toomey et al., 
(2009) reported on the ability of wild-type antibiotic resistance determinants [erm(B) and 
tet(M)], present in LAB strains isolated from food sources, to be transferred to recipient 
strains. In vitro mating, using a traditional filter mating technique, showed that all four LAB 
mating pairs transferred their resistance determinants at high frequencies. By employing 
two in vivo models, an alfalfa sprout plant and an animal rumen model Toomey et al.., 
(2009) demonstrated the transfer of resistance determinants between all four LAB mating 
pairs in these models. Previously, in vivo transfer between LAB has only been shown in the 
gastrointestinal tracts of gnotobiotic rats (Jacobsen et al., 2007) and mice (McConnell et al., 
1991; Morelli et al., 1988). The transfer frequencies have been observed to increase when the 
animals have received the antibiotic in question at subtherapeutic levels (Igimi et al., 1996; 
Licht et al., 2003; Salyers & Shoemaker 1996) in their drinking water or feed, suggesting that 
increasing the antibiotic pressure can amplify the transfer of antibiotic resistance between 
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LAB. The recommended growth media by the National Committee for Clinical Laboratory 
Standards (Mueller-Hinton agar) (NCCLS, 2002) and by the British Society for Antimicrobial 
Chemotherapy (Iso-Sensitest agar) (Andrews, 2001) do not support growth of all LAB. MRS 
medium, that generally supports the growth of LAB much better, is not always compatible 
to the Iso-Sensitest medium for the use in susceptibility testing, as was reported for various 
classes of antibiotics (Huys et al., 2002). Furthermore, there are still no guidelines available 
for the interpretation of susceptibility test results of commensal or food-associated bacteria. 
Additionally, MIC breakpoints values have been shown to be species specific and thus vary 
between species of the same genera (Danielsen & Wind, 2003). Also, distinguishing between 
intrinsic, non-specific and acquired resistance is difficult and requires, besides the 
evaluation of genetic base of resistance, that the antimicrobial-resistance patterns of many 
LAB species from different sources may be compared (Teuber et al., 1999). 

5.2 Mobile genetic elements in LAB  

A prerequisite for LAB to acquire antibiotic resistance genes from other bacteria is their 
ability to communicate actively and passively with these bacteria with the aid of conjugative 
plasmids and transposons. Conjugative plasmids and transposons are common in LAB, and 
due to their wide environmental distribution, it is possible that these commensal bacteria act 
as vectors for the dissemination of antibiotic resistance determinants to the consumer via the 
food chain. Plasmids are found in many genera of LAB, characterized by different size, 
function and distribution (Davidson et al., 1996; Wang & Lee, 1997). The functions related to 
the plasmids include hydrolysis of proteins, metabolism of carbohydrates, amino acids and 
citrate, production of bacteriocins and exopolysaccharides, and resistance to antibiotics, 
heavy metals and phages. At least 25 species of lactobacilli contain native plasmids (Wang & 
Lee, 1997), and often appear to contain multiple (from 1 to 16) different plasmids in a single 
strain. R-plasmids encoding tetracycline, erythromycin, chloramphenicol, or macrolide-
lincomycin-streptogramin resistance have been reported in L. reuteri (Lin et al., 1996; 
Tannock et al., 1994), L. fermentum (Fons et al., 1997; Ishiwa & Iwata, 1980), L. acidophilus 
(Vescovo et al., 1982), and L. plantarum (Danielsen, 2002) isolated from raw meat, silage and 
faeces. The reported prevalence of antibiotic resistance genes such as erythromycin, 
vancomycin, tetracycline, chloramphenicol, and gentamicin resistance genes, on transferable 
genetic elements in enterococci is more extensive, both on plasmids (Murray et al., 1988) and 
transposons (Clewell et al., 1995; Perreten et al., 1997a; Rice & Marshall, 1994;). A multiple 
antibiotic resistance plasmid was reported in a L. lactis strain isolated from cheese (Perreten 
et al., 1997b), encoding streptomycin, tetracycline and chloramphenicol resistance.  

Conjugative transposons are the major vehicle regarding antibiotic resistance transport in 
LAB. They have been discovered in E.faecalis (Tn916, Tn918, Tn920, Tn925, Tn2702), E. 
faecium (Tn5233) and L. lactis (Tn5276, Tn5301). In enterococci and streptococci, resistances to 
tetracycline (tet (M)), erythromycin (ermAM, erm), chloramphenicol (cat) and kanamycin 
(aphA-3) have been determined. In lactococci, code for nisin (nis) production and sucrose 
fermentation (sac) has been observed. These transposons vary in size between 16 and 70 kb 
and may be inserted into plasmids or the chromosome in one or multiple copies. They may 
mobilize plasmids or chromosomal genes. The most remarkable observation is the extreme 
host range, which is the property of the Tn916/Tn1545 family.  
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5.3 Horizontal transferability of antibiotic resistance from LAB in food chain  

The possible transfer of antibiotic resistance genes between bacterial species have been 
studied mostly in harmful or pathogenic species, but also recently in LAB. The vast majority 
of the experiments have been made in vitro, using methods such as filter-mating (Klare et al., 
2007, Ouoba et al.,2008), although these in vitro methods do not mimic the circumstances in 
nature, and results obtained cannot be compared with the results achieved or expected 
using in vivo methods. The transferability of antibiotic resistance genes in the GI tract from 
LAB is not straightforward, since the GI tract is a hostile environment to many 
allochthonous bacteria. Moreover, studies made in vivo usually are based on “worst-case 
scenario”, simulating very high daily intake of food products containing the resistant 
bacteria (Jacobsen et al., 2007). The potentially transferable genes in LAB have been 
described in multiple studies and have been reviewed in Ammor et al. (2007). Two of the 
most commonly observed resistance genes in LAB found so far are tet(M) for tetracycline 
resistance and erm(B) for erythromycin, followed with cat genes coding for chloramphenicol 
resistance (Cataloluk & Gogebakan 2004; Danielsen, 2002). 

Enterococci are known to be very well receptive for conjugation (Clewell & Weaver, 1989), 
but are also successful donor organisms for the transfer of antibiotic resistance genes to 
unrelated enterococci (Rice et al., 1998), lactobacilli (Shrago & Dobrogosz, 1988), other 
Gram-positives including Bacillus subtilis (Christie et al., 1987), Staphylococcus (Young et al., 
1987) and Listeria spp. (Charpentier et al., 1997; Perreten et al., 1997b), and even Gram-
negative bacteria (Courvalin, 1994). Moreover, the transfer of conjugative elements, 
including a plasmid-encoded kanamycin resistance and a transposon-encoded tetracycline 
and erythromycin resistance (Doucet-Populaire et al., 1991), were shown to be transferable 
from E. faecalis to Escherichia coli and Listeria monocytogenes, respectively, in the digestive 
tract of mice. In contrast, reports of conjugative transfer of antibiotic resistance genes in 
other LAB are rare. Two in vivo studies were performed, to examine the possibility of 
conjugative transfer between native Gram-positive members of the gut. Therefore, the broad 
host range conjugative plasmid pAMβ1 was transferred in vitro to L. reuteri (Morelli et al., 
1988) and L. lactis (Igimi et al., 1996) and administered orally or using gastric intubation to 
mice. By analysis of faecal content, plasmid transfer to E. faecalis was observed in both 
studies.  

In order to fully understand the extent to which LAB strains transfer resistance genes in the 
natural environment, it is essential to study genetic exchange in this context. Toomey et al., 
(2009) reported on the ability of wild-type antibiotic resistance determinants [erm(B) and 
tet(M)], present in LAB strains isolated from food sources, to be transferred to recipient 
strains. In vitro mating, using a traditional filter mating technique, showed that all four LAB 
mating pairs transferred their resistance determinants at high frequencies. By employing 
two in vivo models, an alfalfa sprout plant and an animal rumen model Toomey et al.., 
(2009) demonstrated the transfer of resistance determinants between all four LAB mating 
pairs in these models. Previously, in vivo transfer between LAB has only been shown in the 
gastrointestinal tracts of gnotobiotic rats (Jacobsen et al., 2007) and mice (McConnell et al., 
1991; Morelli et al., 1988). The transfer frequencies have been observed to increase when the 
animals have received the antibiotic in question at subtherapeutic levels (Igimi et al., 1996; 
Licht et al., 2003; Salyers & Shoemaker 1996) in their drinking water or feed, suggesting that 
increasing the antibiotic pressure can amplify the transfer of antibiotic resistance between 
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bacterial species. All of these above studies indicate that antibiotic resistant factors may be 
transferred from food related bacterium species (LAB) to other, potentially pathogenic 
species. The risks associated need to be considered, in light of the increasing concerns 
related to food as a potential reservoir for antibiotic resistance determinants. 

6. Antibiotic resistance/susceptibility patterns of specific LAB genera 
applicable as probiotics 
Some features appeared to be shared by the majority of LAB; in particular, it was reported 
that most LAB species are resistant to metronidazole and that they are all intrinsically 
resistant to sulphonamides and trimethoprim, while they are usually susceptible to 
piperacillin and piperacillin plus tazobactam. On the other hand, clear differences were 
highlighted among different LAB genera, although well-defined species-specific profiles 
were not always identifiable. A high resistance to cefoxitin was acknowledged for 
Lactococcus, Leuconostoc, and Lactobacillus, whereas, as regards vancomycin, Leuconostoc, 
Pediococcus and most lactobacilli species were recognised as intrinsically resistant and most 
Lactococcus isolates as highly susceptible. 

Lactobacilli widely used in starter cultures or as probiotics in dairy products enter human 
intestines in large numbers and there interact with the intestinal microbiota (Teuber et al., 
1999). Therefore they have the potential to serve as hosts for antibiotic-resistance genes, with 
the risk of transferring the genes to opportunistic or pathogenic bacteria. Routine antibiotic 
susceptibility testing has been advocated as an essential selection criterion for potentially 
starter or probiotic Lactobacillus cultures (Charteris & Kelly, 1993). The Lactobacillus species 
have been found susceptible to many cell wall synthesis inhibitors, like penicillins and 
ampicillin (Danielsen & Wind 2003, Coppola et al., 2005), in contrast to glycopeptides such 
as vancomycin, most Lactobacillus species, excluding obligate heterofermentative species, 
have been found to be resistant to these types of antibiotics. However, the resistance 
towards vancomycin has been demonstrated being as intrinsic (Tynkkynen et al., 1998) due 
the presence of D-alanine: D-alanine ligase-related enzymes (Elisha & Courvalin, 1995) and 
should not be compared with transmissible, plasmid–mediated resistance found in 
enterococci (Leclercq et al., 1992). As a general rule, lactobacilli have a high natural 
resistance to bacitracin, cefoxitin, ciprofloxacin, fusidic acid, kanamycin, gentamicin, 
metronidazole, nitrofurantoin, norfloxacin, streptomycin, sulphadiazine, teicoplanin 
(Danielsen & Wind, 2003). In addition, resistance against inhibitors of nucleic acid synthesis, 
such as trimethoprim, seems to be intrinsic, although further characterizations are required 
on this topic (Ammor et al., 2007). Resistance to tetracycline has been observed more often 
among Lactobacillus species, and it has been shown to have a wide range of MICs (Korhonen 
et al., 2008), also with a multimodal distribution of MICs, probably due to the extensive 
variability of tetracycline resistance mechanisms conferring diverse levels of susceptibility 
(Roberts, 2005). Especially with tetracycline, molecular methods should be applied in order 
to reveal the nature of resistance, i.e. is it due to intrinsic mechanisms, mutation or added, 
mobile genes.  

Screening of antibiotic-resistance profile among Lactobacillus strains used in dairy products 
such as probiotics or as starters is now tending to become systematic. Coppola et al., (2005) 
pointed out that all of 63 L. rhamnosus strains isolated from Parmigiano Reggiano cheese 
showed resistance to six antibiotics (cefixime, vancomycin, neomycin, enoxacin, peflxacin, 
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and sulphamethoxazole plus trimetoprim). Investigating the current antibiotic-resistance 
situation in microbial food additives in Switzerland, Kastner et al., (2006) determined that 
among 74 Lactobacillus isolates applicable as starter or probiotic cultures, two antibiotic 
resistances were detected in probiotic cultures. The genetic base of those resistances was 
confirmed; the tetracycline resistance gene tet(W) in L. reuteri SD 2112 (residing on a 
plasmid) and the lincosamide resistance gene lnu(A) in L. reuteri SD 2112. The similar trend 
was noticed in study of Katla et al., (2001). Only one of the 189 Lactobacillus strains isolated 
from Norwegian dairy products such as yoghurt, sour cream, fermented milk and cheese 
was classified as high level resistant to streptomycin. In contrast, a study conducted on 
“home-made“ spanish cheese (Serena, Gamonedo, Cabrales) revealed the presence of 
lactobacilli resistant to penicillin G, cloxacillin, streptomycin, gentamycin, tetracycline, 
erythromycin and chloramphenicol (Herrero et al., 1996).  

L. lactis strains were sensitive to amikacin, ampicillin, 1st generation cephalosporin, 
chloramphenicol, erythromycin, gentamicin, imipenem, oxacillin, penicillin, pipericillin, 
sulphonamide, tetracycline, trimethoprim/sulfomethoxazole, and vancomycin (de Fabrizio 
et al., 1994). A slightly lowered susceptibility was observed towards carbenicillin, 
ciprofloxacin, dicloxacillin and norfloxacin. Intrinsic resistances were recorded towards 
colistin, fosfomycin, pipemidic acid and rifamycin. Orberg & Sandine (1985) demonstrated 
that investigated strains of L. lactis subsp. cremoris and subsp. lactis were all resistant to 
thrimethoprim and almost all to sulphathiazole. Resistance to gentamicin, kanamycin, 
lincomycin, neomycin, rifampin and streptomycin varied. 

The enterococcal strains are naturally tolerant to β-lactams, cephalosporins, lincosamides 
and polymyxins. A specific cause for concern and a factor contributing to the pathogenesis 
of enterococci is the resistance they acquire to aminoglycosides, tetracyclines, macrolides, 
chloramphenicol, penicillin, and ampicillin (Gray et al., 1991) and their capacity to exchange 
genetic information by conjugation. Enterococcal food isolates (mainly E. faecalis and E. 
faecium) were analysed for resistances to a broader range of different antibiotics using 
phenotypic susceptibility testing, both in raw meat (Knudtson & Hartman, 1993; Quednau et 
al., 1998) and fermented milk and meat products (Franz et al., 2001; Teuber & Perreten, 
2000). Their data suggest a high prevalence of (multiple) antibiotic resistant enterococci in 
foods, which nevertheless were mostly susceptible to the clinically relevant antibiotics 
ampicillin and vancomycin. Enterococci from European cheeses, mainly belonging to E. 
feacalis and E. faecium, are susceptible to different antibiotics in different proportions (Teuber 
et al., 1999; Franz et al., 2001). From the study of European cheeses Teuber et al. (1999) 
ascertained that the incidence for vancomycin resistance among enterococcal isolates was as 
low as 4%. When Franz et al. (2001) tested 47 E. faecalis strains, isolated mostly from cheeses, 
they were all susceptible to vancomycin. Bulajić & Mijačević (2011) pointed out that among 
enterococcal strains isolated from autochthonous Sombor cheese, only one strain showed 
vancomycin resistance. In contrast, Citak et al. (2004) have shown resistance to vancomycin 
among the population of enterococci isolated from Turkish white cheeses and was found in 
96.8% of E. faecalis isolates, and 76% of E. faecium strains. The susceptibility to vancomycin is 
of great importance as this glycopeptide antibiotic is one of the last therapeutic options in 
clinical therapy.  

Bifidobacteria are generally considered to be food-grade organisms that do not impose 
health risks on the consumer or the environment. Nevertheless, it should be noted that rare 
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bacterial species. All of these above studies indicate that antibiotic resistant factors may be 
transferred from food related bacterium species (LAB) to other, potentially pathogenic 
species. The risks associated need to be considered, in light of the increasing concerns 
related to food as a potential reservoir for antibiotic resistance determinants. 

6. Antibiotic resistance/susceptibility patterns of specific LAB genera 
applicable as probiotics 
Some features appeared to be shared by the majority of LAB; in particular, it was reported 
that most LAB species are resistant to metronidazole and that they are all intrinsically 
resistant to sulphonamides and trimethoprim, while they are usually susceptible to 
piperacillin and piperacillin plus tazobactam. On the other hand, clear differences were 
highlighted among different LAB genera, although well-defined species-specific profiles 
were not always identifiable. A high resistance to cefoxitin was acknowledged for 
Lactococcus, Leuconostoc, and Lactobacillus, whereas, as regards vancomycin, Leuconostoc, 
Pediococcus and most lactobacilli species were recognised as intrinsically resistant and most 
Lactococcus isolates as highly susceptible. 

Lactobacilli widely used in starter cultures or as probiotics in dairy products enter human 
intestines in large numbers and there interact with the intestinal microbiota (Teuber et al., 
1999). Therefore they have the potential to serve as hosts for antibiotic-resistance genes, with 
the risk of transferring the genes to opportunistic or pathogenic bacteria. Routine antibiotic 
susceptibility testing has been advocated as an essential selection criterion for potentially 
starter or probiotic Lactobacillus cultures (Charteris & Kelly, 1993). The Lactobacillus species 
have been found susceptible to many cell wall synthesis inhibitors, like penicillins and 
ampicillin (Danielsen & Wind 2003, Coppola et al., 2005), in contrast to glycopeptides such 
as vancomycin, most Lactobacillus species, excluding obligate heterofermentative species, 
have been found to be resistant to these types of antibiotics. However, the resistance 
towards vancomycin has been demonstrated being as intrinsic (Tynkkynen et al., 1998) due 
the presence of D-alanine: D-alanine ligase-related enzymes (Elisha & Courvalin, 1995) and 
should not be compared with transmissible, plasmid–mediated resistance found in 
enterococci (Leclercq et al., 1992). As a general rule, lactobacilli have a high natural 
resistance to bacitracin, cefoxitin, ciprofloxacin, fusidic acid, kanamycin, gentamicin, 
metronidazole, nitrofurantoin, norfloxacin, streptomycin, sulphadiazine, teicoplanin 
(Danielsen & Wind, 2003). In addition, resistance against inhibitors of nucleic acid synthesis, 
such as trimethoprim, seems to be intrinsic, although further characterizations are required 
on this topic (Ammor et al., 2007). Resistance to tetracycline has been observed more often 
among Lactobacillus species, and it has been shown to have a wide range of MICs (Korhonen 
et al., 2008), also with a multimodal distribution of MICs, probably due to the extensive 
variability of tetracycline resistance mechanisms conferring diverse levels of susceptibility 
(Roberts, 2005). Especially with tetracycline, molecular methods should be applied in order 
to reveal the nature of resistance, i.e. is it due to intrinsic mechanisms, mutation or added, 
mobile genes.  

Screening of antibiotic-resistance profile among Lactobacillus strains used in dairy products 
such as probiotics or as starters is now tending to become systematic. Coppola et al., (2005) 
pointed out that all of 63 L. rhamnosus strains isolated from Parmigiano Reggiano cheese 
showed resistance to six antibiotics (cefixime, vancomycin, neomycin, enoxacin, peflxacin, 
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and sulphamethoxazole plus trimetoprim). Investigating the current antibiotic-resistance 
situation in microbial food additives in Switzerland, Kastner et al., (2006) determined that 
among 74 Lactobacillus isolates applicable as starter or probiotic cultures, two antibiotic 
resistances were detected in probiotic cultures. The genetic base of those resistances was 
confirmed; the tetracycline resistance gene tet(W) in L. reuteri SD 2112 (residing on a 
plasmid) and the lincosamide resistance gene lnu(A) in L. reuteri SD 2112. The similar trend 
was noticed in study of Katla et al., (2001). Only one of the 189 Lactobacillus strains isolated 
from Norwegian dairy products such as yoghurt, sour cream, fermented milk and cheese 
was classified as high level resistant to streptomycin. In contrast, a study conducted on 
“home-made“ spanish cheese (Serena, Gamonedo, Cabrales) revealed the presence of 
lactobacilli resistant to penicillin G, cloxacillin, streptomycin, gentamycin, tetracycline, 
erythromycin and chloramphenicol (Herrero et al., 1996).  

L. lactis strains were sensitive to amikacin, ampicillin, 1st generation cephalosporin, 
chloramphenicol, erythromycin, gentamicin, imipenem, oxacillin, penicillin, pipericillin, 
sulphonamide, tetracycline, trimethoprim/sulfomethoxazole, and vancomycin (de Fabrizio 
et al., 1994). A slightly lowered susceptibility was observed towards carbenicillin, 
ciprofloxacin, dicloxacillin and norfloxacin. Intrinsic resistances were recorded towards 
colistin, fosfomycin, pipemidic acid and rifamycin. Orberg & Sandine (1985) demonstrated 
that investigated strains of L. lactis subsp. cremoris and subsp. lactis were all resistant to 
thrimethoprim and almost all to sulphathiazole. Resistance to gentamicin, kanamycin, 
lincomycin, neomycin, rifampin and streptomycin varied. 

The enterococcal strains are naturally tolerant to β-lactams, cephalosporins, lincosamides 
and polymyxins. A specific cause for concern and a factor contributing to the pathogenesis 
of enterococci is the resistance they acquire to aminoglycosides, tetracyclines, macrolides, 
chloramphenicol, penicillin, and ampicillin (Gray et al., 1991) and their capacity to exchange 
genetic information by conjugation. Enterococcal food isolates (mainly E. faecalis and E. 
faecium) were analysed for resistances to a broader range of different antibiotics using 
phenotypic susceptibility testing, both in raw meat (Knudtson & Hartman, 1993; Quednau et 
al., 1998) and fermented milk and meat products (Franz et al., 2001; Teuber & Perreten, 
2000). Their data suggest a high prevalence of (multiple) antibiotic resistant enterococci in 
foods, which nevertheless were mostly susceptible to the clinically relevant antibiotics 
ampicillin and vancomycin. Enterococci from European cheeses, mainly belonging to E. 
feacalis and E. faecium, are susceptible to different antibiotics in different proportions (Teuber 
et al., 1999; Franz et al., 2001). From the study of European cheeses Teuber et al. (1999) 
ascertained that the incidence for vancomycin resistance among enterococcal isolates was as 
low as 4%. When Franz et al. (2001) tested 47 E. faecalis strains, isolated mostly from cheeses, 
they were all susceptible to vancomycin. Bulajić & Mijačević (2011) pointed out that among 
enterococcal strains isolated from autochthonous Sombor cheese, only one strain showed 
vancomycin resistance. In contrast, Citak et al. (2004) have shown resistance to vancomycin 
among the population of enterococci isolated from Turkish white cheeses and was found in 
96.8% of E. faecalis isolates, and 76% of E. faecium strains. The susceptibility to vancomycin is 
of great importance as this glycopeptide antibiotic is one of the last therapeutic options in 
clinical therapy.  

Bifidobacteria are generally considered to be food-grade organisms that do not impose 
health risks on the consumer or the environment. Nevertheless, it should be noted that rare 



 
Antibiotic Resistant Bacteria – A Continuous Challenge in the New Millennium 

 

566 

cases of Bifidobacterium-associated gastrointestinal and extra-intestinal infections have been 
described. In contrast to susceptibility testing of clinically important bacteria, no standard 
procedures are specifically dedicated to the determination of resistance phenotypes in 
Bifidobacterium strains. To date, a large variety of methods and protocols have been 
described for antimicrobial susceptibility testing of bifidobacteria, including agar (overlay) 
disc diffusion, broth dilution and agar dilution. In addition, various growth media have 
been used primarily on the basis that they meet the complex growth requirements of 
bifidobacteria. As opposed to conventional susceptibility test media such as Mueller–Hinton 
and Iso-Sensitest medium none of these Bifidobacterium-specific media are well defined in 
terms of minimal interaction between specific antimicrobial agents and growth medium 
components. Recently, a newly defined medium formulation referred to as the Lactic acid 
bacteria Susceptibility test Medium supplemented with cysteine (LSM + cysteine) was 
proposed for susceptibility testing of bifidobacteria.  

Moubareck et al., (2005) were tested the fifty bifidobacterial strains, isolated from humans, 
animals or probiotic products for susceptibility to 30 antibiotics by disc diffusion test on 
Brucella agar supplemented with 5% laked sheep blood and vitamin K (1mg/L). All strains 
were sensitive to penicilins: penicillin G, amoxicillin, piperacillin, ticarcillin, imipenem, and 
usually anti-Gram-positive antibiotics (macrolides, clindamycin, vancomycin and 
teicoplanin). Most isolates (70%) were resistant to fusidic acid and, as expected, high 
resistance profile were observed for aminoglycosides. Potentially acquired resistance was 
only observed against tetracycline and minocycline, in 14% of the tested strains. For the first 
time, Moubareck et al., (2005) identified tet(W) as the gene responsible for tetracycline 
resistance in Bifidobacterium pseudocatenulatum and B. bifidum. Interestingly, the tet(W) gene 
was previously found in human B. longum and three genera of rumen obligate anaerobes, 
suggesting intergenic transfer of this resistance gene between anaerobic bacteria (Scott et al., 
2000). In the study of Masco et al., (2006), the LSM + cysteine medium was used to 
determine the susceptibility profile of 100 bifidobacterial isolates (strains of animal and 
human origin, isolates from probiotic products and strains from clinical sources) to 15 
common antimicrobial agents. All strains tested were susceptible to amoxicillin, 
chloramphenicol, erythromycin, quinupristin/dalfopristin, rifampicin and vancomycin. The 
date from this study (Masco et al., 2006) also reinforce earlier observations indicating that 
bifidobacteria are intrinsically resistant to gentamicin, sulfamethoxazole and polymyxin B. 
Susceptibility to trimethoprim, trimethoprim/sulfamethoxazole, ciprofloxacin, clindamycin, 
tetracycline and minocycline was variable. The tet(W) gene was responsible for tetracycline 
resistance in 15 strains including 7 probiotic isolates belonging to the taxa Bifidobacterium 
animalis subsp. lactis and B. bifidum. This gene was present in a single copy on the 
chromosome and did not appear to be associated with the conjugative transposon TnB1230 
previously found in tet(W)-containing Butyrivibrio fibrisolvens.  

7. Conclusion  
The selective pressure imposed by the use of antimicrobial agents plays a key role in the 
emergence of resistant bacteria. Under selective pressure, the numbers of these bacteria 
increase and some may transmit their resistance genes to other members of the population.. 
The food chain was considered as the main route of transmission of antibiotic resistant lactic 
acid bacteria between the animals and human population. Fermented dairy products and 
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fermented meats, which are not heat-treated before consumption, provide a vehicle for 
antibiotic resistant LAB with a direct link between the animal indigenous microflora and the 
human gastrointestinal tract. There is the potential health risk, due to the transfer of 
antibiotic resistance genes from LAB to bacteria in the human gastrointestinal tract, 
especially to pathogenic bacteria. 

Lactic acid bacteria used as starter cultures or probiotic bacteria, enter into human intestines 
in large number where they interact with the intestinal microflora. Since there has been a 
significant rise in the consumption of probiotic products, it is important that probiotics are 
well documented regarding antibiotic resistance profile. The ability to transfer antibiotic 
resistance genes must be considered as an important parameter for the selection of the 
probiotic strains. Continuous attention should be paid to the selection of probiotic strains 
free of transferable antibiotic-resistance determinants. Without doubt, the uncontrolled use 
of antimicrobial agents in farming practice has assisted the spread of resistant organisms. 
Therefore a much stricter control over the use of these drugs is essential.  
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cases of Bifidobacterium-associated gastrointestinal and extra-intestinal infections have been 
described. In contrast to susceptibility testing of clinically important bacteria, no standard 
procedures are specifically dedicated to the determination of resistance phenotypes in 
Bifidobacterium strains. To date, a large variety of methods and protocols have been 
described for antimicrobial susceptibility testing of bifidobacteria, including agar (overlay) 
disc diffusion, broth dilution and agar dilution. In addition, various growth media have 
been used primarily on the basis that they meet the complex growth requirements of 
bifidobacteria. As opposed to conventional susceptibility test media such as Mueller–Hinton 
and Iso-Sensitest medium none of these Bifidobacterium-specific media are well defined in 
terms of minimal interaction between specific antimicrobial agents and growth medium 
components. Recently, a newly defined medium formulation referred to as the Lactic acid 
bacteria Susceptibility test Medium supplemented with cysteine (LSM + cysteine) was 
proposed for susceptibility testing of bifidobacteria.  

Moubareck et al., (2005) were tested the fifty bifidobacterial strains, isolated from humans, 
animals or probiotic products for susceptibility to 30 antibiotics by disc diffusion test on 
Brucella agar supplemented with 5% laked sheep blood and vitamin K (1mg/L). All strains 
were sensitive to penicilins: penicillin G, amoxicillin, piperacillin, ticarcillin, imipenem, and 
usually anti-Gram-positive antibiotics (macrolides, clindamycin, vancomycin and 
teicoplanin). Most isolates (70%) were resistant to fusidic acid and, as expected, high 
resistance profile were observed for aminoglycosides. Potentially acquired resistance was 
only observed against tetracycline and minocycline, in 14% of the tested strains. For the first 
time, Moubareck et al., (2005) identified tet(W) as the gene responsible for tetracycline 
resistance in Bifidobacterium pseudocatenulatum and B. bifidum. Interestingly, the tet(W) gene 
was previously found in human B. longum and three genera of rumen obligate anaerobes, 
suggesting intergenic transfer of this resistance gene between anaerobic bacteria (Scott et al., 
2000). In the study of Masco et al., (2006), the LSM + cysteine medium was used to 
determine the susceptibility profile of 100 bifidobacterial isolates (strains of animal and 
human origin, isolates from probiotic products and strains from clinical sources) to 15 
common antimicrobial agents. All strains tested were susceptible to amoxicillin, 
chloramphenicol, erythromycin, quinupristin/dalfopristin, rifampicin and vancomycin. The 
date from this study (Masco et al., 2006) also reinforce earlier observations indicating that 
bifidobacteria are intrinsically resistant to gentamicin, sulfamethoxazole and polymyxin B. 
Susceptibility to trimethoprim, trimethoprim/sulfamethoxazole, ciprofloxacin, clindamycin, 
tetracycline and minocycline was variable. The tet(W) gene was responsible for tetracycline 
resistance in 15 strains including 7 probiotic isolates belonging to the taxa Bifidobacterium 
animalis subsp. lactis and B. bifidum. This gene was present in a single copy on the 
chromosome and did not appear to be associated with the conjugative transposon TnB1230 
previously found in tet(W)-containing Butyrivibrio fibrisolvens.  

7. Conclusion  
The selective pressure imposed by the use of antimicrobial agents plays a key role in the 
emergence of resistant bacteria. Under selective pressure, the numbers of these bacteria 
increase and some may transmit their resistance genes to other members of the population.. 
The food chain was considered as the main route of transmission of antibiotic resistant lactic 
acid bacteria between the animals and human population. Fermented dairy products and 
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fermented meats, which are not heat-treated before consumption, provide a vehicle for 
antibiotic resistant LAB with a direct link between the animal indigenous microflora and the 
human gastrointestinal tract. There is the potential health risk, due to the transfer of 
antibiotic resistance genes from LAB to bacteria in the human gastrointestinal tract, 
especially to pathogenic bacteria. 

Lactic acid bacteria used as starter cultures or probiotic bacteria, enter into human intestines 
in large number where they interact with the intestinal microflora. Since there has been a 
significant rise in the consumption of probiotic products, it is important that probiotics are 
well documented regarding antibiotic resistance profile. The ability to transfer antibiotic 
resistance genes must be considered as an important parameter for the selection of the 
probiotic strains. Continuous attention should be paid to the selection of probiotic strains 
free of transferable antibiotic-resistance determinants. Without doubt, the uncontrolled use 
of antimicrobial agents in farming practice has assisted the spread of resistant organisms. 
Therefore a much stricter control over the use of these drugs is essential.  
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