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Preface

The genus Salmonella comprises an important number of bacterial species able to colonize
and infect numerous animal species and humans. Although more than a hundred years
passed since its discovery, Salmonella still represents a redoubtable and successful microor‐
ganism, difficult to deal with. Whether we discuss about typhoid fever or food poisoning,
the public health and financial consequences are practically incalculable. The costs attributa‐
ble to Salmonella contamination of meat, eggs, and vegetables are also very high worldwide.
Antimicrobial resistance in Salmonella isolates is an emerging threat not only in humans, and
special measures should be addressed to this global problem.

The book Current Topics in Salmonella and Salmonellosis contains a series of reviews about all-
important issues concerning these subjects. It comprises 14 chapters grouped in 4 sections
emphasizing new insights into pathogenesis, bacterial detection and antibiotic resistance, in‐
fections in animals, risk factors, and control strategies. The new genomic data and the ex‐
haustive presentation of molecular pathogenesis bring novelty to the book and can help to
improve our knowledge about Salmonella-induced diseases.

More than 40 international specialists have contributed as coauthors to this book, resulting
in an interdisciplinary view on the topic. I would like to express my gratitude and apprecia‐
tion to all of them and, last but not least, to all those who assisted me in this editorial project.

Mihai Mareș, PhD
Professor of Microbiology, Department of Public Health

Head, Laboratory of Antimicrobial Chemotherapy
Ion Ionescu de la Brad University

Iasi, Romania
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Insights from Comparative Genomics of the Genus 
Salmonella
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Wanchai, Preecha Patumcharoenpol, 
Intawat Nookaew, Katrina Schlum, 
Michael R. Leuze and David W. Ussery

Additional information is available at the end of the chapter

Abstract

Comparative genomics have become a standard approach to gain insights into the inter-
relationships of microorganisms. Here, we have applied variable bioinformatic tech-
niques to compare over 200 Salmonella genomes. First, we present a tree of all sequenced 
different members of the Enterobacteriaceae family, based on comparison of average 
amino acid identities. This technique was also applied to zoom in on the genomes of the 
genus Salmonella. The pan and core genomes of this genus were established and com-
pared to experimental data available on the literature that identified essential genes. 
Difficulties and shortcomings of both approaches are discussed. Metabolic pathways 
unique for Salmonella were identified. Finally, we present an analysis of genes coding for 
small RNAs, an important part of the genetic repertoire of bacteria that is often ignored. 
The findings reported here are discussed and compared with available literature.

Keywords: comparative genomics, Salmonella, core genome, small RNA, AAI tree

1. Introduction

The genus Salmonella belongs to the Enterobacteriaceae, a large family within the gamma-pro-
teobacteria to which E. coli also belongs. Since its first characterization in 1884 from diseased 
pigs by scientists working in the group of Daniel Salmon (after whom the genus is named), 
Salmonella species have been known to cause disease, notably typhoid fever and food poison-
ing. Pathogenic Salmonella types can be found in a wide range of animal hosts and often infect 
humans via contaminated food; they are responsible for more than a million infections in the 

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



United States every year. Infections vary from (long-term) asymptomatic carriage and self-
limiting salmonellosis to life-threatening conditions and fatal typhoidal fever [1].

Historically, many species of this genus were recognized, at first based on the clinical symptoms 
typical for their infections and it was soon recognized that these correlated with their serotype. 
However, based on sequence analysis, in 1973, it was proposed that all these Salmonella sero-
types belonged to the same species [2]. This resulted, in 2005, to the designation of Salmonella 
enterica as the type species for the genus, as described by the International Committee on 
Systematics of Procaryotes [3]. Only one other species is currently formally recognized within 
the genus: Salmonella bongori, which lives in cold-blooded reptiles. S. enterica is further divided 
into six subspecies, of which S. enterica subsp. enterica is clinically most relevant. The names 
originally used to describe clinically distinct ‘species’ live on as serovars or serotypes. All 
Salmonella bacteria are none spore-forming, chemotrophic, facultative  anaerobes, which sur-
vive in their host intracellularly [1].

The number of Salmonella genome sequences available in GenBank is constantly increasing. 
At the time of writing their number reached five thousand, the vast majority of which were 
obtained from S. enterica. As of September 15, 2016, there were 4934 genomes of this species in 
GenBank, with three additional genomes from S. bongori. Only a small fraction of these genomes 
are submitted as complete sequences without gaps and fulfilling all criteria set by GenBank for 
a genome to be listed as ‘complete’ (201 genomes at the time of writing,  corresponding to 4% of 
the total). In this chapter, we employ whole-genome methods to compare complete Salmonella 
genomes in order to produce insights into the genomic diversity of this genus.

2. Salmonella comparative genome analyses

2.1. Genome-based trees

The first approach was aimed to show the overall relatedness of all species belonging to the 
Enterobacteriaceae family, based on their (completely sequenced) genomes. For this, we col-
lected up to ten genome sequences per species, as far as these were available, which led to 
255 genome sequences to be compared. The comparison was based on average amino acid 
identity (AAI) comparison, a method that uses all annotated protein genes in a given genome, 
producing more robust trees than methods based on direct alignments or concatenated pro-
tein sequence alignments [4]. The resulting tree is presented with collapsed branches for 
redundant species (Figure 1). The Salmonella genus, shown in red, is positioned on a clus-
ter together with Citrobacter, with Escherichia/Shigella as the closest neighbors. These genera 
are supposed to have been separated for tens of millions of years [5]. The close relationship 
between Citrobacter and Salmonella has been observed before, and it was proposed that recom-
bination between these and to a lesser extent with Escherichia, has been frequent in the past, 
during a process of fragmented speciation [5].

Next, we extracted all 201 complete genomes from the Salmonella genus (in May 2016), com-
bined with 164 ‘nearly completed’ genomes. The latter were extracted from GenBank as 
good quality draft sequences only, retrieved from GenBank when selecting for genomes 
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of ‘chromosome’ quality; all contained one contiguous sequence, without gaps. These 
365 Salmonella genomes represent only a tiny fraction of what is available. Apart from the 
nearly 5000 Salmonella genomes available in GenBank, there are currently more than 62,000 
Salmonella enterica genomes stored in the Sequence Read Archive. However, in principle, the 
complete genome sequences should be of high quality and reliable in terms of annotation; 
therefore, we restricted the analysis to complete genomes.

An AAI tree was constructed to establish the interrelationship of the 365 complete genomes, 
representing 33 different serovars including 36 Typhimurium and 6 Typhi genomes. The 
branches of the AAI tree were collapsed at serovar level. This produced a tree with 62 branches, 
as shown in Figure 2. As can be observed, by and large the tree clustered the genomes according 

Figure 1. Tree based on average amino acid identity (AAI) of 255 genomes from members of the Enterobacteraceae. 
Branches were collapsed at the species level. The branch with the two Salmonella species is colored and some distinct 
genus clusters are labeled.
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to serovars, though the separation is not absolute and some serovars end up in mixed clusters. 
This was to be expected, as the analysis is based on the complete annotated proteome (capturing 
all protein-coded sequences), while the phenotypic characteristics that determine a serovar are 
determined by a limited number of genes only, that produce the surface antigens captured by 
serotyping. Of the 36 S. enterica sv. Typhimurium genomes (represented on 13 branches, blue 
in the figure), 32 cluster together on 10 branches (together with four branches of non-specified 
serovars), while four are placed on three branches outside the Typhimurium cluster. A distinct 
cluster is also observed containing the serovars Enteritidis, Pullorum, Gallinarum and Dublin 
(colored green in the figure) which together are known as ‘group D Salmonella’ [6]. The first three 
of these are adapted to the chicken host, but serovar Dublin is mostly colonizing cattle, and other 
serovars frequently found in chickens are placed outside the group D cluster. It has been sug-
gested that the serovars Paratyphi and Choleraesuis, both with a narrow host range (for humans 
and pigs, respectively) are phylogenetically related, a conclusion that was based on SNP analy-
sis [6]. Indeed, we observe that one Paratyphi genome clusters with a Choleraesuis, but two 
other Paratyphi and another Choleraesuis genome are more distinct (colored red in Figure 2).

Figure 2. AAI tree of 365 Salmonella genomes representing 33 serovars of S. enterica (abbreviated as ‘SE’) subsp enterica. 
Indentical branches were collapsed per serotype. For explanation of the colors, see text.
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2.2. Essential genes based on published gene inactivation studies

What makes a Salmonella a Salmonella? There are of course particular biochemical character-
istics that can be used for identification, but can we recognize a set of genes that are always 
conserved, required and necessary for a Salmonella to be called that? And how many of 
those genes would be essential for growth and survival of the bacteria? These questions are 
addressed in this and the next session. Here, we start with genes proposed to be essential for 
survival under laboratory conditions, based on experimental data.

Traditionally, targeted mutagenesis has been used to determine if a gene from a given 
Salmonella strain were essential for infection, an approach that restricted the analyses to low 
numbers of genes only. An alternative approach was published in 2004 (based on previously 
developed techniques) to identify larger numbers of essential genes, by insertion of condi-
tional lethal mutations into random gene fragments in a S. typhimurium strain [7]. The con-
ditional switch used here was growth temperature, while tetracycline-dependent expression 
was used by others [8], although they only reported findings for four essential genes. A few 
years later, transposon (Tn) mutagenesis combined with high-throughput sequencing became 
available and this was applied to S. enterica strains [9–12]. Typically, in this approach mutants 
are screened for growth in LB broth. With a sufficiently high density of transposon insertions, 
genes that have not received insertions can be considered essential, as their inactivation had 
resulted in mutants unable to multiply under the conditions applied. Yet another approach 
was followed by Thiele and coworkers, who used metabolic reconstruction (MR) to extract a 
list of essential genes in S. Typhimurium that could be possible drug targets [13].

The experimental approaches reported in the literature are not without difficulties, as real-
ized by their authors. For instance, polarity of transposon insertions in operons containing 
multiple genes can result in genes being scored as essential only because they are positioned 
downstream of an inactivated essential gene; attempts have been made to correct for this. 
Gene orthologs can further complicate findings, whereby one copy of an essential gene can 
be inactivated as long as a second copy remains intact. When an obtained mutant library 
is cultured for several generations, some mutants that originally survived will be removed 
from the population because their deletions are disadvantageous though not directly lethal. 
Such genes are typically scored as being under strong selection, an analysis that has been 
 performed for S. Typhimurium strain ATCC 14028 and S. Thyphi strain Ty2 [11].

That experimental wet-laboratory data can be controversial is demonstrated by the fact that 
26 of the 28 genes in S. Typhimurium strain ATCC 14028 that Knuth and coworkers reported 
as essential [7] could nevertheless be inactivated by site-directed mutagenesis [14].

Some research groups selected for conditions more closely resembling natural conditions of 
infection, for instance growth at 42°C instead of 37°C, to resemble the body temperature of 
mice that S. Typhimurium would typically encounter, or in the presence of bile acid ([10], work 
conducted with strain ATCC 14028). Exposure to low pH has also been tested [8]. Moreover, 
even ‘essential’ genes can often endure a transposon insertion without complete loss of func-
tion. If only those genes would be scored as essential that were truly resistant to Tn insertions 
from high-throughput mutagenesis, the essential gene pool would be very small indeed: only 
96 genes from S. Typhi strain Ty2 and 57 genes from S. Typhimurium strain SL3261 remained 
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free of Tn insertions under conditions that were considered to have reached Tn saturation 
[12]. Thus, a small number of insertions can be permitted, even in genes considered essential 
for life in laboratory medium. Since the chance to receive a Tn insertion depends on gene 
length, a highly variable parameter, the number of observed insertions needs to be corrected 
for gene length [9]. This produces an insertion index, where the number of observed insertions 
is divided by gene length. In addition, a likelihood can be calculated from the ratio of observed 
versus expected number of Tn insertions, to predict the chance of a gene being essential [9, 
12]. For this approach, a cutoff value is required, to bin genes as either essential or not. The 
problem with this is that the used parameter (likelihood P value, Tn-insertion index or both) 
is a continuously increasing value. This makes the choice of the cutoff inevitably arbitrarily: 
There is no biological reason why genes bordering this cutoff would or would not be essential.

To illustrate the difficulty, we plotted the P value reported by Barquist and colleagues [12], 
who provided the most elaborate list of Tn mutants available to date (Figure 3). Panel A of 
the figure shows how the P value of all genes of S. Typhimurium steadily increases. Similar 
results are obtained for S. Typhi (not shown), and even for those genes that have very low 
P values, there is a continuous increase, as shown in Panel B. Note that in this figure, the 
log10 value was plotted for clarity, and the cutoff value corresponding to a P value of <0.05 is 
indicated by the red line. Clearly, this value is artificial, since there is no noticeable increment 
around this value.

A slightly different picture emerges when the Tn-insertion index is plotted, as shown in 
Figure 4. Although the increase in this index is also continuous, the shape of the obtained curve 
is slightly sigmoidal at the beginning, suggesting a trend toward saturation of the index value 
around 0.03, before it increases again. This trend is stronger for S. Typhi (Panel 4A) than for 

Figure 3. The continuous increase of P values of Tn insertions. In Panel A, P values of all 4463 genes of S. Typhimurium 
are plotted. In Panel B, a selection of 2675 S. Typhimurium genes is shown with P values >0 but <0.1, plotted for the 
exponent (log10) of the P values for clarity. The red line indicates the cutoff of P < 0.05, corresponding with a log10 value 
of −1.3 that was used by the authors. Data after Ref. [12].
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is a continuously increasing value. This makes the choice of the cutoff inevitably arbitrarily: 
There is no biological reason why genes bordering this cutoff would or would not be essential.

To illustrate the difficulty, we plotted the P value reported by Barquist and colleagues [12], 
who provided the most elaborate list of Tn mutants available to date (Figure 3). Panel A of 
the figure shows how the P value of all genes of S. Typhimurium steadily increases. Similar 
results are obtained for S. Typhi (not shown), and even for those genes that have very low 
P values, there is a continuous increase, as shown in Panel B. Note that in this figure, the 
log10 value was plotted for clarity, and the cutoff value corresponding to a P value of <0.05 is 
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around this value.

A slightly different picture emerges when the Tn-insertion index is plotted, as shown in 
Figure 4. Although the increase in this index is also continuous, the shape of the obtained curve 
is slightly sigmoidal at the beginning, suggesting a trend toward saturation of the index value 
around 0.03, before it increases again. This trend is stronger for S. Typhi (Panel 4A) than for 

Figure 3. The continuous increase of P values of Tn insertions. In Panel A, P values of all 4463 genes of S. Typhimurium 
are plotted. In Panel B, a selection of 2675 S. Typhimurium genes is shown with P values >0 but <0.1, plotted for the 
exponent (log10) of the P values for clarity. The red line indicates the cutoff of P < 0.05, corresponding with a log10 value 
of −1.3 that was used by the authors. Data after Ref. [12].
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S. Typhimurium (Panel 4B). Based on these findings, a cutoff value of 0.25 and 0.03 for the Tn 
index, respectively, might be appropriate for these species. We therefore recorded genes with 
a Tn index <0.25 for S. Typhi (n = 545 genes) and with a Tn index <0.30 for S. Typhimurium 
(n = 445), based on the data from Barquist and coworkers [12]. The Tn index of these genes 
is shown in Panels C and D of Figure 4. We further recorded the genes that Barquist and 
colleagues had originally selected (301 genes from S. Typhi and 299 for S. Typhimurium) 
which contained a reanalysis of the data from Langridge [9], as well as all genes previously 
identified as ‘essential’ by Knuth [7], Khatiwari [10], Canals [11] and Thiele [13], regardless 
of whether such genes were successfully inactivated by others. This produced an ‘all inclu-
sive’ list of 847 genes putatively essential for growth and survival, or under strong selec-
tion, in LB medium. Relatively few genes were consistently recorded as essential by all or 
most authors; most genes were found in two independent approaches or were single findings 
(results not shown).

A word of caution is needed here. It turned out to be rather cumbersome to identify the 
genes mentioned in the original published data (mostly using the supplementary tables pro-
vided with the publications) and to compare the findings with those of others, because genes 
were mostly described by gene names, which are by no means suitable as unique identi-
fiers. For instance, the large operon for LPS-biosynthesis is called waa in S. Typhi but rfb in 

Figure 4. Analysis of transposon insertion frequency for genes of S. Typhi (left) and S. Typhimurium (right), based 
on data published by [12]. In Panels A and B, all genes are sorted for Tn index. The bottom Panels C and D show an 
enlargement of the part in the red square of A and B, respectively. For more explanation, see text.
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S. Typhimurium; the essential gene mrdA of E. coli is called that in S. typhimurium, but it is 
pbpA in S. Typhimurium. The gene that is called ribE in both Salmonella genomes is essential, 
but it is called ribC in E. coli, while ribE in the latter species is called ribH in Salmonella (also 
essential). This makes it very risky to assume two genes are the same if they have the same 
name, or different if they do not. In most reports, a short protein functional description is pro-
vided, which can assist in correct identification, but many genes have very general functional 
characteristics, or are of unknown function. In such cases, the only way to identify which 
gene was meant is to use the gene location, but even that information does not always prove 
to be sufficient, for instance, when authors have re-annotated a genome but did not make this 
annotation public.

In conclusion, it is tedious and sometimes impossible to connect the findings from one study 
to those of another. Genes scored as ‘essential’ by one group can be inactivated without con-
sequences on viability by another group. Moreover, most so-called essential genes endure a 
low number of transposon insertions without the loss of viability.

2.3. Conserved genes found in the core genome of Salmonella enterica

The second approach to identify essential genes in Salmonella is based on bioinformatical 
analysis of published genome sequences. If a gene is essential for growth, one can expect it to 
be strictly conserved between genomes, so a comparison on gene conservation can identify 
possible candidates. This is also not a completely unambiguous approach and depends on 
a number of choices that have to be made. For instance, one must define homologs between 
genomes in order to assess if genes are conserved, but this requires a defined percentage of 
homology that must be allowed and required for genes to be combined into a gene family. 
In addition, how should one deal with very short open reading frames, in other words, what is 
the minimum length of genes included, without adding too many artificial short open reading 
frames? And should one use original gene annotations, which is a transparent procedure that 
is easily reproducible, or is it better to re-annotate genomes using a standardized procedure 
to reduce variation? The latter approach produces more robust data as it no longer depends 
on variable gene calling, but it is less transparent when the used re-annotations are not made 
public. When core genomes are being defined from a set of highly different organisms, it 
may be required to allow for genes that are missing in a low number of analyzed genomes. 
However, when dealing with a single species, one could apply a strict requirement of pres-
ence in all genomes to produce a realistic core, especially if only fully sequenced genomes, 
re-annotated with a standardized algorithm, are included.

For this chapter, we decided to use publically available annotations, to aim for maximum 
transparency, and we further illustrate the effect of different core genome definitions. The core 
genome was established based on the annotations of the 362 completely sequenced Salmonella 
enterica genomes that were used to construct Figure 2, complemented with the three S. bongori 
genomes. Protein-coding genes were binned into gene families by the use of the program 
USEARCH [15] such that members of each family have at least 50% sequence identity and 
at least 50% alignment length of the best hit against the centroid of the family. Using a strict 
definition of required presence in all analyzed genomes, a so-called 100% core genome could 
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be identified that consisted of 1061 gene families. Although this seems an impressive num-
ber, it is lower than expected, probably because of variations in the used gene annotations. 
Based on our experience with core-genome determination from many bacterial genera, we 
were expecting the core genome of S. enterica to be larger, as the species contains relatively 
closely related organisms. Thus, we relaxed the requirement to allow gene presence in 344 
or 95% of the investigated genomes. This produced a core genome of 3499 gene families, a 
size that is comparable with the preliminary core established for thousands of sequenced 
Salmonella genomes (S-R Jun and DW Ussery, unpublished data). We also constructed the core 
genome for S. bongori, but with only three genomes available, this core is relatively large, as a 
core genome usually decreases with an increasing number of included genomes. For the core 
genome of the complete Salmonella genus, these two datasets were combined. The results are 
summarized in Table 1.

Table 1 further lists that 11 genes from the 95% core were not annotated in the reference 
genome of the species typestrain S. enterica subsp enterica Typhimurium LT2. Originally, 
this number was much higher: There appeared to be 141 of the 3499 core genes missing in 
the annotated S. Typhimurium LT2 genome. However, when the DNA sequences of these 
genes were checked against the reference genome, 130 were actually present but not anno-
tated. Thus, only 11 core genes remained that appear to be truly missing in the reference 
genome. This number did not change for core gene families based on S. enterica or the com-
plete Salmonella genome (Table 1).

It was further checked if core gene families in the reference genome contained multiple entries, 
in other words, whether those core gene families contained orthologs or paralogs. This was 
the case for 120 gene families. When the function of these gene copies is interchangeable, 
these orthologs can be considered as ‘back-up’ copies, possibly maintained in the genome to 
protect against loss of essential function; alternatively, the genome can contain orthologs to 
allow for a higher production of the gene product. The multiple copies of the ribosomal RNA 
genes would be a nice example of the latter, though they are not captured in our core genome 
analysis, which was restricted to protein-coding genes only. To give another example, mul-
tiple copies of ferric enterobactin (enterochelin) transporters were found. Such orthologs of 
essential genes can complicate the outcome of in vitro mutagenesis analyses, as discussed 
above. However, not all orthologous genes are duplicated because they are essential, so it is 
not a predictive characteristic.

Dataset Core genome size in 100% 
of dataset

Core genome size in 95% 
of dataset

Number of core genes missing 
in reference genome

362 S. enterica genomes 1061 gene families 3499 gene families 11 core genes out of 3499 are 
missing in S. Typhimurium LT2

3 S. bongori genomes 3368 gene families 3368 gene families n.a.

365 Salmonella genomes 1009 gene families 3470 gene families 11 core genes out of 3470 are 
missing in S. Typhimurium LT2

Table 1. Core genome analysis based on 365 Salmonella genome sequences.

Insights from Comparative Genomics of the Genus Salmonella
http://dx.doi.org/10.5772/67131

11



The genomes used for Table 1 were not only used to select conserved core genomes, but also 
to define the pan genome, containing all gene families of the Salmonella genus. This is visually 
represented in Figure 5. The pan genome increases in size until approximately 180 genomes 
have been added, at which stage it reaches a plateau and is hardly affected by addition of 
further S. enterica genomes. It increases again when S. enterica Infantis and especially when 
S. bongori genomes are added, as these introduce novel gene families to the pan genome. 
Panel B of Figure 5 illustrates the validity of defining a 95% core, instead of applying the strict 
requirement of presence in 100% of all genomes. The 100% core genome steadily decreases 
with the cumulative addition of the genomes analyzed here (the order of the genomes is the 
same as for Panel A) and decreases sharply to approximately 1000 gene families after addition 
of the S. bongori genomes. Instead, in the 95%, core genome is quite robust and remains more 
or less constant at around 3470 gene families (Figure 5).

As was discussed in the previous section, the literature findings on essential genes are often 
controversial, for reasons discussed, while core genome determination is also not without 
caveats. Importantly, one can assume that all genes required for growth in LB medium must 
be conserved in all genomes and thus be part of the core, though the reverse may not be true: 
Not all core genes will be essential for growth and survival under these laboratory conditions. 
Therefore, we checked which of the essential genes reported in the literature were actually 
present in the core genome. For this, we used the 95% core genome, though core genes miss-
ing in the original annotation of the reference genome of S. Typhimurium LT2 were added 
manually. A total of 683 core genes could with reasonable confidence be identified that at least 
by one approach was found as putatively essential (results not shown). Conversely, of the 

Figure 5. Pan-core plots based on 365 Salmonella genomes. Panel A shows the pan genome of Salmonella, with S. bongori 
added last. Panel B shows the core genome of the 365 Salmonella genomes with 95 and 100% conservation.

Current Topics in Salmonella and Salmonellosis12



The genomes used for Table 1 were not only used to select conserved core genomes, but also 
to define the pan genome, containing all gene families of the Salmonella genus. This is visually 
represented in Figure 5. The pan genome increases in size until approximately 180 genomes 
have been added, at which stage it reaches a plateau and is hardly affected by addition of 
further S. enterica genomes. It increases again when S. enterica Infantis and especially when 
S. bongori genomes are added, as these introduce novel gene families to the pan genome. 
Panel B of Figure 5 illustrates the validity of defining a 95% core, instead of applying the strict 
requirement of presence in 100% of all genomes. The 100% core genome steadily decreases 
with the cumulative addition of the genomes analyzed here (the order of the genomes is the 
same as for Panel A) and decreases sharply to approximately 1000 gene families after addition 
of the S. bongori genomes. Instead, in the 95%, core genome is quite robust and remains more 
or less constant at around 3470 gene families (Figure 5).

As was discussed in the previous section, the literature findings on essential genes are often 
controversial, for reasons discussed, while core genome determination is also not without 
caveats. Importantly, one can assume that all genes required for growth in LB medium must 
be conserved in all genomes and thus be part of the core, though the reverse may not be true: 
Not all core genes will be essential for growth and survival under these laboratory conditions. 
Therefore, we checked which of the essential genes reported in the literature were actually 
present in the core genome. For this, we used the 95% core genome, though core genes miss-
ing in the original annotation of the reference genome of S. Typhimurium LT2 were added 
manually. A total of 683 core genes could with reasonable confidence be identified that at least 
by one approach was found as putatively essential (results not shown). Conversely, of the 

Figure 5. Pan-core plots based on 365 Salmonella genomes. Panel A shows the pan genome of Salmonella, with S. bongori 
added last. Panel B shows the core genome of the 365 Salmonella genomes with 95 and 100% conservation.

Current Topics in Salmonella and Salmonellosis12

870 genes that were identified as essential by any of the methods discussed in the previous 
section, 694 were identified as part of the 95% core. The least reliable prediction of ‘essential’ 
genes turned out to be a low P value of Tn insertion, as this contained the highest fraction of 
genes that were not part of the core.

2.4. How close is S. Typhimurium to E. coli?

This chapter started with a comparison of all Enterobacteriaceae, to illustrate the close rela-
tionship between Salmonella, Citrobacter and Escherichia. But how close are Salmonella and 
Escherichia, in terms of conserved proteins? To address this question, the core genes of 
S. enterica Typhimurium LT2 (the type strain of the species) were compared to the core 
genes recently defined for E. coli (using the same definitions and parameters) [16], which 
we applied to the species typestrain E. coli DSM 30083. As reported in Table 1, the 95% 
core genome of all Salmonella comprises 3470 gene families, of which 11 are missing in 
Typhimurium LT2. This strain thus contains 3459 core gene families, while the E. coli typ-
estrain contains 3100 core gene families. When these were compared, it was found that 2615 
of these are shared, which corresponds to 75.6% of the S. Typhimurium LT2 core gene fami-
lies, 84.4% of E. coli DSM 30083 and 66.3% of the total gene families assessed for these two 
species. This is illustrated in Panel A of Figure 6. The definition for gene families applied 
here is the same as for Table 1 and Figure 5, but as explained above, this requires a defined 
cutoff for sequence similarity. The biological function of proteins is mostly defined by their 
functional domains, which is sometimes only a fraction of the total protein sequence. Thus, 
we narrowed this analysis down, to define the common core genome based on functional 
domains only, using Pfam domains. Since a Pfam domain is not described for all core genes, 
there were fewer domains captured in this comparison (2416 for S. typhimurium LT2 and 
2263 for E. coli DSM 30083). Panel B of Figure 6 shows that there are 2142 shared protein 
domains, corresponding to 88.7% of the S. Typhimurium LT2 core proteins, 94.7% of the E. 
coli DSM 30083 core proteins, and 84.4% of the total number of functional domains captured 
here. Interestingly, the fractions of shared core genes and shared functional domains are 
larger for the E. coli typestrain than for the Salmonella enterica typestrain. We believe this 
is caused by the larger diversity of the E. coli species, compared to S. enterica. As a conse-
quence, the core genome of E. coli is smaller, even at 95%, which means a larger fraction of 
these is shared with S. enterica.

We further investigated the functions of the Salmonella core gene families in S. Typhimurium LT2 
and found that most of them related to cellular metabolism. The core genome of S. Typhimurium 
LT2 was mapped to the genome-scale metabolic model SMT_v1.0 [13], which resulted in a total 
of 1271 genes and 2545 metabolic reactions. As shown in Panel C of Figure 6, 1012 genes from 
the S. Typhimurium LT2 core genome have a metabolic function (~80% of total genes in the 
model) and these account for 2358 metabolic reactions (93% of total reactions in the model). 
When comparing this with the E. coli core genome, S. Typhimurium LT2 has 156 unique meta-
bolic genes, responsible for 452 metabolic reactions. The unique metabolic reactions that were 
identified here are mostly involved in transport systems across the inner membrane as well 
as the outer membrane (porins), specific transport of inorganic ions, and the recycling of lipo-
polysaccharide biosynthesis components. Such analyses can share light on the biochemical and 
metabolic properties that Salmonella is specialized in, related to its intracellular lifestyle.
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2.5. Conserved RNAs across 201 Salmonella genomes

So far, all analyses were based on the annotated proteomes of the Salmonella genomes, but 
genes that code for RNA as the final product should not be ignored. A genome annotation 
would not be complete without its ribosomal RNA genes, coding for 5S, 16S and 23S RNA, 
as well as the tRNA genes. Salmonella enterica contains 7 rrn operons, which is more than 
can be found in many bacterial species but certainly is not a maximum, as some soil bacteria 
can contain up to 15 copies of the rRNA genes. The number of rrn copies of bacterial  species 

Figure 6. Comparison of Salmonella and E. coli core genes, using the type strains for both species. Panel A shows the size 
and overlap of the core gene families. Panel B shows the comparison using PfamA domains. Panel C summarizes how 
many metabolic pathways are shared in the Salmonella and E. coli cores.
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has been related to their capacity to change their metabolism to use available resources [17]. 
Although it is often assumed that these gene duplications are all identical, in fact some degree 
of sequence variation can be observed, even within a genome. For Salmonella, it was reported 
that the gene encoding 16S rRNA (which is typically used for taxonomic description) is con-
served for 97% only [18]. The gene coding for 23S rRNA is also not strictly conserved in 
Salmonella, as it contains both point mutations and indels [19].

The number of tRNA genes present in the Salmonella reference genome is 85, representing 47 
different tRNA molecules that together cover the 40 required anticodons [20]. These num-
bers can vary between genomes and serovars. But these are not the only bacterial genes that 
are never translated into protein. In addition to essential RNA genes such as the gene cod-
ing for tmRNA (transfer-messenger RNA, required for correct protein translation), it is now 
recognized that bacterial genomes contain a large number of small RNA genes (sRNA) that 
are not always annotated. These are often involved in post-transcriptional regulation of gene 
expression [21]. As a final analysis, we decided to assess the conservation of these, incorrectly 
neglected, RNA genes.

The bioinformatic analysis performed was based on a publication where transcription start 
sites were identified from 31 Salmonella genomes [22]. We analyzed those 113 RNA genes 
in the 201 completely sequenced genomes. For this analysis, we excluded the nearly com-
pleted sequences that had been included in the analyses resulting in Figures 2 and 5, because 
genome assembly is biased toward protein-coding regions, so that regions on which sRNA 
genes may reside are likely to be missed, unless a genome is truly completed. For comparison, 
eight other Enterobacteriaceae were included. The results are presented in a matrix heat map 
(Figure 7). Based on their sRNA content, most of the genomes neatly clustered according 
to their serotype, with only few exceptions. Interestingly, the genomes of strains FORC-015 
and FORC-020, which are annotated as Typhimurium, are placed outside the Typhimurium 
cluster in Figure 7, and these were also placed outside the main Typhimurium cluster in the 
AAI tree of Figure 2. Thus, it can be questioned if the serotype of these two strains was cor-
rectly identified. That most of the Salmonella genomes are nicely clustered according to their 
serotype in Figure 7 is surprising, as the nonprotein coding sRNA genes analyzed here do 
not have a specific role in expression of surface antigens. The correlation identified here is 
in line with a publication that sRNA genes can be used as targets for serotype-specific PCR 
detection of Typhi and Paratyphi [23]. It was recently described that some sRNA genes of S. 
Typhimurium are under regulation of Sigma 28, and there is extensive cross talk between 
genes of the Salmonella pathogenicity pathways SPI1 and SPI2 and particular sRNA genes 
[24]. In this context, it is surprising that the sRNA genes are so strongly conserved throughout 
the Salmonella genomes (illustrated by the dominant red in Figure 7), whereas the presence 
of SPIs widely varies across serotypes [24]. This suggests that sRNA genes are strongly con-
served and may well belong to the collection of essential genes, though this has not yet been 
experimentally demonstrated. The analysis further showed that the sRNA genes are specific 
for the Salmonella genus, and bear relatively little resemblance with the other Enterobacteriacea 
members included at the bottom of the figure.
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Figure 7. Conserved sRNAs across 201 Salmonella genomes. The tree to the left mostly clusters serotypes together, based 
on their sRNA genes. Two wrongly placed S. Typhimurium genomes are pointed out by the arrows to the right. The tree 
at the top identifies clusters of related sRNA genes. The eight genomes at the bottom are from other Enterobacteriaceae.
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3. Conclusions

Based on genomic average amino acid identity (AAI), Salmonella genomes appear as a distinct 
clade within the enterics, closely related to the Citrobacter genus. The serovars of S. enterica 
subsp. enterica generally cluster together when analyzed for AAI. There is a stable core set of 
about 3400 gene families, found in nearly all Salmonella enterica genomes, and these genes are 
on average 99% or more identical to each other across all the Salmonella genomes. Further, 
many of these genes seem to be involved in metabolic processes, and the core genes account 
for about 80% of the total genes of the Salmonella genome-scale metabolic model. Finally, we 
examined small RNA conservation and found the same clustering of outlier genomes (e.g., 
particular S. Typhimurium strains) that were observed in the AAI analysis.
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Abstract

Typhoid infections have become an alarming concern with the increase of multidrug 
resistant strains of Salmonella serovars. The new pathogenic Gram-negative strains are 
resistant to most antibiotics such as chloramphenicol, ampicillin, trimethoprim, cipro-
floxacin and even co-trimoxazole and their derivatives thereby causing numerous out-
breaks in the Indian subcontinent, Southeast Asian and African countries. Conventional 
and modern methods of typing had been adopted to differentiate outbreak strains. 
However, identifying the most indispensable proteins from the complete set of proteins 
of the whole genome of Salmonella sp., comprising the Salmonella pathogenicity islands 
(SPI) responsible for virulence, has remained an ever challenging task. We have adopted 
a network-based method to figure out, albeit theoretically, the most significant proteins 
which might be involved in the resistance to antibiotics of the Salmonella sp. An under-
standing of the above will provide insight into conditions that are encountered by this 
pathogen during the course of infection, which will further contribute in identifying new 
targets for antimicrobial agents.

Keywords: Salmonella, Salmonella pathogenicity island, SicA, eigen vector centrality, 
k-core analysis

1. Introduction

Food-borne infections are quite common and widely distributed worldwide, though there 
can be several sources of such diseases. Human Salmonellosis or typhoid, causing systemic 
 infection of the human gastrointestinal tract and diarrhoea, is one such common disease 
caused by Salmonella enterica serovar Typhi. With a prevalence of probably 10 millions of 
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cases and hundreds of thousands of deaths every year [1], the disease has turned out to 
be a major cause for concern with the emergence of multidrug-resistant (MDR) Salmonella 
strains [2]. Such new strains are resistant to chloramphenicol, ampicillin, trimethoprim, cip-
rofloxacin and even co-trimoxazole and their derivatives, thereby causing numerous out-
breaks in the Indian subcontinent, Southeast Asian and African countries [3, 4]. Thus, newer 
drugs like cephalosporins and quinolone derivatives needed to be explored to combat the 
situation [5].

To deal with the threats of multidrug resistance, several health intervention strategies have 
been undertaken. However, the prospects for finding new antibiotics for several classes of 
Gram-negative pathogens are especially poor due to the blockades provided by their outer 
membrane to the entry of some existing antibiotics and expulsion of many of the remain-
der by their efflux pumps [6]. It has become imperative that the conventional strategies 
for dealing with such pathogens are less effective or even at times, ineffective completely, 
to emerge victorious against the strategies for the war waged out by them. In such cases, 
the complexities posed can be solved by adopting some non-conventional approaches of 
finding the drug targets for these pathogens. Proteins, being the functional unit of the cell 
of any living organism, have always been good targets for combating diseases. Diseases, 
on the other hand, serve as interesting examples of complex protein interactions among 
several other heterogeneous entities of and between organisms. However, understanding 
the complexity of such interacting protein partners, especially with respect to the combat 
against the pathogens, has always been elusive. Thus, analyses of the mosaic mesh or net-
work of interacting proteins, commonly known as protein interaction networks (PINs) can 
provide sufficient insight to reveal the indispensable virulent proteins for valuable drug 
targets [7].

Analyses of a PIN, to highlight important and/or indispensable proteins, can be as simple as 
centrality measurements with respect to the biological scenario. These can start by determin-
ing the number of interacting partners of a particular protein to identify its degree centrality 
(DC) which correlates with its biological importance. Thus, high-degree proteins (or hubs) 
are known to correspond to proteins that are essential [8]. As a protein can be affected locally 
while interacting with its other partners in the global network, other centrality measures are 
also given importance based on their relevance. Thus, we have discussed the importance of 
the measures like closeness centrality (CC), betweenness centrality (BC) and eigenvector centrality 
(EC) [8] parameters for PIN comprising the Salmonella pathogenicity islands (SPI) harbouring 
the specialized virulent proteins characterized by the type III secretion system (T3SS) among 
others. Till date, 17 such discrete sets have been reported for S. Typhi [9] along with the five 
SPI (1 till 5) characterized experimentally [10] among which SicA has been identified as the 
indispensable one in the phylogenetically closest neighbour, S. enterica serovar Typhimurium 
strain LT2 [11].

Again, extracting knowledge of the most indispensable virulence proteins from among the 
stipulated sets of SPI proteins could be quite insufficient. Thus, we have carried out  further 
analyses of the whole genome of S. Typhi CT18 encompassing the decomposition of the 
whole genome protein interactome to a core of highly interacting proteins through the k-core 
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 analysis approach [12]. We have performed cartographic analyses further to identify the func-
tional modules in the network [13] and predicted the indispensability of certain sets of pro-
teins, which have been shown to be sharing similar functional modules empirically important 
for drug targets.

2. Approach

2.1. Dataset collection

Proteins for 17 Salmonella pathogenicity islands (SPIs) were collected from an in silico study 
of SPI for S. enterica serovar Typhi strain CT18 [9]. The locus tag of all the proteins of SPI for 
S. Typhi CT18 was fed as queries to the STRING 10.0 biological meta-database [14] to get all 
the possible interactions of a particular protein (date and time of access: Jul 28 2016 13:07:15). 
Detailed protein links file under the accession number 220341 in STRING was used to collect 
all the interactions of the whole genome proteins of S. Typhi.

The number of proteins from the different genomic islands starting from SPI-1 till -13 and -15 
till -18 were 54, 43, 8, 7, 10, 55, 144, 12, 4, 23, 16, 4, 14, 9, 7, 2 and 97, respectively, with all the 
combined SPI amounting to a total of 502. The total number of protein interactions obtained 
from STRING v10 were 334, 339, 3, 21, 9, 192, 1193, 12, 6, 69, 19, 1, 19, 5, 3, 1, 343, for the 17 
SPI loci mentioned above and 2570 interactions for all of these combined together. The whole 
genome of S. Typhi had 1041274 interaction information arising out of 4529 unique proteins.

2.2. Interactome construction

All individual protein interaction data, with medium confidence values obtained by default 
from String 10.0, were imported into Cytoscape version 3.3.0 [15] to integrate and build the 
interactomes of network comprising SPI-1 till -13 and -15 till -18, individually and all these 17 
SPI collectively (AS). The interaction information, weighted by their strength as per STRING, 
of all the proteins of S. Typhi genome was imported into Gephi 0.9.1 [16] to construct and 
visualize the interactome of the whole genome. An interactome of proteins can be perceived 
as the protein interaction network (PIN) and can be represented as an undirected graph G = 
(V, E) consisting of a finite set of V vertices (or nodes) and E edges. An edge e = (u, v) connects 
two vertices (nodes) u and v. Each protein in the above PIN is represented as a vertex/node. 
The number of connections/interactions/associations/links a node has with other nodes com-
prises its degree d (v) [17].

2.3. Network analyses

2.3.1. SPI-PIN

All the interactomes of SPI-PIN have been viewed by Cytoscape version 3.3.0 in the form 
of graphs of aforementioned interconnected proteins. The networks were subsequently 
 analysed via the Cytoscape integrated java plugin CytoNCA [18] to compute values for the 
network centrality parameters namely EC, DC, CC and BC. Combined scores from different  
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parameters considered in STRING were taken as edge weights for computing CytoNCA 
scores. Top 20 proteins for each of the centrality measures were taken for drawing Venn dia-
grams to find common proteins from each measure.

2.3.2. WhoG-PIN

As few (21) nodes out of the whole genome were isolated from the major part of network, 
these were considered to have less impact on the overall topology and thus ignored. Further 
analyses were based on the large connected component (LCC) of network comprising 4508 
protein partners having 1041182 interactions. The analytical study has been done by using 
MATLAB version 7.11, a programming language developed by MathWorks [19].

For the primary understanding of the network, the distributions of network degree (k) 
were plotted by Complementary Cumulative Distribution Function (CCDF). To extract sig-
nificant information from the topology of the large and complex Whole Genome Protein 
Interaction Network (WhoG-PIN), knowledge of the role of each protein was derived 
from the cartographic representation of within-module degree z-score of the protein ver-
sus its participation coefficient as per the methodology described by Guimera et al. [20]. 
Participation of each protein reflected its positioning within own module and with respect 
to other modules, where modules were calculated based on Rosvall method [21]. To have 
an idea of the core group of the very specific proteins which might have variety of role 
to play in the whole genome context, a k-core analysis was performed following the net-
work decomposition (pruning) techniques to produce a sequence of subgraph of gradually 
increasing cohesion [12].

3. Features of the 17 SPIs

The virulence proteins of Salmonella are spread across the 17 Salmonella pathogenicity 
islands (SPIs) in S. Typhi as implied by Ong et al. [9]. Among these, five have been well 
characterized and reported to have SicA as the most indispensable one as identified com-
putationally by Lahiri et al. [11]. A detailed insight into these SPI proteins would reveal 
SPI-1 and -2 to encode the proteins of the type III secretion systems (T3SSs), while SPI-4 
encodes those of type I secretion system (T1SS) mediated by a giant non-fimbrial adhesin, 
which is co-regulated by the invasion genes encoded by the SPI-1 [22]. The sit gene cluster 
proteins of SPI-1 T3SS, encoding an iron uptake system, are involved in the invasion into 
the eukaryotic host non-phagocytic cells mediated by the delivery of effectors that directly 
engage host cell signalling pathways [10]. For the systemic phase of infection, proteins of 
the SPI-2 cluster are essential for the survival and replication in eukaryotic host cells [23], 
which are aided by the high-affinity magnesium uptake system encoded by mgtCB, har-
boured by SPI-3 [24]. The effector proteins of enteropathogenesis are harboured by SPI-5 
and are induced by distinct regulatory cues and targeted to different TTSS, namely, SopB, 
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secreted by SPI1 T3SS and PipB, translocated by SPI-2 T3SS to the Salmonella-containing 
vacuole and Salmonella-induced filaments.

The 59 kb SPI-6 consists of a type VI secretion system (T6SS), the safABCD fimbrial gene clus-
ter, the invasin pagN, two pseudogenes as transposase remnants (STY0343 and STY0344), 
the fimbrial operon tcfABCD and the genes tinR and tioA [25–29]. The largest SPI identi-
fied till date is that of SPI-7 with 134 kb size [25, 30, 31] and 150 genes inserted between 
duplicated pheU tRNA sequences [30, 32] containing the Vi capsule biosynthesis genes [33], 
a type IVB pilus operon [34] and the SopE prophage (ST44) [35]. SPI-9 is a 16 kb locus con-
taining three genes encoding for a T1SS and one for a large protein [36]. SPI-10 is an island 
found next to the leuX tRNA gene at centisome 93. It is a 33 kb fragment [25] carrying a 
full P4-related prophage, termed ST46 [37–39]. ST46 harbours the prpZ cluster as cargo 
genes encoding eukaryotic-type Ser/Thr protein kinases and phosphatases involved in S. 
Typhi survival in macrophages [40]. SPI-11 is a 10 kb fragment in S. Typhi and includes 
phoP-activated genes pagD and pagC involved in intramacrophage survival [41, 42]. The 
6.3 kb SPI-12 contains the effector SspH2 [43] along with the three ORFs are pseudogenes 
(STY2466a, STY2468 and STY2469). SPI-13 was initially identified in serovar Gallinarum 
[44]. In S. Typhi, it is a 25-kb gene cluster found next to the pheV tRNA gene on centro-
some 67. The 8-kb portion of this island corresponds to SPI-8 whose virulence function is 
unknown, and it harbours two bacteriocin immunity proteins (STY3281 and STY3283) and 
four pseudogenes [25]. SPI-14 is absent in S. Typhi [36, 44]. SPI-15 in S. Typhi is a 6.5 kb 
island of five ORFs encoding hypothetical proteins [44]. SPI-16 is a 4.5 kb fragment inserted 
next to an argU tRNA site, and encodes five or seven Open reading frames (ORFs), four of 
which are pseudogenes, the three remaining ORFs show a high level of identity with P22 
phage genes involved in seroconversion [45]. SPI-17 is a 5-kb island encoding six ORFs 
inserted next to an argW tRNA site [45]. SPI-18 was recently identified in S. Typhi as a 2.3 
kb fragment harbouring only two ORFs: STY1498 (clyA) and STY1499 [46] of which the 
former encodes a 34 kDa pore-forming secreted cytolysin [46, 47].

4. The individual and the combined SPI-PINs

To focus upon the most indispensable proteins of the highly complex virulent phenotype as 
that of Salmonella, an integrated picture comprising the involvement of all the SPI and the 
connected associated proteins must be taken into account. Thus, with an ultimate goal to 
identify the indispensable virulent proteins for potential candidates of therapeutic targets, we 
have constructed the PINs or interactomes of the 17 individual SPI mentioned above, along 
with and a combined network of all of these SPI-PINs (AS). These were then analysed to iden-
tify the most important proteins among a group of highest number of interacting partners. 
This was done by utilizing the four important concepts of centrality applied to biological net-
works, namely eigenvector centrality (EC), degree centrality (DC), closeness centrality (CC) 
and betweenness centrality (BC) [48–50].
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Amongst the four centrality measures being mentioned above, DC is the most basic as it 
brings out the involvement of the protein in a large number of interactions in a network. 
However, in a biological scenario of Salmonella infection, having the primary stages as 
 attachment and invasion, the interactions of those proteins may not be in a sequential order 
so as to carry out a particular function as reflected through DC parametric analyses. In such 
cases, analyses of CC could be a good measure, which would reveal the close proximities of 
the proteins expected to communicate sequentially with other network proteins essential 
for a particular function. Again, a one-to-many type simultaneous interaction of a protein, 
rendering different functions, is imperative from the complexities of biological phenotype 
like virulence. Thus, the protein with a high proportion of interactions lying ‘in between’ 
and thereby connecting many other proteins in the network would be revealed through BC 
measures. This could have reflected to be quite an important protein, though it lacks the idea 
of connecting other important proteins in the network. EC measures the last concept and 
reflects the indispensable protein connecting other important proteins. A comparative pic-
ture of the parametric values of the top 20 rank holders in their descending order have been 
consolidated and put in a tabular form (Table 1). These rankers in either of the cases have the 
proteins reflected to be important.

There have been three clear trends observed across the topmost rankers of the SPI-PINs for 
the measures of DC, BC, CC and EC, respectively. In most of the cases, there is a unanimous 
decision for the top ranking protein showing its utmost importance nearing to indispensabil-
ity. SPI-PINs of these categories are -1, -3, -4, -5, -7, -8, -9, -10 to -13 and -15 to -17. The other 
categories have either three or two of the centrality measures conforming to the unanimosity 
of the top ranking proteins. SPI-2, -18 and the all SPI (AS-PIN) have BC differing in the top 
ranking position whereas SPI-6 and -10 have segregation of DC and EC against CC and BC 
for the top ranking positions. The common top ranking proteins across these 17 SPI and the 
AS has been reflected in Figure 1 with Venn diagrams.

It has been observed that with SPI-1, protein HilA is ranked highest. HilA is the central regu-
lator in SPI-1, which activates the sip operon that is responsible in encoding secreted pro-
teins, as well as the inv/spa and prg operons encoding components of the secretion apparatus 
[51, 52]. SPI-2 till -4 has all the secretion apparatus inner membrane proteins SsaG, FidL and 
STY4452 as the top rankers, respectively. Among the other top rankers, the inositol phosphate 
phosphatase, SopB, of SPI-5, an atypical fimbria chaperone protein SafB and ImpA-related 
N-family protein, STY0286, of SPI-6, the pilin protein, PilL, of SPI-7, bacteriocin immunity 
protein, STY3281, of SPI-8, a large repetitive protein with six Bacterial_Ig-like domains, t2643, 
of SPI-9, bacteriophage gene regulatory protein, STY4826, of SPI-10, cytolethal distending 
toxin protein, CdtB, of SPI-11, uronate isomerase, UxaC, of SPI-13 and the sensory histidine 
kinase protein, having role in motility and virulence, BarA, of SPI-18 are noteworthy.

With respect to the above analyses of the individual interactomes of the SPI, an idea about 
the importance of these proteins in their individual SPI and finally across all SPI could be 
obtained. However, for a drug to be effective, the indispensability issue of these proteins 
needs to be taken care of. Thus, a broader picture with respect to the whole genome proteins 
of S. Typhi is then delineated to address the concern.
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5. Feature of the WhoG-PIN

It is imperative that the WhoG-PIN, built from the empirical and theoretical results of physi-
cal and functional interactions among proteins laid down in STRING, can be random like that 

Figure 1. Venn diagram representation for the top rankers of DC, CC, BC and EC parametric analyses of 17 SPI-PINs 
and AS-PIN.

Figure  2. (a) Protein-protein interaction network of the whole genome of Salmonella Typhi CT18 with inset (b)  showing 
degree distribution of the proteins from the large connected component.

Computational Identification of Indispensable Virulence Proteins of Salmonella Typhi CT18
http://dx.doi.org/10.5772/66489
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proposed by Erdos and Renyi [53] or a small-world type proposed by Watts and Strogatz [54]. 
The idea was to see if the connectivity distribution, P(k), of a node in a network getting con-
nected to k other nodes, decays exponentially for large values of k. It was observed that the 
WhoG-PIN roughly follows the power law and is free of a characteristic scale [55] with a tailed 
degree distribution (Figure 2).

6. Decomposition of WhoG-PIN

In order to get an idea of the indispensable ones from the barrage of proteins involved in the 
individual SPI-PINs and AS, we have performed a k-core analysis for them. A k-core is a sub-
graph whose nodes have degree at least equal to k. Nodes which are part of k-core, but not in 
the k+1 core, is called, k-shell. This is able to classify the nodes (proteins, in our study) based 
on the variety of their interacting partners. Proteins, which belong to outer shell, have lower 
k value and thus reflect limited number of interacting partner proteins. Moreover, proteins, 
which belong to inner k-core/shell, are specific ones, highly interacting with each other and 
thus can be considered to be the most important ones. Decomposition of this core decomposes 
the network and thus makes this the innermost core.

After decomposition of the WhoG-PIN, we have obtained the inner core member proteins 
which are highly robust, central and thus highly interactive in nature [56]. We have arrived to 
the 154th core with a number of 2180 proteins (Figure 3; data not shown). An idea was to look 
in for the rank holder proteins of the AS-PIN obtained through the EC, DC, CC or BC measures. 
Interestingly, it was found that the top ranker PilL, across EC, DC and CC  measures, belong 
to the 111th core and not the 154th core. On the contrary, the top ranking BC protein, BarA, 
was in the 154th core along with the closely ranked PilV in the 150th core. The only other pro-
tein, amongst the unanimous top rankers of AS-PIN, STY4521 had a position of 145 in k-core 
measures. Very strikingly, two proteins of BC top rankers were also in the 154th innermost 
core along with BarA. These were the RNA polymerase sigma factor, RpoS and the chaperone 
protein, SicA. On a note of comparison among the top ranking proteins of EC and BC anal-
ysed for AS-PIN, proteins of the latter group had higher ranks in the whole genome context, 
with STY4586, STY4644 and STY4664 having the same 154th innermost core measures. On the 
contrary, those from the former ranking group (EC) mostly moved around the core numbers 
56–70. This reflected that proteins from the BC rankers were more important in their interaction 
with other proteins, forming a bridge amongst those and thereby rendering high betweenness.

In an earlier work by Lahiri et al., SicA was found to be in the group of innermost core of 
the interactome comprising the five most extensively worked out SPI of S. Typhimurium 
[11]. This core group had IacP, InvA, InvB, InvC, InvE, InvF, InvG, InvI, InvJ, OrgA, OrgB, 
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most 154th core with a close contestant SsaJ in the 153rd core. Interestingly, all these proteins 
belong to the SPI-1 and SPI-2 group, which makes up the needle for injecting the virulence 
factors as delineated in the Figure 4 of Lahiri et al. All these take us to the juncture where we 
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Figure 3. Distribution of the k-shell sizes for the set of proteins from the WhoG-PIN of S. Typhi CT18.

Figure 4. Cartographic representation for classification of proteins from the WhoG-PIN of S. Typhi CT18 based on its 
role and region in network space.
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can foresee that the needle proteins are quite important virulence factors when it comes to 
search targets for drug. To top them all, SicA stands out as being one of the topmost rankers 
in BC measure of AS-PIN and in the innermost core of the WhoG-PIN. This is quite justified 
as SicA is a Salmonella type III secretion-associated invasin chaperone protein required for the 
stabilization of SipB and SipC to prevent their premature association which may lead to their 
targeting for degradation. Along with InvF, SicA is required for transcriptional activation of 
several virulence genes like sigDE (sopB, pipC), sipBCDA and sopE. [57].

7. Cartographic analyses of WhoG-PIN

For the purpose of classification of the proteins of S. Typhi CT18, based on their functional 
role and region in the network space, we have performed a cartographic analyses for the 
WhoG-PIN. As described earlier here, this is delineated by within module z-score of each 
node (protein) and its participation coefficient within and between other modules [20]. The 
within-module degree z-score measures how ‘well connected’ a node ‘i’ is to other nodes in 
the module, while the participation coefficient measures how the node ‘i’ is positioned in 
its own module and with respect to other modules. These measures are done based on the 
modules of the network, which are calculated by Rosval method [21]. The proteins are mainly 
divided into two major categories namely the hub nodes and the non-hub nodes.

As can be understood from the name itself, a hub is a connection point of many nodes. The 
category of non-hub nodes can be assigned four different roles namely, R1 comprising ultra-
peripheral nodes, R2 of peripheral nodes, R3 of non-hub connector nodes and R4 having the 
non-hub kinless nodes. Likewise, the hub nodes can be assigned three different roles namely, 
R5 of provincial hubs, R6 of connector hubs and R7 of kinless hubs (Figure 4). The kinless 
hubs nodes are supposed to be important in terms of functionality, which has high connection 
within module as well as between modules. Accordingly, the ultra-peripheral nodes occupy 
the least connecting position in the network followed by the peripheral nodes. These nodes 
can be pruned easily without much affecting the whole network while decomposing it to 
reach the core (refer previous section for k-core). The non-hub connectors are expected to 
take part in only a small but fundamental set of interactions. This is just opposite to those of 
the provincial hubs class which have many within-module connections. The non-hub kin-
less nodes are those with links homogeneously distributed among all modules. The most 
conserved in terms of decomposition as well as evolution would be, however, those from the 
connector hubs with many links to most of the other modules. The system would try to retain 
these connections as essential ones for their very survival.

As can be perceived from the above classification of the connectors and the hubs, the proteins 
belonging to the R4, R6 and R7 role players are very crucial and can be regarded as potential 
drug targets. In the context of our WhoG-PIN, the only one R7 is a putative transposase, 
STY0115 and reminds of the Tn5 transposase, the enzyme that helps bacteria to share antibi-
otic resistance genes [58, 59]. This is closely followed by the plasmid transfer protein, TrhC 
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Protein name R Description of function

STY0115 7 Putative transposase

trhC 6 Plasmid transfer protein

gltB 6 Glutamate synthase (NADPH) large subunit

ptsG 6 PTS system glucose-specific transporter subunit IIBC

hemE 6 Uroporphyrinogen decarboxylase

nagE 6 PTS system N-acetylglucosamine-specific transporter subunit IIABC

STY3507 6 Aerobic respiration control sensor protein

t0287 6 PTS system sucrose-specific transporter subunit IIBC

treB 6 PTS system trehalose-specific transporter subunit IIBC

Cat 4 Chloramphenicol acetyltransferase

pspF 4 Phage shock protein operon transcriptional activator

STY4151 4 Acetyltransferase

STY4518 4 Acetyltransferase

STY4668 4 Hypothetical protein with Acetyltransf domain

STY4678 4 Integrase

STY4680 4 Integrase

STY0326 4 Hypothetical protein

STY3695 4 DNA-invertase

modB 4 Molybdenum transporter permease

STY4017 4 Putative transferase

modA 4 Periplasmic molybdenum-binding protein

sopE 4 Guanine nucleotide exchange factors

STY1020 4 Sequence-specific DNA binding

STY3193 4 Hypothetical protein

ugpB 4 Glycerol-3-phosphate-binding periplasmic protein

tviA 4 Flagellar regulator

hpaG 4 Isomerase/decarboxylase

STY4175 4 Hypothetical protein

ratA 4 CS54 island protein

livG 4 High-affinity branched-chain amino acid transport ATP-binding protein 
LivG

STY0352 4 Periplasmic protein

Table 2. Functions of the R4, R6 and R7 Proteins from the WhoG-PIN cartographic analysis.
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in R6 group. This could very well play a good target for drugs as plasmids are known to be 
powerhouse of the antibiotic resistance genes [60]. Uncoupling of phosphotransferase system 
could also be an effective way of getting targets for novel drugs as exemplified by PtsG, TreB, 
NagE and t0287 [61]. Inhibition of glutamate Synthase, GltB has already been utilized as tar-
get for Mycobacterium tuberculosis [62] as has been uroporphyrinogen decarboxylase, HemE, 
albeit in a different context [63]. Recently, bacterial GCN5-related N-acetyltransferases of the 
R4 group have been thought of as essential drug targets as well [64]. All the functions of R7, 
R6 and R4 are listed in Table 2.

8. Conclusion

This work schematically delineates a process of figuring out the most indispensable protein 
in a system of interacting proteins of S. Typhi. It deals with the computational framework of 
building of the theoretical networks comprising the 17 individual SPI-PINs along with the 
AS-PIN followed by the conventional parametric approach of identifying the most interacting 
protein connected to other important proteins in the concerned phenotype of virulence. This 
is reinforced by the analysis of disintegrating the WhoG-PIN to the innermost core of the pro-
teins, essential for virulence. All these lead to the identification of SicA to be the most indis-
pensable one amongst a group of other virulent proteins being benefitted through network 
centrality and decomposition analyses. A further investigation of the WhoG-PIN brought 
forth the proteins of important conserved class, potential enough to be the most important 
ones and thus indispensable among the barrage of other proteins of the whole genome of S. 
Typhi CT18.
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Abstract

Infection caused by more than 1500 serotypes of Salmonella enterica subsp. enterica is 
one of the most common food-borne diseases, prevalent worldwide. Concerning public 
health, Salmonella latent carrier animals represent an important source of transmission 
of the disease. They are responsible for silent introduction of the bacteria into the food 
chain and the environment. Most pathogenesis studies of salmonellosis are focused on 
events that lead to clinical disease. Researchers have been unable to clearly discern the 
interaction between intracellular microorganisms and their resistant hosts in latency. 
However, understanding this interaction is essential for the proper employment of the 
control and eradication strategies. Thus, the objective of this article is to present an over-
view of some important events that occur during the infection cycle of S. enterica in latent 
carriers.

Keywords: Salmonella asymptomatic carrier animals, pathogen-host interaction, 
pathogenisis, public health, intracellular bacteria

1. Introduction

The genus Salmonella belongs to family Enterobacteriaceae, and its classification follows the 
Kauffmann-White scheme, which groups serotypes according to their somatic, flagellar and 
capsular antigens. Serotyping is essential for investigation of outbreaks of salmonellosis, 
contributing to epidemiological surveillance. Currently, the genus consists of two species, 
S. enterica and S. bongori, the first being subdivided into six subspecies, which are designed 
by Roman numeral, containing more than 2500 antigenically distinct serotypes. Of these 
serotypes, around 1500 belong to Salmonella enterica subspecies enterica (I), which colonizes 
the intestinal tract of warm-blooded animals and is responsible for 99% of Salmonella infec-
tions, while the others pertain to other subspecies: salamae (II), arizonae (IIIa), diarizonae (IIIb), 
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houtenae (IV) and indica (VI). Although S. bongori has been determined to be a separate species, 
it was originally designated as subspecies V, which is commonly found in cold-blooded ani-
mals and in the environment [1–3]. After serotyping by Kauffman-White scheme, character-
ization by pulsed-field gel electrophoresis (PFGE) pattern and phage typing provides further 
subtyping [3]. Eventually complete genome sequencing will be the norm as the cost of such 
analysis has come down basically replacing multiple-locus variable-number tandem repeat 
analysis (MLVA) [4].

Most outbreaks of salmonellosis in humans and in domestic animals are caused by a few 
serotypes, which are grouped according to their adaptation to the host. The first group con-
sists of a few host-specific serotypes, which typically cause systemic disease in a single animal 
species or a limited number of phylogenetically-related species. Noteworthy examples are 
S. enterica serotype Typhi and Paratyphi of humans, serotypes Pullorum and Gallinarum of 
birds and serotype Abortusovis of sheep. The second group consists of host-adapted serotypes 
that are associated with one or two animal species that are related to each other; however, 
they may occasionally cause disease in other hosts. Noteworthy examples are S. enterica sero-
type Dublin and serotype Choleraesuis, which are usually associated with severe systemic 
disease in ruminants and pigs, respectively. Finally, the third group consists of a large num-
bers of ubiquitous serotypes, which typically cause gastroenteritis in a wide variety of unrelated 
host species;among these are S. enterica serotype Typhimurium and serotype Enteritidis [5], 
and these are the two most prevalent serotypes in the world [6].

Epidemiologically, infections caused by Salmonella enterica subsp. enterica correspond to the 
most prevalent disease transmitted via food worldwide. This high prevalence is associated 
with the absence of clinical disease in animals that often silently infect herds, contaminate 
food, the environment and thus cause disease in humans. However, historically, studies on 
the pathogenesis of salmonellosis are focused on events leading to clinical manifestations, 
and a few studies are conducted to clarify the interaction between latent microorganisms and 
their resistant hosts.

Certain animal species may develop asymptomatic persistent infection with intermittent 
shedding of Salmonella in their feces over long periods. These animals are called latent carriers. 
Their impact on public health is that the carriers are natural reservoirs of different Salmonella 
serotypes and may be resistance to multiple antimicrobials. Latent Salmonella infections can 
occur in humans [7], in farm animals such as cattle, sheep, pigs and poultry [5], in pets such 
as dogs [8] and in wild animals such as reptiles [9, 10].

Latent carrier animals are therefore natural reservoirs of Salmonella and are responsible for the 
silent intermittent introduction of the pathogen into the food chain and the environment, hin-
dering control strategies. Thus, increasing our knowledge regarding the interaction of intra-
cellular pathogen Salmonella with their host is essential for the development of an efficient 
strategy for control. In this mini-review, we present some important events that occur during 
the infection cycle of S. enterica leading to latent carriers, including the mechanisms of inva-
sion of the host cells, bacterial multiplication and persistence in intracellular compartments, 
and intermittent shedding of the pathogen in the feces.
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2. Pathogenesis of Salmonella enterica: the role of Salmonella pathogenicity 
islands (SPIs)

The pathogenesis of salmonellosis depends on a combination of several factors, including the 
components of bacterial virulence, the infective dose, route of infection, the genetic makeup 
and the immune status of the host [11]. All of these variables can influence the immunologi-
cal responses of the host, resulting in different degrees of inflammation that confer an acute, 
moderate, chronic or even asymptomatic nature to the disease [12].

Infection by S. enterica has the following characteristics: the ability to interact with entero-
cytes leading to diarrhea (Salmonella-induced enteritis), the invasion of non-phagocytic cells 
and the ability to survive and proliferate within the phagocytes, resulting in systemic disease 
[13]. These characteristics are determined by multiple virulence factors encoded in Salmonella 
pathogenicity islands (SPIs) comprising large and unstable segments of the bacterial genome 
of pathogenic organisms. These SPIs are absent in related non-pathogenic organisms and that 
were acquired by horizontal gene transfer as SPIs G + C content is lower than Salmonella genes 
[14]. SPIs are conserved in several strains; differences may have implications in host specific-
ity [15]. Currently, 16 pathogenicity island of Salmonella encoding distinct virulence factors 
are described, according to pathogenicity island database, PAI DB (http://www.paidb.re.kr), 
with different distributions among the various Salmonella species, subspecies and serotypes. 
SPI-1 and SPI-2 (both are about 40 kb in length) are the most studied and are present in all 
subspecies of S. enterica [13, 14, 16]. SPI-1 contains the genes responsible for the bacterial inva-
sion of the host epithelium [17, 18], whereas SPI-2 is responsible for bacterial survival and 
multiplication within eukaryotic cells, including macrophages [19, 20].

Studies of SPIs help in understanding the mechanisms of bacterial virulence, and they may 
also be useful to clarify the phylogenetic relationships among species [21, 22]. Phylogenetic 
studies indicated that the gene sequences present in SPI-1 were acquired by lateral gene trans-
fer before the diversification between S. enterica and S. bongori. In turn, the acquisition of the 
SPI-2 genes present in S. enterica occurred after speciation but before the diversification of the 
groups (I, II, IIIa, IIIb, IV, VI and VII); therefore, SPI-2 is present in all S. enterica subspecies 
but is absent in S. bongori species [22].

The virulence mechanisms of Salmonella serotypes are studied in different animal models, 
depending on the type of clinical manifestation. To study the pathogenesis of typhoid fever (a 
systemic disease), strains of susceptible mice (e.g., Balb/c) experimentally infected with sero-
type Typhimurium are used. However, in this experimental model, the mice do not develop 
diarrhea, and therefore, mice are not used to study the pathogenesis of enteritis. In contrast, 
the experimental infection of calves with the same serotype results in enteric disease, and 
therefore, this experimental model is used to study Salmonella-induced enteritis [23].

According to the animal model, the virulence genes required for systemic infection differ 
from those genes responsible for the enteritis caused by Salmonella. This result is observed by 
analyzing mutant phenotypes of serotype Typhimurium in experimental infection of mice 
and calves, which are used to study systemic and enteric infections, respectively. Mutations in 

Salmonella enterica: Latency
http://dx.doi.org/10.5772/67173

43



SPI-2 result in a significant attenuation of systemic disease in mice, while in calves, the sever-
ity of intestinal lesions shows only modest attenuation. In contrast, mutations that prevent the 
expression of the SPI-1 type III secretion system (T3SS) or of effector proteins translocated by 
the system result in an avirulent strain with consequent the absence of diarrhea in calves [23].

2.1. SPI-1-mediated invasion of host cells

After oral infection, a proportion of the Salmonella organisms survives the low stomach pH 
and reaches the distal ileum and cecum, where they invade the epithelial cells and M cells, 
mediated by a T3SS encoded by the SPI-1 [24, 25]. The T3SS allows some of the enteropatho-
genic bacteria to adhere to the epithelial surface and inject effector proteins that cross the 
membrane of the host cells, causing cellular injury [26]. Through this system, Salmonella trans-
locates effector proteins encoded by genes present in the SPI-1 as well as genes in independent 
loci of the SPI-1 that promote a chain of events in the host cell to allow pathogen invasion [13]. 
Another function of the SPI-1 is related to hydroelectrolyte imbalance caused by the effector 
protein SopB, which stimulates the secretion of chloride ions (Cl−) through its inositol phos-
phatase activity, thereby leading to loss of fluid into the intestinal lumen [27] (Figure 1).

Once in contact with the intestinal epithelium, the effector proteins SopE, SopE2 and SopB 
(encoded by genes outside of SPI-1) are translocated to the interiors of enterocytes and M cells 
via the SPI-1 T3SS. These proteins activate certain GTPases within the host cell, such as Cdc42, 
Rac-1 and Rho, causing a rearrangement of the actin cytoskeleton called membrane ruffling [28], 
which is stabilized by the SipA and SipC effector proteins. Furthermore, they also activate the 
MAP kinase (mitogen-activated protein kinase) pathway, thereby destabilizing tight junctions. 
Consequently, bacteria can penetrate into the host cell through the apical membrane in a pro-
cess called macropinocytosis or cross the intercellular space until reaching the lamina propria. 
This destabilization of tight junctions also allows for the transmigration of polymorphonuclear 
cells (PMNs) from the basolateral space to the apical surface. However, this transmigration can 
occur independently from the destabilization of tight junctions when mediated by the bacterial 
protein SopA [29]. Once inside the cell, the effector protein SptP modulates the inactivation of 
the GTPases Cdc42 and Rac-1, thus resulting in the end of the membrane ruffling [30].

Signaling via MAP kinase, in addition to promoting the destabilization of tight junctions, also 
activates the transcription factors AP-1 (activator protein-1) and NF-κB (nuclear factor- κB), 
which leads to the synthesis of pro-inflammatory interleukin (IL)-8 by PMN leukocytes, thus 
acting as a chemotactic factor for neutrophils [29].

During the invasion of macrophages, the bacterium injects the effector protein SipB, which is 
encoded by SPI-1, inducing the intracellular activation of caspase-1 by resident macrophages. 
Caspase-1 induces apoptosis of infected macrophages resulting in Salmonella escape from 
these cells. Caspase-1 also cleaves the pro-inflammatory cytokines IL-1β and IL-18 to produce 
bioactive cytokines that further enhance the local inflammatory response, causing infiltration 
by PMN phagocytes and internalization of the bacterium by these cells [31, 32]. The intracel-
lular medium provides a favorable environment for the bacteria to multiply [33], and once 
the invasion process is concluded, the bacteria are transported from the gastrointestinal tract 
to systemic organs.
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There is an alternative SPI-1-independent invasion mechanism in which S. enterica does not 
interact with M cells but is engulfed by dendritic cells that open the tight junctions between 
epithelial cells, thereby carrying the bacteria to systemic organs [34].

2.2. SPI-2-mediated intracellular multiplication

The ability of S. enterica to survive inside phagocytes and to replicate in Salmonella-containing 
vacuoles (SCV) in a variety of eukaryotic cells is dependent on another T3SS that is encoded 
by SPI-2 [22, 35, 36]. This characteristic can lead to systemic infection [20].

Soon after entry by means of macropinocytosis, Salmonella is internalized into a phagosome 
formed by the membrane ruffling that later fuses with lysosomes, thereby originating the SCV 

Figure 1. Effector proteins (gray arrows) ejected by type III secretion system encoded in SPI-1 and their actions for 
Salmonella invasion of host cells. Salmonella penetrates at the apical space causing the membrane ruffling. It is mediated 
by SopE, SopE2 and SopB proteins, which promote activation of host GTPases, causing a rearrangement of the actin 
cytoskeleton that is stabilized by SipA and SipC proteins. Salmonella can also cross the basolateral space through 
destabilization of the tight junctions, also mediated by SopE, SopE2 and SopB proteins (by activation of MAP kinase 
pathway) and by SopA protein. These events contribute to the activation of chemotactic factors of neutrophils. Once 
inside the cell, Salmonella promotes the end of the membrane ruffling by inactivation of host GTPases by SptP protein. 
During the invasion of resident macrophages, SipB protein induces the intracellular activation of caspase-1, causing 
apoptosis and enhancing the local inflammatory response. This event contributes to the escape of Salmonella from the 
macrophages and internalization of the bacteria in PMN phagocytes. The hydroelectrolyte imbalance is caused by SopB 
protein through inositol phosphatase activity which stimulates the secretion of chloride ions (Cl−).
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[29]. Inside of the SCV, the T3SS encoded by SPI-2 is activated using luminal acid pH, translo-
cating the effector proteins across the phagosome membrane (Figure 2). The effector protein 
SipC prevents the fusion of the SCV with vesicles containing NADPH oxidase (nicotinamide 
adenine dinucleotide phosphate-oxidase) and inducible nitric oxide synthase (iNOS), hindering 
the action of reactive oxygen intermediates (ROS) and reactive nitrogen intermediates (RNS) 
[13]. The effector proteins SifA and PipB2 contribute to the formation of Salmonella-induced 
filaments (SIF) along microtubules, while the effector proteins SseF and SseG aggregate the 
SCV-adjacent microtubules. In addition, an accumulation of actin occurs around the SCV that 
is mediated by the SspH2, SpvB and SseI proteins. These events contribute to the matura-
tion and stabilization of SCV [29]. As a consequence, S. enterica becomes even more protected 
against RNS and ROS and against the potent antimicrobial activity of peroxynitrite, which is 
generated by the RNS and ROS reactions. These mechanisms represent a specific adaptation of 
S. enterica to the intracellular environment, especially phagocytes. Thus, the bacteria can mul-
tiply inside the phagocytic cells, transported via circulation and cause systemic infection [14].

Figure 2. Effector proteins (gray circles) ejected by type III secretion system encoded in SPI-2 and their actions for 
Salmonella survival inside of phagocytes and its replication in Salmonella-containing vacuoles (SCV). The translocation 
of SipC protein avoids the antimicrobial activities of reactive oxygen intermediates and reactive nitrogen intermediates 
by prevention of fusion of NADPH oxidase and iNOS vesicles. This antimicrobial activity by the host cell is stronger 
but prevented by the accumulation of actin around the SCV promoted by SspH2, SpvB and Ssel proteins. These events 
contribute to maturation of SCV. SifA and PipA proteins contribute to the tubular structures known as Salmoniella-
induced filaments formed along the microtubule motors; in addition, SseF and SseG cause microtubules aggregation 
adjacent to SCV. These events interfere the molecular motors that drive the cellular trafficking, which transport vesicles 
and organelles within the cell.
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3. Natural resistance mechanism to infection by S. enterica: the role of 
Nramp1 glycoprotein

The resistance mechanisms of host to infection by S. enterica are multigenic. Studies in mice 
have emphasized the locus encoding glycoprotein natural resistance-associated macrophage 
protein-1 (Nramp1), which has been considered the key for the innate host response to intra-
cellular pathogens [37]. This protein belongs to a family of proteins highly conserved in evo-
lution, with homology among mammals, insects and bacteria suggesting an important role in 
all living organisms [38].

Nramp1 is a transmembrane glycoprotein and divalent metal ion symporter that deprives 
intracellular pathogens of these metals by removing mainly Fe++ and Mn++ from the luminal 
space of the phagosomal and lysosomal vesicles. Because iron and other divalent cations are 
cofactors for vital enzymes, S. enterica expresses a series of carriers that compete with the host 
cell for traces of these divalent metals within the phagosomes [39]. This Nramp1 glycopro-
tein is encoded by the gene Slc11a1 (Solute carrier family 11 member 1, first named as Ity gene), 
on chromosome 1 in mice [37]. A single substitution of glycine for aspartate at position 169 
results in susceptibility to systemic infection by S. enterica in the mice [40]. Consequently, 
mice that have two Slc11a1 Asp 169 alleles are significantly more susceptible to lethal Salmonella 
infections and are therefore being used in studies to clarify the host-pathogen relationships 
in acute systemic infection. In turn, mice carrying the wild-type locus Slc11a1+/+ can be used to 
study the pathogenesis of chronic infections that are often asymptomatic [41].

The interaction between the surface receptors of macrophages and microbial ligands results 
in the internalization of the microorganism into a phagosome. However, this young phago-
some is not able to digest its contents, thus requiring a maturation process involving fusion 
and fission events with endosomes and lysosomes. During the maturation process, phago-
somes containing S. enterica acquire vacuolar ATPases that acidify the phagosome lumen. In 
an acidic pH, Nramp1 removes Fe++ and other divalent cations from the inside of phago-
somes. Concomitantly, in the presence of functional protein Nramp1, the host cell expresses 
the mannose-6-phosphate receptor (M6PR), which is responsible for interacting with vesicles 
containing NADPH oxidase and iNOS. This interaction generates positive feedback for the 
transcription of high levels of iNOS mRNA [39]. In susceptible mice (Slc11a1Asp 169), the phago-
somes containing S. enterica are negative for M6PR receptors, and therefore, the production 
of iNOS is lower than in hosts that have the wild-type locus Slc11a1+/+ [36]. Thus, Nramp1 has 
proven to be very important to control the exponential growth of Salmonella during the early 
stages of systemic infection [23, 42].

4. Infection cycle of S. enterica in latent carriers

In asymptomatic carrier animals, the study of the infection cycle of Salmonella was described 
using C57Bl/6-Bcgr (Slc11a1+/+) mice as a resistant mouse model inoculated orally with a high 
dose of Salmonella serotype Enteritidis [43]. The animals developed an intermittent infection 
cycle in the gastrointestinal tract during 4 weeks of study, with interspersed periods of 
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intra- and extracellular spread of the infection, which featured three distinct stages over the 
course of the cycle (Figure 3): (I) the initial stage represented by intracellular invasion and bac-
terial multiplication in the intestine, inducing transient damage to the intestinal mucosa and 
shedding of the pathogen in the feces. A rapid clearance of a large fraction of the inoculums 
was observed during the first 48 h postinoculation (PI); (II) the intermediate stage, the initial 
period of bacterial sequestration by the mononuclear phagocyte system (MPS) in which the 
pathogen was detected only within intracellular compartments. In this period, a transient 
exponential growth of the remaining intracellular bacteria occurred 2–4 d PI followed by a 
suppression of bacterial growth, establishing a plateau phase until 15 d PI. The intracellular 
multiplication in the MPS coincided with the IFNγ production; and finally (III) the intermit-
tent shedding stage, the Salmonella persists sub-clinically in the tissues (spleen and cecum) with 
recurrence of intracellular bacterial growth that coincided with the intermittent excretion in 
feces, characterizing a latent infection.

Figure 3. Distribution of S. enteritidis in feces (fecal and ileo-cecal content) and tissues (blood, spleen, liver, mesenteric 
lymph nodes and different parts of the intestine—jejunum, ileum and cecum) at different times after intragastric 
inoculation with 5 × 108 cfu in C57Bl/6-Bcgr (Slc11a1+/+) mice as a resistant mouse model. These numbers are represented 
as mean ± SD of three animals (in duplicate). (I) Initial stage of infection, when Salmonella invades the intestinal mucosa 
and it is also eliminated in feces. (II) Intermediate stage marks the initial period of mononuclear phagocyte system (MPS) 
sequestration. Salmonella is found intracellular in the intestine but it is not being eliminated to the environment through 
feces. (III) Intermittent elimination stage of Salmonella, common in a resistant animal model, based on [43].
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In pigs, by applying a Markov statistical model, Ivanek et al. [44] were able to distinguish dif-
ferent stages during the dynamic shedding of Salmonella in feces and their immune response. 
In this model, the intermittent shedding of the pathogen was clear. The authors characterized 
the following stages: (i) latency, when pigs were negative for the shedding of Salmonella imme-
diately after the challenge; (ii) continuous shedding, with continuous shedding of the pathogen 
in the feces; (iii) non-intermittent shedding—when Salmonella was not being shed in the feces; 
(iv) intermittent shedding—when the bacteria were again shed in the feces; and (v) recovery. The 
authors observed that the stages could vary depending on the infecting dose and the serotype 
involved in the infection.

Thus, independent of the animal model, in latent carriers, there is a period during which 
Salmonella stays hidden in an intracellular compartment, and it is not being eliminated. It can 
mask the diagnosis of the positive animals. This “Salmonella’s hiding-place” may function as 
a strategic site of bacteria multiplication and, consequently, elimination of high numbers of 
pathogens in the environment. So, it is very important to identify the sites of bacterial coloni-
zation in different latent carriers.

The site of bacterial colonization in persistent infections varies according to serotype and 
host species. In humans, serotype Typhi expresses proteins encoded by SPI-7 that inhibit the 
detection of pathogens by the innate immune system of the host. Thus, the bacteria can spread 
systemically, colonizing macrophages in the liver, spleen and bone marrow. In the liver, 
Salmonella serotype Typhi can be found latent in the gallbladder, making the host an asymp-
tomatic carrier. Intermittently, the bacteria are transported from the gallbladder into the small 
intestine through the bile and excreted in the feces [7]. In mice, the mesenteric lymph nodes 
are the colonization site of serotype Typhimurium [41]. In birds, Salmonella serotype Pullorum 
can be found latent in the spleen, ovary and oviduct of chickens [45], and S. Enteritidis can 
infect the ovaries of healthy hens, contaminating the eggs prior to shell formation [46]. In 
snakes, there is strong evidence that different serotypes of Salmonella also colonize the ovary, 
spreading bacteria to their offspring vertically [47].

In asymptomatic animals, the cecum plays an important role as a reservoir for longer peri-
ods of shedding [48–51]. Research using resistant mice orally challenged with high doses 
of Salmonella serotype Enteritidis [43], and we demonstrate that bacteria reach the cecum in 
the early stages of infection (12 h to 2 days PI) and remain for long periods from 5 days PI, 
functioning as a reservoir of bacterial multiplication, causing the shedding of Salmonella in the 
intestinal lumen intermittently. The small intestine does not have this reservoir role, since the 
bacterial colonization in jejune and ileum occurred only in 1–4 days PI. Spleen is another site 
of Salmonella reservoir; from the moment that bacteria reached the MPS, they stayed in spleen 
for long periods (Figure 4).

In chickens, the cecum is also a site for long-lasting carriage of S. Enteritidis, both in suscep-
tible and resistant animals [52]. In asymptomatic carriers, it represents a public health and 
food protection concerns because the cecum may function as a “strategic site” of Salmonella 
proliferation, releasing bacteria to the environment intermittently.
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The mechanism of persistence of Salmonella in the cecum is not well established. Probably, it is 
associated with the physiological environment and less peristalsis of this part of the intestine. 
Upon entry into the large intestine, the bacteria remain longer in the cecum due to fewer peri-
staltic movements. Despite the production of short-chain fatty acids by resident microbiota 
due to the intense local fermentation, the pH in the cecal environment remains above 6.3, 
higher than the inhibitory level for Salmonella multiplication [53].

5. Role of IFNγ in controlling of S. enterica growth

During intestinal infection, Salmonella-host interactions result in different degrees of inflam-
mation related to the levels of cytokines produced [12], which may trigger changes in the 
composition of the intestinal microbiota. A reduction in symbionts or an increase in patho-
bionts is usually observed during inflammatory processes, reflecting the diversity of the 
intestinal microbiota [54]. In gastroenteritis caused by Salmonella in susceptible hosts, the pro-
duction of interferon gamma (IFNγ) in the early stage of intestinal inflammation may alter the 

Figure 4. Course of S. enteritidis in C57Bl/6-Bcgr (Slc11a1+/+), a resistant mouse model. Salmonella rapidly reaches the 
cecum in the early stage of the infection between 12 and 48 h postinoculation (PI) and remains in this organ as an 
important reservoir for 5 days PI, with increasing bacteria multiplication. The presence of bacteria in the cecum seems 
to be associated with its extracellular multiplication in the intestinal content and intermittent shedding in the feces. The 
colonization of the small intestine occurs during the first 4 days PI. In this period, Salmonella penetrates the intestinal 
mucosa, causing different degrees of degeneration of the microvilli, which is reversible (membrane ruffling). This 
mechanism is mediated by effector proteins translocated by T3SS encoded in SPI-1. Intracellular multiplication of the 
bacteria in mononuclear phagocyte system (MPS) occurs from 3 days PI. The exact route of Salmonella dissemination 
from intestine to MPS is unclear, but from the moment that bacteria reach the MPS, they remain in spleen, causing 
splenomegaly by 10 days PI. The intracellular multiplication in MPS coincides with the production of IFNγ, which 
restricts the replication of intracellular Salmonella.
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lumen conditions, causing an imbalance in the ecology of the resident microbiota that favors 
 competition for pathogen growth and intestinal colonization [55–57]. In latent carriers, how-
ever, S. enterica can invade the intestinal mucosa and colonize the intestine without triggering 
a strong immune response, remaining in equilibrium with the resident microbiota [58].

IFNγ plays a crucial role in resistance to systemic infection by S. enterica. This cytokine con-
trols the growth of pathogens both in the initial [59, 60] and late stages of the disease [41], and 
its absence results in septicemia. High levels of IFNγ as well as of its mediator IL-12 contrib-
ute to resistance to infection in different animal species [61]. Mice with chronic asymptomatic 
infection by Salmonella serotype Typhimurium develop symptoms after treatment with anti-
IFNγ antibodies [41]. In birds, the IFNγ gene expression is lower in susceptible animals than 
in resistant animals [61].

IFNγ is produced specifically in response to systemic infection and correlates with bactere-
mia and pathogen invasion of the cells of the mononuclear phagocyte system, such as the 
lymphoid tissue associated with the intestine (mesenteric lymph nodes and Peyer’s patches), 
spleen and liver. Its production is essential to restrict bacterial intracellular multiplication, 
thereby contributing to the establishment of a plateau phase during the growth cycle of 
Salmonella serotype Enteritidis in asymptomatic mice [43].

When antigen-specific acquired immunity is triggered, the IFNγ titer in serum begins to 
decrease [11]. However, even in the presence of high titers of specific circulating antibodies, 
some Salmonella serotypes are capable of causing persistent infections in a host for long peri-
ods. This adaptive immune response seems to be important to reduce the number of extracel-
lular bacteria; however, bacteria that are present within macrophages survive both the innate 
and adaptive immune responses, and the host ultimately becomes a latent carrier [41].

6. Gene expression in latent Salmonella

Zoonotic intracellular pathogens that can cause latent carriers pose a unique public health 
problem. The ability of such carrier animals to shed pathogens without showing any clinical 
signs of infection can make outbreak control challenging and the potential of transmission to 
humans a serious public health concern. Before identifying these carriers, we need to under-
stand the mechanism of bacterial invasion of the host cells and follow the process of estab-
lishing a persistent state of infection. SPI 1 encodes for genes hilA and invF, which allow the 
bacteria to enter, survive, and replicate within the host cells [62]. Once the pathogen enters 
the host cells, glycine cleavage protein subunit P (gcvP) has been shown to be a potential 
key player in the transition from acute to chronic infection [63–65]. The activity of gcvP has 
been shown to increase dramatically in other important zoonotic infections like tuberculosis 
[66, 67] and leishmaniasis [68]. Understanding the pathogenesis of the invasion, intracellular 
replication, and the transition to latent carrier state in Salmonella would potentially lay the 
groundwork for the development of a control, treatment and eventual eradication strategies. 
We are just starting to understand potential genes involved in the transition from active to 
latent stage of infection in case of intracellular pathogens. There is very little information 
in case of Salmonella, but in case of M. tuberculosis, glycine dehydrogenase activity increases 
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tenfold upon entering a state of persistence. Another indicator that its metabolism is vital to 
persistence is the fact that mutants that are deficient in isocitrate lyase, an enzyme involved 
in the glyoxylate pathway, cannot cause chronic latent infections [67]. We have some pre-
liminary results from our long-term cell culture Salmonella infection model (unpublished per-
sonal communication). It shows that AceA the gene that codes for isocitrate lyase, which is the 
first step in the glyoxylate shunt, is over expressed. Even on day 1, the expression levels are 
elevated, but not significantly more than any of the other genes. However, on day 10 and day 
30 post infection,. AceA expression level on day 30 goes up dramatically. This has biological 
plausibility since it is the first step in the glyoxylate pathway. Such gene expression studies of 
lymph node biopsies on a herd basis or at slaughter might allow us to detect chronic/persis-
tent Salmonella infections.

7. Conclusions

Despite host’s activation of anti-inflammatory and antimicrobial responses, Salmonella can 
establish asymptomatic persistent infections, leading to intermittent high-level shedding of 
the bacteria in feces. This host-pathogen balance leads to serious problems for public health 
because asymptomatic animals latently carry the infection for long periods with intermittent 
cycles of shedding of the pathogen in feces. This outcome is epidemiologically important 
because false-negative Salmonella isolation results can be generated if the diagnostic test is 
performed during the period when the animal is not shedding the pathogen.
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Abstract

Fimbriae are important virulence factors for Salmonella pathogenesis. They mediate adhe-
sion to host cells (including plants), food, stainless steel and much more. The fimbrial 
systems are organised in gene clusters of four to fifteen genes that code for structural, 
assembly and regulatory proteins. There are three kinds of fimbriae depending on their 
mode of assembly. The chaperone/usher (CU) fimbriae use a dedicated  chaperone and 
usher protein to coordinate the subunit biogenesis on the cell surface. The curli fim-
briae are assembled by nucleation/precipitation pathway. The type IV fimbria assembly 
requires a transmembrane apparatus and ATP to energise the reaction. Several fimbriae 
are conserved among Salmonella serovars, while some are present in a limited set or only 
specific serovars. Expression and regulation of fimbrial genes are not well understood, 
and most Salmonella fimbriae are poorly expressed during in vitro culture, which further 
complicates research concerning their regulation and role during infection. However, 
Salmonella fim gene cluster, coding for type-1 fimbriae, was widely studied and pres-
ents its own set of regulators. Investigating fimbrial distribution, expression and reg-
ulation will further elucidate their roles in bacterial pathogenesis and host specificity. 
Furthermore, fimbriae are important for developing efficient diagnostic tests and antimi-
crobial strategies against Salmonella.
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1. Introduction

Multiple virulence factors are implicated in Salmonella pathogenesis. These factors include 
type 3 secretion systems (T3SS) encoded in Salmonella Pathogenicity Islands (SPI)-1 and SPI-2, 
other SPIs, flagella, capsule, plasmids and adhesion systems [1, 2]. Among those factors, 
fimbriae represent a major player in pathogenesis and a source of diversity for Salmonella 
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serovars. Fimbriae are the most common adhesion systems and are differentially expressed 
and found in a specific pattern among each serovar [3, 4].

Historically, the first observation of fimbriae was described in 1901 in Bacillus anthracis by 
Hinterberger and Reitman which hypothesised that the filaments were implicated in nutri-
ents acquisition [5]. Then, in 1949, Anderson suggested that the filaments were artefacts due 
to sample preparation for electron microscopy [6]. However, many other studies contra-
dicted Anderson and confirmed the presence of non-flagellar appendages on the bacterial 
surface. In 1950, Houwink and Van Iterson observed the appendages and described them as 
shorter and more rigid filaments than the flagella from Escherichia coli and suggested that 
the fibres were implicated in attachment to surface [7]. The name fimbria (Latin word for 
fibres) was suggested in 1955 by Duguid et al. to describe the filamentous structures [7, 8]. 
The term fimbria is preferable to use to describe non-flagellar filaments than pili, which is 
used to designate structures implicated in conjugation [9, 10]. In 1966, Duguid et al. classi-
fied fimbriae in seven types (types 1–6 and F) according to the morphology and haemag-
glutination patterns. However, another classification, based on serology, better predicted 
genetic relatedness of fimbrial antigens. Nowadays, fimbriae are designated by the mode of 
assembly of the fibril [8].

A specific fimbrial gene cluster (FGC) encodes for the structural, assembly and sometime 
regulatory proteins required for the production of the filamentous adhesive appendage on 
the bacterial surface. FGCs are usually composed of four to fifteen genes [10, 11]. An average 
of 12 FGCs by strains was observed in S. enterica. Despite that all Salmonella genome har-
bours multiple FGCs, very few are characterised so far. Most fimbriae are poorly expressed 
under laboratory conditions, and the functional redundancy complicates their studies [10]. 
However, fimbriae are implicated during infection and in a variety of other roles, like biofilm 
formation, seroconversion, haemagglutination, cellular invasion and macrophage interac-
tions [2, 7, 12–16]. In mice model, S. Typhimurium fimbriae demonstrate a role in intestinal 
cells attachment, caecum colonisation and persistence in gut [17–19]. Moreover, fimbriae are 
important determinants of host adaptation by Salmonella [20].

In this chapter, an overview of Salmonella fimbriae is presented. First, the three pathways for 
fimbrial biogenesis (CU, precipitation/nucleation, type IV fimbriae) are described. Second, the 
distribution of fimbrial genes among Salmonella subspecies and serovars is presented. Third, 
the regulation of fimbrial genes is described and fim FGC regulation is detailed. Finally, the 
use of fimbriae as diagnostic and therapeutic tools is discussed.

2. Fimbrial biogenesis pathways

Three pathways for fimbrial assembly exist in Salmonella, the chaperone/usher (CU), the nucle-
ation/precipitation and the type IV pathway [21]. Fimbriae of the CU pathway employ dedi-
cated chaperones and ushers for the fimbrial assembly. The nucleation/precipitation pathway 
forms an aggregative fibre by precipitation of the subunits in the presence of the nucleator in 
the extracellular environment. Finally, the type IV fimbrial pathway uses complex machinery 
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for the fimbriae formation and needs ATP to drive the reaction of assembly. Furthermore, 
the type IV fimbriae can retract and reverse its assembly [21].

The three pathways produce quite different fimbriae. CU fimbriae have the classic fimbrial 
shape with the repetition of major subunits emerging from the usher inserted in the outer 
membrane. The major subunits can be accompanied by minor subunits and/or adhesins [8]. 
The fimbriae produced by the nucleation/precipitation pathway have an aggregated shape, 
due to the precipitation of major subunits together. This kind of fimbriae is highly stable 
and hardly depolymerised [22]. The type IV fimbriae anchor in the inner membrane and are 
prolonged by the repetition of the major subunit (pilin) through the periplasm and the outer 
membrane reaching the extracellular medium [23]. Here, the three fimbrial assembly mecha-
nisms will be detailed.

2.1. Chaperone/usher pathway

The CU fimbriae represent the largest and most diversified class of adhesion systems [24, 25]. 
Multiple CU fimbriae are present in Salmonella suggesting a functional redundancy [23, 26]. 
The assembly is characterised by an interaction between the subunits, a periplasmic chaper-
one and an outer membrane usher in order to form a mature fibre (Figure 1) [27]. Each fimbria 
produced by this pathway has its own unique and specific chaperone and usher [11]. Usher 
sequence is a good discrimination tool and is used to subdivide the CU fimbriae into six phy-
logenetic clades (α, κ, π, σ, γ, β) [10, 26].

Figure 1. Chaperone/usher pathway. The subunit proteins are synthesised in the cytoplasm and translocated through 
the periplasm via SecYEG implying also SecDF/YajC inner membrane proteins. When the signal peptide is cleaved from 
the subunit, the chaperone protein complements the missing strand of the subunit in a process called donor strand 
complementation. The energy from the folding of the subunit is preserved by the chaperone. The chaperone drives the 
subunit to the usher and exchanges the donor strand. The subunit is then translocated by the usher to the extracellular 
medium and added to other subunits to form the fibril. IM = inner membrane; OM = outer membrane.
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The biogenesis of the CU fimbriae begins with the production of the subunits in the cyto-
plasm and their export through the inner membrane by the general secretory pathway 
(GSP) [23, 27, 28]. It consists in a post-translational translocation implying the SecYEG 
 complex and SecDF/YajC proteins. When the pre-protein is produced, it can be targeted 
directly to the accessory factor SecA or transported to SecA by the general chaperone SecB. 
Then, SecA catalyses the hydrolysis of ATP to energise the translocation through SecYEG. 
Use of ATP, in combination with proton-motive force, triggers the transport of the pre-pro-
tein to the periplasm. During the translocation across the inner membrane, the N-terminal 
 signal  peptide is cleaved by periplasmic peptidases [27, 29]. To prevent early folding of the 
 subunits, the fimbrial chaperone instantly forms a complex with the translocated subunit in 
the periplasm [30].

Fimbrial chaperone shares conserved structural features with the general periplasmic chaper-
ones [30]. They are formed of two β-sheet domains oriented to produce an L-shaped molecule 
and together form a β-barrel. Each domain has an immunoglobulin-like fold and is composed 
of seven primary β-strands [30–32]. Hydrophobic residues are alternated in the seven strands, 
facing the internal part of the barrel. These residues form the hydrophobic core of the domain 
that is implicated in the binding of the subunit. The fimbrial chaperones have an extended 
loop that lies at the extremity of one arm of the L-shaped molecule. This loop contains a 
conserved motif that is involved in the complex formation between the chaperone and sub-
units [30]. The subunit and the chaperone have a similar structure, but the subunit is missing 
the seventh β-strand of the C-terminal extremity [28]. The chaperone transfers the missing 
β-strand to the subunit to complete its structure: this mechanism is called the donor strand 
complementation [25]. The chaperone preserves the folding energy of the subunit to drive the 
last steps of the assembly due to lack of energy source (ATP) in the periplasmic space [33]. 
The chaperone also prevents premature fimbrial formation in the periplasm and primes the 
assembly through the usher [30, 34].

Then, the uncapping of the chaperone by the usher exposes the interactive surface of the 
subunit to the outer membrane usher and assembly of subunits at the surface can occur [33]. 
The transfer of the subunit from the chaperone to the usher happens very rapidly in vivo. 
In the absence of the usher in vitro, only a slow and inefficient assembly was observed. This 
suggests that the uncapping of the chaperone is important for the efficiency of mature fim-
briae assembly [28, 30]. An interaction between the usher and the subunit and also between 
the usher and the chaperone is required [31]. This triangular interaction is important for 
the usher to discriminate subunit-loaded from unloaded chaperone [33]. Fimbrial usher 
forms a ring in the outer membrane with a transient twin-pore of 2–3 nm diameter to allow 
passage of subunits to the extracellular environment [35]. The usher catalyses fimbrial 
polymerisation by involving donor strand exchange where the N-terminal sequence of the 
subunit is replaced by a short sequence of the last subunit in the polymerised fibril with 
a zip-in-zip-out mechanism [33]. This step is triggered in part by the chaperone required 
for the strand exchange between the new subunit and the forming fimbria. The quater-
nary structure of the subunit is achieved when the protein passes through the pore. The 
final morphology and structure (rigid or flexible), the length (1–3 μm) and width (2–10 nm) 
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of the fibre of the CU fimbriae depend on the subunits composition and the interactions 
between subunits [10, 33].

2.2. Nucleation/precipitation pathway

Curli fimbriae were initially discovered in Escherichia coli and are very conserved among the 
Enterobacteriaceae family, compared to any other types of FGC. The amyloid fibrils are par-
ticularly known for their role in biofilm formation and its recognition by the immune system 
[36]. The FGC for curli is named csg (curli subunit gene) for E. coli and agf (thin aggregative 
fimbriae) for Salmonella, but the term csg is now commonly used for Salmonella. Curli forma-
tion depends on two divergent operons, csgBAC and csgDEFG. The csgBAC genes encode 
for CsgA, the major subunit, CsgB, the nucleator, and CsgC, an oxidoreductase of unknown 
function. The csgDEFG genes encode for the transcription regulator of the operon (CsgD) and 
for the assembly proteins located in the periplasm (CsgE) or in the outer membrane (CsgG 
and CsgF) [37].

The curli assembly mechanism is characterised by the exportation of the subunits and their 
precipitation to each other in the presence of a nucleator that fixes the fibril on the bacterial 
surface. Exportation of curli proteins also uses the GSP to pass through the inner membrane to 
the periplasm. Then, the CsgA and CsgB proteins are secreted by the lipoprotein CsgG. CsgG 
is composed of nine anticodon-binding domain-like units that form a 36-stranded β-barrel 
complex that is inserted in the outer membrane. CsgG forms a pore in the outer membrane 
that permits the passage of the subunits and the nucleator. CsgG is accompanied by the acces-
sory proteins CsgE and CsgF. CsgE is a specificity factor that forms a nonameric adaptor that 
binds to CsgG and closes the periplasmic space. The presence of CsgE optimises the uptake of 
CsgA by CsgG and translocation of CsgA [38]. CsgF helps the nucleation activity of CsgB. It 
was suggested that CsgF has a role in specific localisation and/or chaperoning of the nuclea-
tor, so CsgB will reach its full activity. Moreover, CsgF depends on CsgG and CsgE for its 
stability [39].

Once at the bacterial surface, the nucleator polymerises the subunits together into thin aggre-
gative fimbriae (fibrils). This process happens only in the extracellular environment and 
requires the presence of the nucleator CsgB to polymerise CsgA into a filament. CsgA pro-
teins fold into an insoluble cross β-sheet molecules [26]. CsgB anchors the curli fimbriae on 
the surface of the bacterial cell (Figure 2). In E. coli, it was observed that CsgB, in addition to its 
role of nucleator, is also part of the fimbriae with the CsgA subunits. A structurally different 
fibril made of CsgB subunits can be formed in the absence of CsgA [40]. CsgA and CsgB share 
30% of sequence identity and have the same predicted length [37]. In E. coli, interbacterial 
complementation between a nucleator mutant and a subunit mutant is possible. However, 
in Salmonella, this complementation cannot happen, suggesting that the curli fimbriae are dif-
ferent in their nucleation process. However, the interbacterial complementation was observed 
in Salmonella when a lipopolysaccharide O-antigen mutant was used [41]. The nucleation/
precipitation pathway is still poorly understood, and research is actually performed on the 
different aspects of the curli fimbrial formation.
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2.3. Type IV fimbriae

Type IV fimbriae are usually from 1 to 5 μm long and are composed of repeated subunits of a 
single pilin. Type IV fimbria is subdivided into two groups based on homology of the major 
subunits: type IVa and type IVb fimbriae [26]. The difference between the two types is in the 
length of the peptide sequence and the mature major pilin sequence. Specific mechanism of 
assembly of type IVb fimbriae from Salmonella has not been characterised yet [42].

Type IV fimbriae pathway has the most complex machinery. They form an apparatus, com-
posed of various proteins, that goes through the inner and outer membranes allowing the 
anchor of the fibre and energy accessibility for fimbrial assembly. The gene cluster also 
encodes numerous proteins with diverse functions, as the fibril is not only assembled but 
also disassembled. Type IV fimbriae are frequently compared to the type II secretion system 
(T2SS) which possesses similar structure and mechanism of assembly. Type IV fimbriae are 
implicated in adherence and twitching motility [11].

Type IV fimbriae are present in a variety of organisms including human pathogens such as 
Neisseria gonorrhoeae, Neisseria meningitidis, Pseudomonas aeruginosa and Vibrio cholerae. For 
Salmonella, they are found in S. bongori, S. enterica serovars Heidelberg, Paratyphi B and 
Typhi [42]. S. bongori type IV fimbria is encoded by the sbe operon that remains uncharacter-
ised and is located on a plasmid, as well as in S. Paratyphi B, while the type IVb gene cluster 
is located on the chromosome of S. Heidelberg and S. Typhi [26].

For S. Typhi, the PilS subunits are produced in the cytoplasm and translocated to the periplasm 
by the GSP. In the periplasm, the N-terminal sequence of PilS is cleaved by PilU, a prepilin pep-

Figure 2. Nucleation/precipitation pathway. The subunit CsgA is synthesised in the cytoplasm and translocated by the 
GSP. CsgA passes through the periplasm and is translocated in the extracellular medium by CsgG, helped by CsgE. The 
nucleator CsgB is also translocated by CsgG and supported by CsgF for its stability on the bacterial surface. When CsgA 
is in the presence of the nucleator in the extracellular environment, the subunits precipitate in an aggregated fibril. CsgC 
is an oxidoreductase, but its specific role is still undiscovered. IM, inner membrane; OM, outer membrane.
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tidase [23]. The mature pilins are then anchored to the inner membrane on platform proteins 
and linked together into a fibril (Figure 3) [26, 43]. The N-terminal domain of the mature sub-
units is highly hydrophobic, which permits the PilS proteins to group into a helical structure 
[22, 42]. The pilins are added one by one, but at three sites simultaneously, each corresponding 
to a strand to form a three-helix bundle [44]. An ATPase inserted in the inner membrane sup-
plies the energy required for the assembly of the type IV fimbriae. The secretin proteins are 
inserted in the outer membrane and form a channel that permits the passage of the intact pilus 
through the bacterial surface [26]. These proteins form complexes that are then assembled in 
a cage-like final structure [44]. Other proteins are also involved in the assembly/disassembly 
mechanisms, such as another ATPase dedicated for the disassembly of the fimbriae, lipopro-
teins of the secretin complex (pilotins), inner membrane proteins or gene products involved 
in peptidoglycan remodelling to permit the passage of the fibril through the periplasm [22, 44, 
45]. This assembly pathway is less understood and requires further investigations [44].

3. Salmonella fimbriome

Each fimbrial pathway described above is present in Salmonella creating a great element 
of genetic diversity. CU fimbriae are the most common fimbriae detected in the Salmonella 
genome. Curli (csg) is found in all Salmonella genome, whereas only a few serovars have 
the type IV fimbriae. There are 38 unique FGCs identified so far in 111 sequenced genomes 
from 34 different serovars (Table 1) [46, 47]. Each serovar has its own repertoire of FGCs, but 
there are seven FGCs that are highly conserved in most Salmonella strains forming the core of 
Salmonella FGCs. Most of the FGCs are sporadic or found only in a few strains constituting the 
signature of each serovar.

Figure 3. Type IV pathway. The pre-pilins are transported and translocated through the inner membrane (IM) to the 
periplasm by GSP. A peptidase cleaves the signal peptide of the pre-pilin, and the pilin can be assembled on the platform 
proteins. An ATPase triggers the reaction. The pilins form a three-helix structure that passes through the outer membrane 
(OM) by a secretin supported by pilotin. The type IV fimbriae can also retract depending on the environmental conditions.
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Each Salmonella strain contains 5–14 different CU fimbriae with an average of 12 fimbriae 
in S. enterica. Representatives from all the six phylogenetic clades are present in Salmonella 
(Table 2) [26]. The γ-fimbriae constitute the largest clade with 22 FGCs and include the highly 
conserved FGCs (bcf, fim and sth) that belong to the clade γ-1. The most diverse clade is γ-4, 
with the conserved stb and stc or peg (stc-peg) and many of the new sporadic FGCs, while the 
α clade (for alternate CU), also known as class 5 fimbriae, has one FGC, tcf, which is found in 
several serovars. The σ clade also had only one FGC representative, sdc, that was only found 
in S. enterica subspecies IIIa (arizonae).

Fimbriae CU clade Prevalence Distribution Fimbriae CU clade Prevalence Distribution

bcf γ1 Core Absent in IV sdj γ4 Sporadic IIIb diarizonae

csg curli Core All Salmonella sdk/sfi π Sporadic IIIb, VI

fim γ1 Core Absent in 
bongori

sdl π Sporadic IIIb diarizonae

lpf γ1 Conserved Absent in ID sef γ3 Sporadic IB, D (pseudo)

mrk γ4 Sporadic Only in 
Montevideo

sib β Sporadic VI indica

pef κ Sporadic Only in IA, IC 
and bongori

fae/skf κ Sporadic IB, IE

peg γ4 Conserved IB, IC, IIIa, VI, 
bongori

ssf γ4 Sporadic II salamae

peh γ4 Sporadic Only in 
Montevideo

sta γ4 Sporadic ID

pil Sporadic Type IV; ID, IE, 
bongori

stb γ4 Core I, II, IIIb;

saf γ3 Conserved ssp. I stc γ4 Conserved IA, IB, ID

sba γ4 Sporadic bongori std π Core II, IIIa, 
missing in 
Gallinarum

sbb/sbf π Sporadic bongori ste π Conserved Missing in 
IA, IE

sbc/spf κ Sporadic IV, VI, bongori stf π Conserved Missing in 
ID, IE

sbs β Sporadic II salamae stg γ1 Sporadic ID, bongori

sdc/sas σ Sporadic IIIa arizonae sth γ1 Core Missing IIIa 
and IIIb

sdd/smf γ1 Sporadic IE, II, IIIa, IV sti γ1 Conserved Missing in ID

sde γ3 Sporadic Tennessee (IE) stj β Sporadic IA, IE

sdh γ4 Sporadic IE stk γ4 Sporadic IE

sdi/sdf γ4 Sporadic IIIb diarizonae tcf α Sporadic IC, ID, IE

Table 1. Salmonella fimbriome.
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Each Salmonella strain contains 5–14 different CU fimbriae with an average of 12 fimbriae 
in S. enterica. Representatives from all the six phylogenetic clades are present in Salmonella 
(Table 2) [26]. The γ-fimbriae constitute the largest clade with 22 FGCs and include the highly 
conserved FGCs (bcf, fim and sth) that belong to the clade γ-1. The most diverse clade is γ-4, 
with the conserved stb and stc or peg (stc-peg) and many of the new sporadic FGCs, while the 
α clade (for alternate CU), also known as class 5 fimbriae, has one FGC, tcf, which is found in 
several serovars. The σ clade also had only one FGC representative, sdc, that was only found 
in S. enterica subspecies IIIa (arizonae).

Fimbriae CU clade Prevalence Distribution Fimbriae CU clade Prevalence Distribution

bcf γ1 Core Absent in IV sdj γ4 Sporadic IIIb diarizonae

csg curli Core All Salmonella sdk/sfi π Sporadic IIIb, VI

fim γ1 Core Absent in 
bongori

sdl π Sporadic IIIb diarizonae

lpf γ1 Conserved Absent in ID sef γ3 Sporadic IB, D (pseudo)

mrk γ4 Sporadic Only in 
Montevideo

sib β Sporadic VI indica

pef κ Sporadic Only in IA, IC 
and bongori

fae/skf κ Sporadic IB, IE

peg γ4 Conserved IB, IC, IIIa, VI, 
bongori

ssf γ4 Sporadic II salamae

peh γ4 Sporadic Only in 
Montevideo

sta γ4 Sporadic ID

pil Sporadic Type IV; ID, IE, 
bongori

stb γ4 Core I, II, IIIb;

saf γ3 Conserved ssp. I stc γ4 Conserved IA, IB, ID

sba γ4 Sporadic bongori std π Core II, IIIa, 
missing in 
Gallinarum

sbb/sbf π Sporadic bongori ste π Conserved Missing in 
IA, IE

sbc/spf κ Sporadic IV, VI, bongori stf π Conserved Missing in 
ID, IE

sbs β Sporadic II salamae stg γ1 Sporadic ID, bongori

sdc/sas σ Sporadic IIIa arizonae sth γ1 Core Missing IIIa 
and IIIb

sdd/smf γ1 Sporadic IE, II, IIIa, IV sti γ1 Conserved Missing in ID

sde γ3 Sporadic Tennessee (IE) stj β Sporadic IA, IE

sdh γ4 Sporadic IE stk γ4 Sporadic IE

sdi/sdf γ4 Sporadic IIIb diarizonae tcf α Sporadic IC, ID, IE

Table 1. Salmonella fimbriome.

Current Topics in Salmonella and Salmonellosis66

The distribution of the 38 FGCs gave a signature for each species, subspecies and serovars 
(Table 3). Seven FGCs, curli and the CU fim, bcf, sth, stb, stc-peg and std, represent the conserved 
(core) fimbriae of Salmonella (positive in more than 90% of strains). The fim fimbriae were 
found in all S. enterica strains, only missing in S. bongori. The bcf cluster was only missing in S. 
enterica ssp. IV (houtenae), and the sth cluster was only missing in S. enterica ssp. IIIa and IIIb. 
The stb cluster was present in S. enterica ssp. I, II, IIIb and the std cluster was not detected in 
S. enterica serovar Gallinarum, ssp. II, IIIA and S. bongori. The FGC stc and peg had probably 
emerged from a common ancestor: they belong to the same clade (γ-4) and are inserted at the 
same position in the genome (between thiM and mrp); their distribution is mutually exclusive; 
and either one is present in the majority of Salmonella strains.

Most cases of salmonellosis in humans are caused by S. enterica ssp. I, and many of the 
sequenced serovars were from ssp. I. Thus, 27 out of the 38 FGCs are found in ssp. I. The ssp. I 
was divided into five classes using previous phylogenetic analysis [46, 47] (Table 3). The class IA 
contains broad host range serovars involved in gastroenteritis, mainly serovar Typhimurium. 
The class IB is formed by serovars Dublin, Enteritidis, Pullorum and Gallinarum, all sharing 
similar O-antigens and FGCs. The class IC contains serovars Choleraesuis and Paratyphi C and 
class ID contains the human-specific serovars Typhi and Paratyphi A. A separate branch of 
class IA, including serovars Heidelberg, Virchow and Hadar, that had the highest number of 
FGCs, as well as serovars Montevideo, Schwarzengrund, Welterveden, Javiana, Kentucky and 
Tennessee, was commonly isolated in association with edible plants and constitutes the class IE.

In addition to the seven core FGCs, five highly conserved FGCs (saf, ste, stf, sti and lpf) were 
associated with S. enterica ssp. I (Table 3). The sti, lpf and stf clusters are missing in human-
specific serovars (class ID). The ste cluster is missing in class IA serovars and in some of 
the class IE serovars. Thus, S. enterica ssp. I harbours the core FGCs (fim, bcf, sth, stb, stc-peg 
and std), the conserved FGCs (saf, ste, stf, sti and lpf) and some sporadic FGCs unique to each 
serovar. Many FGCs of Salmonella are sporadic and form the unique repertoire in each serovar.

Despite the presence of many FGCs, extensive gene degradation was observed in most of the 
host-restricted and warm-blooded host-adapted serovars, mainly Gallinarum, Choleraesuis, 

CU clade Fimbriae

α tcf

β sbs, sib, stj

γ1 bcf, fim, lpf, sdd/smf, stg, sth, sti

γ3 saf, sde, sef

γ4 mrk, peg, peh, sba, sdh, sdi, sdj, ssf, sta, stb, stc, stk

κ fae/skf, pef, sbc/spf

π sbb/sbf, sdk, sdl, std, ste, stf

σ sdc/sas

Table 2. Salmonella fimbrial type.
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Paratyphi A and Typhi. Genome degradation of FGCs may correspond to the loss of genes 
rendered unnecessary by niche specialisation or by selective pressure in order to diminish 
antigen presentation at the bacterial surface during systemic disease. Intriguingly, most of 
FGCs were intact in Paratyphi B.

There are 11 FGCs that are not in ssp. I, with only sbc and sdk that are shared by more than one 
serovars. The low numbers of FGCs might be specific for cold-blooded animals’ colonisation. 
A conserved signature specific for each subspecies was observed. As more diverse strains will 
be sequenced, new FGCs probably be discovered.

4. Fimbrial regulation

Salmonella fimbriae are usually not expressed constitutively and rarely expressed under 
laboratory condition, except for Fim fimbriae, a type-1 fimbria [3]. Fimbriae are important 
during infection [19, 48, 49], suggesting that their expression is tightly regulated. Little is 
known about the regulation mechanisms that promote fimbrial expression. In general, fim-
brial expression is positively or negatively regulated at the genetic level. Some regulators are 
unique to a specific fimbriae, like the regulation of curli by CsgD, while others are global, like 
Dam, H-NS and Lrp (leucine-responsive regulatory protein) [50]. These mechanisms include 
regulatory proteins, DNA methylation, cyclic di-GMP and small RNAs [50]. In Salmonella, 
a regulation network exists between the virulence factors. Here, we present the regulation 
of fimbrial genes including the interaction with motility and invasion. Then, we propose an 
example of regulation of the fim FGC expression in S. Typhimurium, the most characterised 
fimbriae of Salmonella.

Subspecies Core Conserved Accessory Absent

Salmonella 
enterica

I. enterica bcf, csg, fim, sth, 
stb, std
stc-peg

sti,, saf, ste, 
stf, lpf

A pef, stj ste

B fae, sef

C pef, tcf,

D sef, sta, stg, tcf, pil sti, lpf, stf

E fae, mrk, peh, sdd, sde, 
sdh, stj, stk, pil

lpf, ste, stf

VI. indica sbc, sdk, sib stb

II. salamae sdd, ssf, sbs std

IV. houtenae sbc, sdd bcf, stb

IIIb. diarizonae sdi, sdj, sdk, sdl sth

IIIa. arizonae sdc, sdd sth, stb, std

Salmonella 
bongori

lpf sba, sbb, sbc, sbe, 
stg(sbd)

fim, stb, std

Table 3. Fimbrial distribution.
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Paratyphi A and Typhi. Genome degradation of FGCs may correspond to the loss of genes 
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during infection [19, 48, 49], suggesting that their expression is tightly regulated. Little is 
known about the regulation mechanisms that promote fimbrial expression. In general, fim-
brial expression is positively or negatively regulated at the genetic level. Some regulators are 
unique to a specific fimbriae, like the regulation of curli by CsgD, while others are global, like 
Dam, H-NS and Lrp (leucine-responsive regulatory protein) [50]. These mechanisms include 
regulatory proteins, DNA methylation, cyclic di-GMP and small RNAs [50]. In Salmonella, 
a regulation network exists between the virulence factors. Here, we present the regulation 
of fimbrial genes including the interaction with motility and invasion. Then, we propose an 
example of regulation of the fim FGC expression in S. Typhimurium, the most characterised 
fimbriae of Salmonella.

Subspecies Core Conserved Accessory Absent

Salmonella 
enterica

I. enterica bcf, csg, fim, sth, 
stb, std
stc-peg

sti,, saf, ste, 
stf, lpf

A pef, stj ste

B fae, sef

C pef, tcf,

D sef, sta, stg, tcf, pil sti, lpf, stf

E fae, mrk, peh, sdd, sde, 
sdh, stj, stk, pil

lpf, ste, stf

VI. indica sbc, sdk, sib stb

II. salamae sdd, ssf, sbs std

IV. houtenae sbc, sdd bcf, stb

IIIb. diarizonae sdi, sdj, sdk, sdl sth

IIIa. arizonae sdc, sdd sth, stb, std

Salmonella 
bongori

lpf sba, sbb, sbc, sbe, 
stg(sbd)

fim, stb, std

Table 3. Fimbrial distribution.
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4.1. General regulation of fimbrial genes

Genes implicated in different aspects of virulence including motility, adhesion, invasion of 
host cells and intestinal persistence are all regulated during infection. It was proposed that 
there is a temporal hierarchy between the T3SS of SPI-1 (invasion), flagellar and fimbrial genes, 
where SPI-1 is first activated, followed by flagellar genes and then type-1 fimbrial genes (fim). 
The crosstalk between these systems seems to be critical for bacterial pathogenesis [51]. Each 
element of virulence is related to a large regulation network that is not completely under-
stood. DNA adenine methylation (Dam) regulates many virulence genes in Salmonella [52]: 
it is required for SPI-1 and pef expression, but it also represses many genes, including the std, 
csg and flagellar genes [52–54]. It was also shown that fimbrial FGCs are repressed by the 
Rcs phosphorelay, a sensor of outer membrane stress [55]. Another example of regulation 
interaction between motility and fimbrial expression was observed by a deletion of ydiV in S. 
Typhimurium that results in the derepression of curli fimbriae (csgAB), causing an increase in 
swimming motility and a decrease in swarming [56].

Crosstalk regulation also occurs between the capsule and the type IVb fimbriae in S. Typhi. 
Both virulence factors are encoded on SPI-7 and facilitate invasion of monocytes, suggesting a 
regulation overlapped. However, the exact regulation elements that act on those two systems 
are unknown [57].

One of the post-transcriptional regulation mechanisms uses the binding of small RNAs and 
the Hfq chaperone. In an hfq mutant strain, the expression of fimbrial gene sefA was activated 
when most of the other fimbrial subunit genes were repressed in S. Enteritidis. Overall, the 
hfq deletion decreased adherence compared to wild-type strain. Thus, Hfq seems to regulate 
fimbrial expression of most fimbrial genes from S. Enteritidis [58]. There is probably more 
sRNAs regulation of fimbrial gene expression awaiting to be discovered.

Phase variation is a transcriptional mechanism that controls the switch between fimbriated 
(ON) and afimbriated (OFF) cells within a bacterial population. In Salmonella, expression of 
lpf and pef was shown to be controlled by phase variation. The regulators of this mechanism 
are various and depend on the FGCs concerned [54, 59].

The secondary messenger cyclic-di-GMP controls virulence and biofilm formation in 
Salmonella [60]. In Salmonella, curli expression was activated by AdrA, a GGDEF-domain pro-
tein that increases intracellular level of cyclic-di-GMP [61]. Fimbrial production regulated by 
the cyclic-di-GMP level was also observed in other species such as Klebsiella pneumonia, E. coli 
and P. aeruginosa [62].

In spite of all those known elements of regulation, how Salmonella passes from being afimbri-
ated in vitro to a fimbriated form in vivo is still unknown.

4.2. Regulation of fim in S. Typhimurium

The fim FGC codes for six genes (fimAICDHF). This cluster is the most studied and one of the 
most conserved fimbriae of Salmonella enterica and was mainly characterised in S. Typhimurium. 
These fimbriae have a binding specificity for mannose residues [63]. The fim fimbria of Salmonella 
is not homologue with its homonym from E. coli, except for sharing some morphological and 
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mechanistic features [64, 65]. Regulation and amino acid sequences of fimbrial proteins are 
divergent between the two species. The transition from afimbriated to fimbriated stage occurs 
for fim, but there is no inversion of the promoter region as observed for E. coli phase variation 
[66]. For S. Typhimurium, the major subunit FimA is accompanied by two other subunits, FimI 
and FimF, and by the adhesin, FimH. The fimC and fimD genes encode respectively the chaper-
one and the usher [67]. Ancillary genes, fimZYW, and a rare arginine transfer RNA (tRNA) fimU 
and STM0551, inserted between fimY and fimW, directly regulate fim expression [62].

Ancillary genes fimZYW regulate the expression of fimA [50, 68–70]. FimZ, a sensor DNA-
binding protein, is the principal positive regulator of fimA [71]. FimY upregulates fimZ expres-
sion by binding to the fimZ promoter. FimY and FimZ then form a complex that activates the 
fimA promoter [63, 69]; fimY is itself regulated by the arginine tRNA fimU [72]. Lrp is another 
regulator that binds and activates the fimZ promoter, probably by antagonising the binding of 
the global repressor protein H-NS to this promoter region [67, 70, 73]. H-NS has a high affinity 
for AT-rich DNA region, and fimZ gene has an unusual AT-rich sequence [73].

At the opposite, FimW repressed directly fimA expression and indirectly by lowering FimZ avail-
ability by its degradation caused by FimW binding [74]. It is also suggested that STM0551, an EAL 
domain protein, is a negative regulator of fim expression by lowering the c-di-GMP level [62].

FimZ is also used as a regulator relay by two-component system for expression of hilA, the 
principal regulator of SPI-1 (invasion). The two-component system PhoBR induces fimZ 
expression, and PhoPQ activates hilE, one of the negative regulators of hilA, by a FimYZ-
dependant manner. FimZ also downregulates flhDC, genes implicated in flagella expression 
[75]. Flagellar gene fliZ also represses fimZ on a post-transcriptional manner, reinforcing the 
fact that there is an alternated expression of flagella (motility) and fimbriae (adhesion) [51] 
and confirming a regulation network between SPI-1 (invasion) and fimbrial expression [76]. 
Thus, a combination of factors directly implicated in fimbrial genes regulation can also impact 
on other virulence systems of Salmonella (Figure 4).

Figure 4. fim regulation. The fim FGC is activated and inhibited by diverse regulators. FimZ, accompanied by FimY, is 
the principal activator of fimA. Lrp and c-di-GMP also activate fimA at the promoter level. H-NS and FimW inhibit fimA 
expression by linking its promoter. FimW also reduces fimA expression by linking FimZ and decreases the availability 
of this activator. The gene fimZ is activated by FimZ itself and by FimY, but is repressed by FliZ in a post-transcriptional 
manner. The tRNA fimU regulates fimY. FimZ downregulates flhCD, genes implicated in flagellar expression.
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5. Fimbriae as a tool

Salmonella infections are a major concern for public and animal health. Some serovars are 
host specific, while others are broad-spectrum pathogens and can be transmitted from food-
borne animals to humans. On the other hand, animals can develop health problems and will 
not be suitable for consumption. To prevent those issues, it is critical to develop ways to 
detect Salmonella and protect potential hosts against infection. The importance of fimbriae for 
 detection of Salmonella by molecular techniques and for vaccine development is presented in 
this section [77].

5.1. Salmonella detection using fimbrial genes

Salmonella-specific tests were performed since the end of the 1980s and mainly targeted sur-
face antigens. Those tests include agglutination tests and ELISA (enzyme-linked immunosor-
bent assays) [77–79]. In 1993, Doran et al. presented a DNA-based test that targets csgA (agfA), 
offering a faster and more precise test for genus identification [80]. Then, in early 2000s, PCR 
(polymerisation chain reaction) tests using fimbrial genes, like sef or csgA (agfA), in combina-
tion with other virulence genes were developed to differentiate Salmonella strains from each 
other [81]. Different PCR tests (multiplex, nested and direct PCR) were elaborated for detec-
tion of Salmonella. Several of those tests integrated detection of fimbrial genes (i.e. staA, fimW) 
to discriminate between serovars [81–83]. Recently, a loop-mediated isothermal amplification 
(LAMP) assay was developed to detect Salmonella by targeting bcfD, a gene that belongs to 
the core of FGC. In isothermal conditions, the reaction occurs in an hour permitting rapid 
 detection of Salmonella [84].

Salmonella-specific tests evolved from detecting antigens, which can be long and expensive 
to perform, to detecting specific genes in less than an hour by sensitive methods. Fimbrial 
genes are tools of choice for detection of Salmonella. The presence of conserved fimbrial 
genes allows the discrimination between Salmonella and non-Salmonella species. On the 
other hand, the presence of a specific pattern of fimbrial genes enables the discrimination 
between serovars.

5.2. Vaccines development

As surface structures, fimbriae constitute antigens of choice for the development of vaccines 
against Salmonella [85]. Fimbriae are difficult to study because they are poorly expressed 
under laboratory conditions and are redundant. The most interesting fimbriae are the ones 
expressed during infection. Targeting those fimbriae will confer higher chances to be recog-
nised by the immune system in key moments of infection.

More than 20 fimbrial antigens were detected in typhoid fever patient’s blood by transcrip-
tomic analysis: SteD, StaACD, BcfDE, SafBC, TcfBCD, StbBC, FimAIDH, StdBC, StgACD and 
SthA [86]. Antibodies against immunogenic fimbrial proteins TcfB, StbD and CsgEFG were 
identified in the blood of typhoid fever patients [12]. Immunoreactive antibodies against 
SthDA and BcfA were found in lymphocytes supernatant (ALS) of patients with typhoid 
fever [87].
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SefA, a protein from the SEF14 fimbriae of S. Enteritidis, was used as an antigen associated 
with liposomes for oral immunisation of chickens [88]. The immunisation of chickens by 
 fimbrial antigens was efficient for IgG and IgA responses and reduced Salmonella  colonisation. 
Four weeks after immunisation, the bacterial excretion from the intestinal tract was signifi-
cantly reduced [88]. The liposome-associated immunisation was also performed with fim-
brial antigen from SEF21 and resulted in a similar efficiency [89]. SefD, another antigen from 
SEF14, was also used to vaccinate animals in a bacterin preparation, a vaccine prepared from 
inactivated bacteria. This vaccine was efficient to reduce the presence of Salmonella from the 
spleens of hens [90].

As factors implicated in the first stages of infection, fimbriae are an interesting target for vac-
cine development [91]. Fimbrial antigens are important for the development of new anti-Sal-
monella therapies [85, 86]. However, a better understanding of their expression pattern in vivo 
is needed to optimise the therapeutic effects of fimbrial-targeted vaccines. Fimbrial antigens 
may be combined with other immunogenic proteins to increase the immune response [91].

6. Conclusion

Fimbriae are diverse proteinaceous surface structures. They diverge by their assembly mecha-
nisms and result in different filamentous structures with roles in pathogenesis. However, 
their roles are not completely understood. They were first known for adherence to cells and 
inert surfaces, but they seem to be implicated in so much more functions during infection.

The multiplicity of adhesion systems is also an enigma. Most of the Salmonella serovars pos-
sess 12 fimbrial gene clusters. Some fimbriae are specific to certain serovars and may play a 
role in these bacteria that do not need to be fulfilled in other serovars. At the opposite, there 
is a core of fimbrial genes that are present in most of the serovars. Fimbriae are one of the 
keys to understand Salmonella pathogenesis. The specific pattern of each serovar, with further 
investigations on the sporadic fimbriae, may also bring insights into our understanding of 
Salmonella pathogenesis.

Regulation of fimbrial genes is a complex network that is tightly related to invasion and 
 motility. Virulence factors are finely regulated, and a temporal expression hierarchy allows 
the success of Salmonella infection. General regulators are already known to regulate fimbrial 
genes such as stress sensor Rcs relay or the Hfq factor. Phase variation from a fimbriated to 
afimbriated status occurs in Salmonella. However, this phenomenon is not from a promoter 
inversion of the Fim cluster, but from the regulation by ancillary genes related to fim gene 
cluster. These ancillary genes are themselves precisely regulated by a variety of regulators 
known for their role in other bacterial processes.

The actual understanding of fimbrial expression opens a new area on human health pre-
vention. Some conserved fimbrial genes, in combination with other virulence genes, are pre-
cious markers for Salmonella detection. These tools could permit a faster diagnostic for human 
patients, but also a rapid detection of contaminated food or infected animals. Fimbrial pro-
teins can serve as good immunogens in vaccine preparation against Salmonella infection.
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Salmonella pathogenesis.

Regulation of fimbrial genes is a complex network that is tightly related to invasion and 
 motility. Virulence factors are finely regulated, and a temporal expression hierarchy allows 
the success of Salmonella infection. General regulators are already known to regulate fimbrial 
genes such as stress sensor Rcs relay or the Hfq factor. Phase variation from a fimbriated to 
afimbriated status occurs in Salmonella. However, this phenomenon is not from a promoter 
inversion of the Fim cluster, but from the regulation by ancillary genes related to fim gene 
cluster. These ancillary genes are themselves precisely regulated by a variety of regulators 
known for their role in other bacterial processes.

The actual understanding of fimbrial expression opens a new area on human health pre-
vention. Some conserved fimbrial genes, in combination with other virulence genes, are pre-
cious markers for Salmonella detection. These tools could permit a faster diagnostic for human 
patients, but also a rapid detection of contaminated food or infected animals. Fimbrial pro-
teins can serve as good immunogens in vaccine preparation against Salmonella infection.
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A better understanding of fimbrial expression, production and regulation processes becomes 
important for prevention of Salmonella infection. It will also enlighten the importance of fimbriae 
in other human pathogens, as fimbrial systems are part of virulence factors in many bacteria.
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Abstract

Salmonella is one of the leading causes of food-borne illnesses worldwide, and one of 
the main contributors to salmonellosis is the consumption of contaminated egg, poultry, 
pork, beef, and milk products. Since deleterious effects of Salmonella on public health and 
the economy continue to occur, improving safety of food products by early detection of 
food-borne pathogens would be considered an important component for limiting expo-
sure to Salmonella contamination. Therefore, there is an ongoing need to develop more 
advanced detection methods that can identify Salmonella accurately and rapidly in foods 
before they reach consumers. In the past three decades, there have been increasing efforts 
toward developing and improving rapid pathogen detection and characterization meth-
odologies for application to food products. In this chapter, we discuss molecular methods 
for detection, identification, and genetic characterization of Salmonella in food. In addi-
tion, the advantages and disadvantages of the established and emerging rapid detection 
methods are addressed here. The methods with potential application to the industry are 
highlighted in this chapter.

Keywords: Salmonella, food-borne pathogens, rapid detection, molecular methods, 
aptamer, antibody

1. Introduction

Food-borne disease is one of the major public health problems for the food industry, espe-
cially in developing countries [1]. Failure to detect food-borne pathogens may lead to a dread-
ful effect. The World Health Organization (WHO) reported that in 2010 alone 1.8 million 
people died from diarrheal diseases, a great proportion of these cases can be attributed to 
contaminated food and drinking water [2]. The Centers for Disease Control and Prevention 
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(CDC) have estimated that 48 million cases of food-borne illnesses occur in the United States 
(US) annually, approximately 128,000 cases require hospitalization, and 3,000 cases result in 
death [3]. The CDC reported that viruses, bacteria, and parasites are major causative agents 
for food-borne illnesses. Among these, bacterial agents including Salmonella, Listeria monocy-
togenes, and Escherichia coli are associated with these cases, being responsible for most of the 
hospitalizations (63.9%) and deaths (63.7%). Especially, Salmonella species were considered as 
the leading cause for these more severe cases resulting in 35% of the hospitalizations and 28% 
of the deaths [4]. Salmonella, belonging to the family of Enterobacteriaceae, are Gram-negative, 
facultative anaerobic, and nonspore-forming bacilli. The genus Salmonella is consisted of two 
species, enterica and bongori, with six subspecies of S. enterica. The different serotypes are 
divided based on the specific surface molecules O-antigen (O-Ag) and H-antigen (H-Ag) 
[5]. Collectively, there are over 2500 serotypes of salmonellae capable of causing disease in 
humans. Most serotypes of the salmonellae could cause gastroenteritis, while a few sero-
types of salmonellae would cause severe disease enteric fever, which was characterized as the 
onset of high fever accompanied with abdominal pain and malaise without diarrhea or vom-
iting [6]. Commonly, salmonellosis is self-limiting, resolving in about a week. Occasionally, 
however, the infection becomes systemic, a much more severe disease requiring antibiotic 
interventions [7]. The dose of Salmonella causing infection in humans indicated a wide range 
for the number of cells required to cause disease, ranged from 105 to 1010 cells. In contrast, 
enumeration of food products indicate much lower numbers of organisms, as low as ten cells, 
were present to cause illness [8, 9].

Most human salmonellosis cases are associated with consumption of contaminated egg, poul-
try, pork, beef, and milk products, which are considered one of the most important reservoirs 
from which Salmonella is passed through the food chain and ultimately transmitted to humans 
[10]. With increasing consumption of these food products, the number of associated salmo-
nellosis continues to be a public health issue all around the world. It is estimated that 95% of 
Salmonella infections are due to the consumption of contaminated foodstuffs, which suggest 
that salmonellae may be present at low levels in food but still capable of causing a significant 
number of infections [11]. Yearly, in the United States, it is estimated that Salmonella is respon-
sible for over a million illnesses, 19,000 hospitalizations, and almost 400 deaths. This is in part 
due to their marked ability to persist in a wide range of varying environmental conditions 
[12]. For example, Salmonella strains can grow in foods stored at low (2–4°C) and high (54°C) 
temperatures [13].

Since Salmonella is a major causative agent for food-associated food-borne illnesses, improv-
ing safety of poultry products by early detection of food-borne pathogens would be consid-
ered an important component for limiting exposure to Salmonella contamination. In order to 
safeguard the food supply and ensure public health, it is essential to establish rapid, reliable, 
and sensitive method for Salmonella detection. In the past two decades, there has been a thrust 
to develop rapid methods for identifying and detecting Salmonella specifically in foodstuffs 
[14–17]. This chapter will focus on the current culture-dependent and culture-independent 
methods for the rapid, accurate detection, identification, and subtyping of salmonellae in 
foodstuffs.
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2. Methodologies for detection of Salmonella

2.1. Culture-dependent methods

Current testing of food samples for the presence of salmonellae can be divided into three 
steps: (1) detection of pathogen by plate culture, (2) identification of the isolate and its spe-
cific serovar designation, and (3) subtyping of the isolate for association with salmonello-
sis [18, 19]. These methods rely on traditional bacterial culture procedures that apply serial 
enrichments with increasing selectivity culminating in the isolation of Salmonella on selec-
tive differential agar plates (Figure 1). It always takes up to 5 days to obtain a presumptive 
positive result. Then traditional biochemical testing of nutrient utilization medium is needed 
for confirmation, another few days to complete [20]. Although innovative technologies have 
been applied to subtype salmonellae isolation, at least 24 h is needed for a confirmation of 
Salmonella in multiple analytes. DNA fingerprinting techniques are based on DNA size dif-
ferences on an agarose gel. The digested genomic DNA of target bacteria is separated on an 
agarose gel and then hybridized with complementary sequences for identifying the banding 
pattern. A database of fingerprint species, serovar, and strain identifications is used for com-
parison [21–23]. The fingerprinting methods include pulsed-field gel electrophoresis (PFGE), 
ribotyping, and intergenic sequence (IGS) ribotyping. The use of PFGE has greatly increased 
the ability of track and trace back illness clusters and outbreaks. However, PFGE still requires 
a pure isolate and a minimum of 3 days to complete [24, 25].

Due to its sensitivity, with a limit of detection of 1 cfu, this analytical schema is consid-
ered as the “gold standard” of regulatory agencies (Figure 1). The disadvantages of this 
method are as follows. First, it is time-consuming, taking at least a week for isolation and 
few more days for serotyping and subtyping. The long time frame hampers its applica-
tion in many food commodities, especially fresh products, before they are consumed or 
on hold in warehouses while awaiting test results before they spoil. Second, the operation 
is tedious; the amount of media and numerous plates are required for each sample. The 
procedures are labor-consuming and necessitate large areas of space, particularly in many 
sample detections. Finally, the complex ingredients in foodstuffs, such as indigenous 
microbiota and antimicrobials, make it notably difficult for traditional microbiological 
methods [11, 26–29].

2.2. Culture-independent methods

Recent advances in technology have made the detection of food-borne pathogens more rapid 
and convenient, while achieving improved sensitivity and specificity in comparison to con-
ventional methods. These methods employing newer technologies are generally referred as 
“rapid methods,” which include nucleic acid-based or antibody-based assays that are modi-
fied or improved compared to conventional methods [30–35]. These rapid detection methods 
can be of high value to the food industry by providing several key advantages such as speed, 
specificity, sensitivity, cost-efficiency, and labor efficiency.
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Figure 1. Overview of Bacteriological Analytical Manual (FDA-BAM) workflow for the detection, isolation, and subtyping 
of Salmonella. It takes 5 days for the detection and isolation of Salmonella, and a week more for subsequent confirmation 
and subtyping recent molecular methods, such as MS, WGS, and PCR/qPCR, may shorten the result time [36].
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2.2.1. Polymerase chain reaction (PCR)

The largest advance toward faster detection of salmonellae has been in the realm of molecu-
lar biology, where polymerase chain reaction (PCR) and quantitative PCR (qPCR) are pre-
dominantly being applied as the methods of choice for the detection. Different protocols 
targeting different specific genes or gene regions specific to salmonellae have been published. 
Numerous studies have been conducted to detect and characterize Salmonella in poultry, 
poultry products, and feeds using PCR assays to target selected antibiotic resistance or viru-
lence genes along with genus-, species-, and serotype-specific genes [16, 37–40].

Over the past years, PCR-based methods have advanced to provide high sensitivity for 
Salmonella detection and identification. Aabo et al. used PCR assay for Salmonella detection 
in minced meat and compared this method to a culture-based methodology. The sensitivity 
of the PCR was 89% (85 out of 96 samples), which was much higher than that of the culture 
method (50%, 48 out of 96 samples) [41]. Rychlik et al. established nested PCR with high sen-
sitivity, which has a higher annealing temperature than the primers used in the first PCR, to 
detect Salmonella in chicken feces [42].

As we all know, the quality and quantity of target DNA, PCR template, are important factors 
during the design of a PCR assay. Although well-designed PCR primer and good PCR tem-
plate can bring high specificity of the target detection, it is still not sufficient to overcome the 
side effects of PCR inhibitors in samples, such as denatured proteins, organic chemicals, and 
sucrose. Moreover, the presence of DNA and cells other than those from the targeted organ-
ism can affect the efficiency of the PCR methods. To overcome this, an enrichment step is 
commonly performed to enhance assay sensitivity by ensuring the detection of viable patho-
gens before PCR reaction. Ferretti et al. reported that PCR with a 6 h nonselective enrichment 
could detect various Salmonella serotypes in salami stuffs as low as 1 cfu in 100 ml of food 
homogenate [43, 44]. Myint et al. reported a PCR method for Salmonella detection in con-
taminated poultry tissue samples, and false negative results were obtained without enrich-
ment. However, a positive rate of 90% was observed after enrichment. Generally, culture 
enrichment is recommended in order to distinguish live cells from dead cells before PCR [45]. 
Maciorowski et al. investigated different enrichment times to detect indigenous Salmonella in 
poultry dietary samples using PCR. It was found that it could not be detectable for Salmonella 
with 7 h enrichment, and the sensitivity for detection was 25 and 50% with 13 h enrichment 
and 24 h enrichment, respectively [46].

Improvements have also been made on the basic PCR technology as well. In particular, two 
primary PCR-based methods have emerged over the past several years, such as multiplex 
PCR and real-time quantitative PCR [47, 48]. The current status of the optimization and devel-
opment of these PCR applications is summarized in the following.

Multiplex PCR is a modified PCR method that allows for multiple sequence targets to be 
simultaneously detected within a single reaction. This method has proven useful for the rapid 
identification of multiple pathogens simultaneously in a given sample. Generally, multiplex 
PCR amplifies the target samples using multiple primers in a reaction, which can detect and 
identify several target sequences in Salmonella. Sharma employed a multiplex fluorogenic 
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PCR assay for simultaneous detection of Salmonella and E. coli O157:H7, which was capable 
of detecting as low as 10 cfu/g in meat [49]. Similarly, Kawasaki detected multiple Salmonella 
serotypes, L. monocytogenes, and E. coli O157:H7 simultaneously in enriched meat samples 
using multiplex PCR [48]. Cortez et al. identified Salmonella from chicken abattoirs by multi-
plex PCR. In this paper, 29 out of 288 (~10%) samples were found to be positive for Salmonella 
spp., and 16 (~5.6%) and 7 (~2.4%) samples were characterized as Salmonella Typhimurium and 
Salmonella enteritidis, respectively [50]. Kim differentiated the 30 most prevalent Salmonella 
serotypes in the United States by using two five-plex PCR assays. In this study, primer pairs 
targeting six genetic loci from S. Typhimurium and four from S. Typhi were designed to evalu-
ate various Salmonella serotypes [51]. More recently, Salemis et al. also established two five-
plex assays for the detection of the most common Salmonella in Tunisia as well [52]. Although 
multiplex PCR can simultaneously detect several targets, the primary difficulties are uncom-
mitted, in which reaction conditions are needed optimized as high amounts of DNA in the 
reaction mixture compared to single PCR-based assays. The complex conditions and ingre-
dients in the reaction still increase the difficulty in discrimination between prominent PCR 
product sizes on traditional agarose gel electrophoresis. In practice, cross-reactivity of primer 
pairs and sensitivity limitations associated with the procedure make it still quite challenging 
to routinely use multiplex PCR for reliable simultaneous Salmonella serovar detection [53].

With the appearance of fluorescence technology that endows increased sensitivity (e.g., inter-
calating dyes such as SYBR Green or labeled probes), the limitations of conventional PCR can 
be overcome, such as the errors associated with end-point analyses and lack of quantifica-
tion. The “real-time” aspect of real-time PCR, also referred to as qPCR, technology is linked 
to its ability to label and cumulatively quantify the generated PCR products at each cycle 
throughout the ongoing amplification process. The qPCR has been widely used to quantify 
Salmonella [54–56]. Daum screened nine foodstuffs associated with a Salmonella outbreak in 
Texas using qPCR. It was reported that only one food item was positive for Salmonella [57]. 
Wang et al. reported a qPCR method to detect Salmonella in raw sausage meat with detec-
tion limit of 4 cfu/g [58]. He also used this method to quantify Salmonella detection limits of 
2.5 cfu/25 g for salmon and minced meat, 5 cfu/25 g of chicken meat, and 5 cfu/25 ml for raw 
milk, respectively [59]. Malorny et al. reported a duplex qPCR assay to detect S. enteritidis in 
whole chicken carcass rinses and eggs, with a detection limit of 3 cfu/50 ml of chicken carcass 
rinses and 3 cfu/10 ml of homogenized egg content [60]. Bohaychuk used qPCR for Salmonella 
detection in poultry cecal contents and carcasses with reported sensitivities ranging from 97 
to 100% for various matrices [61]. Although qPCR is an effective tool to detect Salmonella with 
high sensitivity and specificity, it does have several limitations, which are listed in Table 1.

2.2.2. Enzyme-linked immunosorbent assay (ELISA)

Enzyme-linked immunosorbent assay (ELISA)-based approaches are the most preva-
lent antibody-based assay for pathogen detection in foods [62]. This immunological 
approach has been used to detect Salmonella in poultry production (poultry feed, feces, 
litter, carcass rinsing, and water samples) and has provided a better sensitivity and 
shorter time frame than that of culture-based methods [46]. Improvements by combina-
tion with other advanced  technologies have been made to the basic ELISA method for 
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Salmonella detection. For example, incorporation of monoclonal antibodies can improve 
the sensitivity of the assay, and it can quantify Salmonella among poultry probiotic bac-
teria such as Veillonella [63]. In this study, the detection limit for S. Typhimurium was 
determined to be 5.5 × 104 cells/ml in pure culture. Dill combined monoclonal and poly-
clonal antibodies and a commercial filtering system to detect S. Typhimurium cells in a 
chicken rinsate, with detection limit of fewer than 100 S. Typhimurium cells [64]. As the 
advantages of ELISA methods for Salmonella detection in foods and animal feeds, they 
are now widely used for detection of Salmonella in animal-producing foods [65]. The 
comparison of ELISA methods with culture-based methods is performed and listed in 
Table 1.

Method Advantages Disadvantages

Culture-dependent 
methods

—Accurate —Labor and time cost

Single and multiplex 
PCR

— More rapid than culture-based methods  
(<24 h vs. 5 ~ 7 days)

—High specificity and sensitivity
— Multiplex PCR (several pathogens at a time)
—Labor saving
— Multidetection of several Salmonella serotypes 

(5 ~ 6) in one reaction

—Costs more than culture-based methods 
and ELISA

—Difficulty in distinguishing live and 
dead cells

—Technically can be challenging 
(optimized PCR condition)

—Enrichment to detect viable cells
—Requires post-PCR processing of 

products (electrophoresis)
—PCR inhibitors

qPCR —Not influenced by nonspecific amplification; 
amplification can be monitored at real time

—No post-PCR processing of products (gel 
electrophoresis)

—Rapid cycling (25 min)
—Confirmation of specific amplification by 

melting curve
—Specific, sensitive, and reproducible

—Difficulty in multiplex assay
—Need skilled person and support
—High equipment cost
—mRNA lability
—Possibility of cross contamination

Antibody-based 
method

—More rapid than culture-based methods  
(2 days vs. 5 ~ 7 days)

—Can be automated to reduce assay time and 
manual labor input

—Able to handle large numbers of samples
—More specific than cultural methods

—Not high sensitivity
—Difficult to multidetect
—False-negative results
—Difficulty to differentiate damaged or 

stressed cells
—Need to pre-enrichment
—High cross-reactivity with close 

antigens in bacteria

Aptamer-based 
method

—Inexpensive, stable, and can be chemically 
synthesized than antibody

—Time saving (2 h vs. 5 ~ 7 days of culture-based 
methods)

—Automated to reduce manual labor input
—Large numbers of sample detection at one time
—Higher specificity than cultural methods

—High false-positive results
—Difficulty in detecting damaged or 

stressed cells
—Pre-enrichment for production of cell 

surface antigens
—Possibility of cross contamination

Table 1. Advantages and disadvantages of detection methods.
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2.2.3. Aptamer-based detection assay

Besides antibodies, other biomolecules have been investigated to selectively capture and 
enrich Salmonella from cultures, among which aptamer is the most prevalent one [66]. 
Aptamers are single-stranded oligonucleotides, DNA, or RNA that can fold into unique 3D 
structures based on their primary nucleotide sequence, rendering them capable of binding to 
specific ligands, like antibody interacting with an antigen [67]. Aptamers offer some advan-
tages over antibodies in that they are relatively inexpensive to synthesize and they provide 
more batch-to-batch consistency [68]. However, few studies have reported their specific use 
in detecting S. Typhimurium from river water and fecal samples [66, 69]. Bacteriophages have 
also been explored as a means to capture Salmonella cells. Phages may offer some advantages 
over antibodies given their inherent specificity for host cells, their ease of production in bac-
teria versus animals or eukaryotic cell culture, and their relative stability in harsh conditions 
such as pH and temperature extremes [70].

Relative to culture-independent detection, researchers have focused on methods to con-
centrate whole cells within the sample before the pre-enrichment step. The enriched whole 
Salmonella allows for direct detection from food and environmental samples. The enrichment 
steps mainly rely on filtering liquids, rinsates, or mechanically disintegrated (i.e., blended 
or stomached) samples. Therefore, this approach has been widely used in large volumes of 
water, but the testing of food samples was problematic due to the food particles difficult to go 
through filter membranes [71]. To overcome this problem, endopeptidases have been added 
to apply in food samples. These degrade the small, soluble proteins and peptides so that 
they are unable to clog the filter and pass through with the permeate. The United States has 
awarded the method with grant prize. The Food and Drug Administration also recommends 
the method for food safety guard, (http://www.foodsafetychallenge.com), which signified its 
potential to greatly enhance the detection of Salmonella directly from foods.

2.3. Conclusion

In summary, the mentioned methods here have utility advantages for Salmonella detection 
in the food safety sector. It is important to emphasize that none of the methods will be rec-
ommended or even suited for every situation in detecting all food varieties for Salmonella. 
Application to specific food samples will be dictated by method performance. As noted previ-
ously, the performance of these methods depends on several factors, such as matrix-driven 
effects, general specificity and sensitivity, and their technical complexity. Meanwhile, other 
extrinsic factors would affect the performance, including user skill set and technical prowess, 
cost of the equipment, and cost per sample. Hence, the systematic validation to evaluate the 
methods should be considered according to its specific utility and application across the food 
supply.

In order to meet the current requirement of rapid detection, it is clear that several approaches 
have emerged including PCR-based, antibody-based, aptamer-based, and other approaches 
encompassing those stemming from the current genomic era. A clear character of method 
development direction is moving toward greater automation, cost-saving, and time-saving 
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network integration. It is important to mention that outputs from one approach would serve 
to strengthen directly or tangentially other approaches. At last, it seems that a suite of tools is 
emerging for the food safety microbiologist, each with its specific advantages and disadvan-
tages but all with the ability to rapidly and accurately detect Salmonella in certain cases and 
early in its contamination of the human and veterinary food supply.
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Abstract

Salmonella, a genus of the family Enterobacteriaceae with over 2450 species, has been respon-
sible for diseases ranging from non-typhoidal salmonellosis to typhoidal salmonellosis.  
Several groups of antibiotics such as β-lactams, aminoglycosides, tetracyclines, quinolones, 
cephalosporins and sulfonamides are used against Salmonella species. Many Salmonella 
species had developed resistance to several antibiotics over the years. Two major groups of 
mechanism of resistance demonstrated by this pathogen are (1) Biochemical Mechanisms; 
such as enzymatic inactivation, prevention of access to the target site by antibiotics and 
active efflux pumps. (2) Genetic mechanisms; such as mutation, horizontal gene trans-
fer and vertical gene transfer. Some factors identified to contribute to the emergence and 
dissemination of antibiotic resistant-Salmonella include; miss-used of antibiotics, used 
of antibiotics in agriculture, unregulated sales of antibiotics, inappropriate prescription 
and dispensing practices, and poor hygiene practices (external or behavioural factors), 
the presence of mobile genetic elements in the organisms; plasmid DNA, transposons, 
integrons etc. The clinical and public health consequences, and the   strategies to stem the 
growing tides associated with drugs resistance in Salmonella species are herein discussed. 
A more radical approach and commitment from the policy makers in health sector to solv-
ing problems emanating from increasing spread of resistant Salmonella is advocated.

Keywords: Salmonella, resistance, antibiotics, factors, chromosomes, plasmid

1. Introduction

Salmonella are Gram-negative, facultative anaerobes, rod-shaped bacteria and are trivially known 
as ‘enteric bacteria’ [1], with over 2587 serotypes. Salmonella are grouped into two basic species 
namely, Salmonella enterica and Salmonella bongori [2, 3]. Salmonella generally cause a disease 
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termed salmonellosis, which are both typhoidal and non-typhoidal in nature. Moreover, investi-
gation of the molecular mechanisms of Salmonella virulence factors have shown that pathogenic 
Salmonella species are distinguished from non-pathogenic relatives by the presence of specific 
pathogenicity genes, often called pathogenicity island (PIs), which contributes to both natural 
and acquired resistance in Salmonella species [4, 5]. However, the ability of Salmonella to cause 
invasive infection varies with serovars, the age of the patient and environmental factors [6].

Drug resistance among Salmonella serotypes has been a public health concerns at global level 
[7]. This could be intrinsic (natural resistance) as seen in S. enterica serotype typhimurium 
definitive phage type (DT) 104 that contains the chromosomal Salmonella, genomic island type 
1 (SGI-1), which harbours resistance genes that confer ACSST phenotype (resistance to ampi-
cillin, chloramphenicol, streptomycin, sulphonamide and tetracycline) [8, 9]. Also, the intrinsic 
resistance could be as a result of impermeability of bacterial cell wall to antibiotic of interest [9]. 
Several factors have been identified to contribute to the acquired resistance in Salmonella, which 
include: inappropriate use of antibiotic (either through over-prescription, incomplete course 
of treatment or inadequate dosing, etc.), use of antimicrobial agents in agriculture (either as 
growth promoter or for prophylaxis purposes), hospital, mutation and transferable genetic 
materials (plasmid, transposons and integron) [1, 9, 10]. These factors are responsible for the 
acquisition (emergence) and dissemination (spread) of resistance in Salmonella species. Various 
mechanisms of antimicrobial inactivation exist in Salmonella spp., which lead to the emergence 
of multi-drug resistance (MDR) strains [11, 12]. Some of these mechanisms are as follows:

(i) Enzymatic inactivation of the drug (e.g. β-lactamase)

(ii) Prevention of access to the target agent

(iii) Change or mutation in the target site

(iv) Novel penicillin binding protein (PBPs)

(v) Altered membrane permeability

(vi) Active efflux pumps

(vii) Ribosome alteration

(viii) Creation of biofilm barriers, etc.

Mobile genetic elements such as plasmids, transposons and integrons play an important role 
in the evolution (emergence) and dissemination (spread) of multi-drug resistance by either 
horizontal or vertical gene transfer [13]. The role of integrons in the acquisition and dissemina-
tion of resistance in Salmonella species is crucial. Integrons are DNA elements that contain col-
lection of genes (gene cassette). Integrons are frequently associated with plasmid, transposon 
and are therefore easily transferable among Salmonella and/or between different bacteria [14].

The presence of virulence encoded plasmid DNA spvA, spvB and spvC in several Salmonella 
serovars had been documented and the outer membrane proteins (OMPs) of Salmonella 
typhimurium have a role in the virulence of the organism and are potent candidate for vac-
cine development since it is immunogenic, capable of evoking both humoral and cell-medi-
ated immune response. These OMPs indirectly play part in intrinsic resistance and can be 
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disseminated between or among Salmonella species [15, 16]. Thus, resistance acquisition or 
dissemination in Salmonella species usually involves several factors [1, 13].

2. Salmonella virulence and mechanisms of resistance

2.1. Salmonella and its virulence factors

The ability of Salmonella to attach itself to the host, invade and penetrate intestinal epithe-
lial cell is determined by its virulence factor [17]. Adherence of Salmonella is often mediated 
by fimbriae and/or non-fimbrial adhesion (lipopolysaccharide) [11]. Invasion process is not 
merely a passive consequence of bacterial contact with epithelial cells, but instead requires 
the active production and transport of secreted effector proteins by a Type III secretion system 
(T3SS) 1 & 2 and Type 1 secretion systems, which are encoded in Salmonella pathogenicity 
island I & 2 (SPI-I & 2), respectively [17]. In addition, invasion is also induced by flagella/
flagellin since Salmonella is a flagellated facultative anaerobe. Many invasion regulators have 
been described, for examples, HilA [18], HilC [19], InvF [20], PhoP/PhoQ, HilE [21], H-NS [19] 
and InvA genes, PhoP/PhoQ pair is also essential for the expression of genes in Salmonella 
pathogenicity island 2 (SP1-2), which encodes a second Type III secretory system. SP1-2 is 
required for intra-macrophage survival, which is a cell-type encountered by Salmonella imme-
diately after the invasion of epithelium. PhoP/PhoQ also serves to repress SP1-1 genes, a func-
tion mediated by HilA [22]. PhoP/PhoQ may thus act as a genetic switch, activating traits 
required for macrophages survival while repressing those not needed for invasion [17].

Other factors that are involved in Salmonella virulence are the MgtC in Salmonella typhimurium. 
This is required for growth at low—Mg2+ concentrations and intra-macrophage survival. Iron 
acquisition (for iron deprivation survival) this is achieved by the production of two siderophores, 
which are enterobactin and salmochelin in response to iron deprivation. Superoxide dismutase is 
used to counteract the reactive oxygen produced through the activity of the phagosome NADPH 
oxidase (NOX₂) that are required for the killing of intracellular pathogens and enterotoxin (respon-
sible for food-intoxication) [23]. The genes coding for the above-mentioned factors and others are 
conserved in Salmonella pathogenicity island 3 (SP1-3), and is also present in the chromosomes of 
other Salmonella enterica serovars [23]. It has been reported by several researchers [15, 24, 25], that 
stn genes coding for Salmonella enterotoxin) sef genes for Salmonella Enteritidis fimbriae, and pef 
genes for plasmid encoded fimbriae are widely distributed in resistant Salmonella strains and are 
responsible for Salmonella-associated diseases in animal and human populations globally.

2.2. Resistance mechanisms exhibited by Salmonella species to some antibiotics

Various mechanisms of anti-microbials inactivation have been reported by [11, 26], which 
invariably lead to the emergence of multidrug resistance in Salmonella species. These mecha-
nisms are summarized into two broad groups, namely:

• Biochemical mechanisms and

• Genetics mechanisms.
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2.2.1. Biochemical mechanisms of antibiotic resistance by Salmonella species

Enzymatic inactivation: This may result into either destruction of antimicrobial agents, such as 
occurs with the β-lactamases, or lead to a major modification of the antibiotic so that it does 
not bind to its target as it’s seen with the aminoglycoside and chloramphenicol [1]. The major 
mechanisms of resistance to beta-lactam antibiotics among Enterobacteriaceae involve produc-
tion of β-lactamase or extended spectrum β-lactamase (ESBLs) [1]. ESBLs have traditionally 
been defined as transmissible β-lactamases that can be inhibited by clavulanic acid, tazobactam 
or sulbactam. They are group of enzymes that break down antibiotics belonging to the penicil-
lin and cephalosporin groups and render them ineffective [1]. ESBLs are generally encoded by 
mobile genes that can be exchanged between bacteria [27]. It has been noted that when ESBL 
strains occur, they often have co-resistance with the aminoglycosides (gentamicin), tetracy-
cline and trimethoprim/sulphamethoxazole [27]. CTX–M ESBLs arise by plasmid acquisition 
of pre-existing chromosomal ESBL genes; this proved that ESBL can be plasmid mediated and 
thus capable of spreading to other microorganisms of either related species or genera [28].

Prevention of access to the target site: This may be by substitutions, amplifications or modifica-
tion of the drug target, thereby reducing the affinity of the drug to the target. For example, 
in Salmonella, the outer membrane proteins may be altered such that antibiotics are unable 
to cross its cell wall [26]. Gram-negative bacteria can regulate membrane permeability by 
altering expression of outer membrane porin (omp) proteins that form channels for passive 
diffusion. Loss or reduced levels of ompF has been implicated in anti-microbial resistance in 
Salmonella over the years [29].

Active efflux pumps: This involves the expellant of multiple kinds of antibiotics out of the 
cytoplasm of the microorganism to the external environment [11]. Increased expression of 
non-specific, energy-dependent efflux systems allow bacteria to prevent the accumulation 
of effective concentrations of quinolones inside the cell by actively pumping out the drug. In 
Escherichia coli, the AcrAB-TolC efflux pump plays a major role in quinolone efflux and studies 
suggest that this may be the primary mechanism of fluoroquinolone resistance in Salmonella 
[30]. It is thoughtful that these efflux systems cause low-level resistance to quinolones that can 
become clinically relevant when combined with mutations in the target enzymes [31].

Reduced permeability of the antimicrobial agent: This is a common mechanism of anti-microbial 
resistance usually exhibited my S. enterica. It involves the alteration in membrane permeabil-
ity, which occurs when new genetic information, change the nature of proteins in the mem-
brane. This alteration changes a membrane transport system pores in the membrane for an 
anti-microbial agent not to be able to cross the membrane. This form of resistance mechanism 
has been discovered in Salmonella typhi to tetracycline, quinolones and some aminoglycosides 
and sulphonamide antibiotics [32, 33].

2.2.2. Genetics mechanisms of antibiotics resistance in Salmonella species

The genes coding for antibiotics resistance and virulence at times share common features of 
being located in the bacterial chromosome, as well as on plasmid (Tables 1 and 2). They are 
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associated in gene clusters to form resistance or pathogenicity island, which are transferred 
by mobile genetic elements such as integrons, transposons or phage [34].

The major genetics mechanisms are as follows:

• Mutation

• Horizontal resistant gene transfer and

• Vertical resistant gene transfer.

Resistance in enteric bacteria: Salmonella, E. coli, Shigella, spp. etc., can be a result of gene muta-
tion (a permanent change in the DNA of an organisms), which had been detected through sev-
eral research studies globally or transfer of resistance determinant (R-determinants) between 
the same species or different species (Horizontal gene transfer) or by transfer of resistance 
genes from parental microorganism to its progeny or offspring (Vertical gene transfer) [13, 35]. 
Clinically, chromosomal and plasmid-mediated resistance in Salmonella to gentamicin and Beta-
lactam antibiotics had been reported in some host animal and humans [35–37].

The role of integrons in the acquisition and dissemination of resistance in enteric bacteria 
such as Salmonella is very crucial. Integrons are genetic elements that capture and incorporate 
gene cassettes by using a site-specific recommendation mechanism [38]. The class 1 and class 
2 integrons are known to play specific role in anti-book resistance in Salmonella spp., which 
usually contain conserved segments. For example, integron class 1 has been reported to carry 
aadA2, bla and pse1 cassette [39, 40]. Most of these integrons are located within transposons 
that contribute to vertical transmission, favouring their mobilization between plasmid and 

Antibiotic group Members Effect Mechanism of actions

β-Lactarns Penicillin(s), Amoxicillin Imipenem 
Cephalosporin (1st, 2nd, 3rd 
generation)

Cidal Inhibit transpeptidation enzymes involved 
in cross-linking the poly saccharide chains 
of the bacterial cell wall peptidoglycan and 
also by activation of cell wall lytic enzymes 
(cell wall synthesis inhibition)

Aminoglycoside Neomycin, Kanamycin, Amikacin, 
Tobramycin, Gentamycin and 
Streptomycin

Cidal Bind to small ribosomal sub-unit (30s) 
and interfere with protein synthesis by 
directly inhibiting synthesis and causing 
misreading of mRNA. Thereby inhibiting 
protein synthesis

Tetracycline Oxytetracycline, Chlortetracycline, 
Doxycycline, etc.

Static Same as aminoglycoside

Quinolones and 
fluoroquinoles

Ciprofloxacin, Norfloxacin, etc. Cidal Inhibit DNA gyrase and topoisomerase II, 
thereby blocking DNA replication

Sulfonamides Silver-sulphadiazine, 
Sulphamethoxazole, Sulphanilamide, 
Sulphisoxazole, etc.

Static Inhibits folic acid synthesis by competing 
with p-aminobenzoic acid (PABA)

Adapted from Refs. [1, 40].

Table 1. Properties of some common antibacterial drugs commonly used against Salmonella species.
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the bacterial chromosome by transposition events [14]. They have the ability to integrate sta-
bly into regions of other DNA, where they deliver, in a single exchange multiple new genes, 
particularly for drug resistance [41]. Many of the gene cassettes in resistance integrons, prob-
ably originated from super-integron (larger integron structures with hundreds of accessory 
genes), which encode for resistance against newer antibiotics such as cephalosporin and car-
bapenems [22].

2.3. Antibiotics commonly used for the treatment of salmonellosis and their  
mechanisms of actions

Some groups of antibiotics used in the treatment of salmonellosis globally for public health 
purposes as shown in Table 1 include:

Aminoglycosides: Salmonella resistance to aminoglycosides is usually by enzymatic modifica-
tion and binding to the 30S ribosomal subunit, resulting in the inhibition of protein synthesis 

Resistance genes Resistance genes 
location(s)

Resistance mechanisms Region(s) References
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IIa, aacC(6’), aacC2, 
aadA, aadA1, aadA2, 
aadA12, aadB, 
ant(3”)-Ia, aphAI, 
aphAI IAB, aph(3)-
Ii-iv, aph(3)-IIa, strA, 
strB

CH, P Enzymatic modification 
and inactivation of 
aminoglycoside

Across the Globe [33, 42]

β-Lactams ompC, ompF, 
blaCMY-2, blaPSE-1, 
blaTEM-1, blaSHV-1, 
blaOXA-1, 
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CH, P β-Lactamases, ESBL, 
Modification of porin 
(ompF), Efflux of 
β-lactam(ompC)
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floR, cmlA, cat1 CH, P Efflux pumps 
(floR, cmlA) and 
chloramphenicol 
acetyltransferase

Across the Globe [42, 45]
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in the organism aminoglycoside phosphotransferase confirms resistance to Kanamycin and 
Neomycin. Major, resistance genes include strA, strB, aac, aad, etc. [42, 43].

Tetracycline: Tetracycline targets the 30S ribosomal subunit of the bacteria ribosome just as 
aminoglycosides. Resistance mechanisms include efflux, modification of rRNA and inactiva-
tion of the compound [43]. In Salmonella, active efflux systems are most commonly observed 
and it includes tetA, B, C, D, G and H [43].

β-lactams: β-lactams prevent synthesis and maintenance of the peptidoglycan component of 
the bacteria cell wall by mimicking one of the building blocks used by enzymes to construct 
peptidoglycan. Most resistance to β-lactams is confirmed by β-lactamase that enzymatically 
cleaves the β-lactams ring and prevents it from bonding to and inactivating cell wall enzymes. 
Furthermore, extended spectrum β-lactamase is an important group of β-lactamases newly 
discovered not more than one decade ago [44]. However, other resistance mechanisms 
reported in major regions across the globe include efflux of the β-lactams and modification of 
porin (e.g. ompF and ompC) [42, 45].

Phenicols: Phenicols, e.g. chloramphenicol and related compound such as florphenicol, inhibit 
protein synthesis by binding to the 50S ribosome subunit. Resistance to chloramphenicol is 
highly prevalence in developing countries based on its cheapness and easy accessibility in the 
counter e.g. Nigeria [10, 44], despite its ban in developed countries, e.g. USA, based on it tox-
icity [43]. Most resistance mechanisms exhibited by Enterobacteriaceae including Salmonella are 
efflux pumps such as floR and cmlA as well as inactivating enzymes such as chloramphenicol 
acetyltransferase cat1 [46].

Sulphonamides: They are also called folate pathway inhibitors. These are compounds that com-
pete for substrate of the essential folic acid pathway in bacteria at two different steps, and the 
sulphanilamide inhibits DHPS (dihydrofolate reductase). Sulphonamides are bacteriostatic 
when used alone or bactericidal when combined with trimethoprim-sulphamethoxazole [47]. 
Resistance to both of these antimicrobials occurs by acquisition of gene-encoding enzymes 
that do not bind these compounds [43], these include, the sul genes eg sul1, sul2 and sul3, 
which encode for insensitive DHPs enzymes, and are found in Salmonella globally [46].

2.4. Phenotypic and genotypic detection of resistance in Salmonella

Drug or antibiotic resistance is the decreased sensitivity of microbes to drug or antibiotics that 
are capable of causing cell death or inhibition of growth [48]. This is determined through antimi-
crobial sensitivity testing of Salmonella species (isolates) in order to determine its susceptibility 
or resistance to the antibiotics [49]. Resistance in Salmonella is encoded by genes that are present 
on either chromosome or extra-chromosomal DNA (plasmid) or transferable genetic materials 
(transposons, integrons), which is determined by genetic or molecular method [50]. The most 
common method is the Kirby-Bauer method [49]. Although resistance may occur due to muta-
tion in key genetic loci in the bacterial genome, but most resistance to antimicrobial agents medi-
ated by genes are acquired via mobile genetic elements such as plasmid and transposons [50]. 
The identification of resistance genotype is accomplished through detection of novel genetic 
materials and characterization of mutations in specific genes through polymerase chain reaction 
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(PCR). Several genetic methods including DNA probes, PCR and other amplification techniques 
are now used in varieties of clinical laboratories for identification and quantification of patho-
genic organisms [51, 52].

2.5. Some identified factors for the emergence and spread of resistance in Salmonella 
species

The emergence of resistance is the natural response of microbes to the presence of anti-
microbial agents [53, 54]. Several factors contribute to the increase in multi-drug resistance by 
Salmonella species, which can be grouped into two, namely:

• Behavioural factors (external factors): which include misuse of antibiotics, use of antibiotics 
in agriculture, unregulated sales of antibiotics, inappropriate prescription and dispensing 
practices and poor hygiene practices.

• Genetics factors: the mobile genetic elements, which include plasmids, transposons, inte-
grons, etc.

2.5.1. Behavioural factors

These involve attitudinal conduct of the prescribers (Doctors), dispensers (Pharmacist), 
patients, agriculturists and/or government to prescription, sales, usage and regulation of anti-
biotics. These are elucidated as follows:

Inappropriate prescribing and dispensing: Lack of access to update information makes prescrib-
ers to prescribe less rationally [55]. Economic incentive and enticement from pharmaceutical 
companies further pressure the prescriber to prescribe unnecessarily or inappropriately [56]. 
Moreover, it is a common practice in many developing countries for antibiotics to be dis-
pensed without a prescription. Also, over the counter sales of antibiotics is common. These 
practices had been attributed to weak enforcement of laws in such countries with resultant 
increase in acquisition of drug resistance in Salmonella species and high morbidity and mortal-
ity of Salmonella-associated diseases [10, 56].

Patients: Patient attitude contributes to the emergences of resistance through poor compli-
ance to the prescribed course of treatment [1], especially if their symptoms are mild and 
resolved quickly [57]. The attitudes of self-medication in most patients has seriously con-
tributed to the emergence of MDR in S. typhi to most first line drugs such as chloram-
phenicol, cephalosporin, streptomycin, tetracycline, ampicillin, etc. [10]. More also, poor 
hygiene practices of handling raw animal product and food in general with inadequate heat 
treatment has greatly contributed to the spread of antibiotic resistant strains from animal 
products and food to human [58, 59]. Furthermore, improper cooking methods; re-heating 
of food by food handlers in restaurants and canteens have been identified as also a major 
factor responsible for the spread of multidrug resistant Salmonella species since most of 
developing countries (e.g. Nigeria) population live below the average level of $1 per day 
meal, hence they resort to patronizing restaurants and canteens of questionable cooking 
standards [60, 61].
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Hospitals and laboratories (medical centres): Majority of antimicrobials usages occur in the com-
munity, of which most intense usage occurs in hospital [64]. The strong selective pressure 
together with the multitude of opportunities for resistant strains of Salmonella to spread 
from patient to patient is of high increase, this then means that hospital-acquired infections 
(Nosocomial infection) are mainly caused by multi-drug resistant strains, as seen in S. typhi 
in the case of typhoid fever [10]. Early discharges from hospitals either through changes in 
practice (e.g. cost reduction in developed countries) or lack of patient’s ability to pay (particu-
larly in developing countries) contribute to the emergence and dissemination of multi-drug 
resistance strains of Salmonella species [56]. However, hospitals work based on laboratory 
diagnosis must of the time not relying on clinical diagnosis alone since the former is the most 
reliable means of diagnosing a patient. But it is in the other way in developing countries 
based on exclusive reliance on Widal test as a means of diagnosing typhoid fever, which can 
be misleading as individuals with pyrexia are assumed and erroneously diagnosed as having 
typhoid fever based on single Widal agglutination test [62].

Government: contributes to the emergence of resistance in Salmonella species and other disease 
causing organisms that are of public health concern in the following perspective:

(1) Weakness in legislation or its enforcement contributes to resistance by allowing the circu-
lation in the market of substandard or counterfeit antimicrobials.

(2) Poor regulation of advertisement and promotion of drug undoubtedly increases sales, 
and encourages unnecessary use of antimicrobials.

(3) Lack of adequate training and certification of prescribers and dispensers may be due to 
poor provision or regulation by government.

(4) Poor availability of potable water.

(5) Poor diagnostic facilities of salmonellosis (typhoidal and non-typhoidal) in terms of iso-
lation of the causative agent for quality treatment.

(6) Poor sewage disposal and waste treatment channels.

It should also be noted, that lack of information about prevalence of resistance problems or 
poor supply chain management or long-term facilities (poor diagnostic facilities) contribute 
to poor diagnosis and effective treatment of disease that are of public health concern, which 
result in emergence of multi-drug resistance strains that eventually result to high cost of treat-
ment of these diseases [1, 10, 63]. Furthermore, non-availability of S. typhi vaccines in devel-
oping countries like Nigeria is also one of the contributing factors to the spread of resistance 
in Salmonella species [64].

Contribution of non-human uses of antimicrobials: The worldwide increase in the use of antibiot-
ics in poultry, fishery and livestock production industries to treat and prevent infections, or as 
growth promoter, has greatly contributed to the increased antibiotics resistance in potential 
food-borne pathogens (Salmonella, Shigella, Campylobacter, etc.) in the past years [58, 64]. The 
increased use of antibiotics in agriculture has played a significant role in the emergence and 
spread of antibiotic resistant food-borne pathogens in human as a result of the consumption 
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of poultry and dairy products [59]. The summary of the behavioural factors and their contri-
bution to antibiotic resistance is shown in Figure 1.

2.5.2. The genetic factors

The major mechanism in the spread (dissemination of resistance genes between or among bac-
teria of the same species or different species is through genetic mechanism. Since resistance 
genes for instance in Salmonella have often been located within plasmid, integrons sometimes 

Figure 1. A flow chart showing the spread of antibiotic resistance in Salmonella species in both man and animal 
populations.
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associated with transposons and also insertion sequence [1, 56, 65]. The major factors involved 
in the genetic mechanism of spread are the integrons, transposomes and plasmids [13].

Integrons are mobile genetic elements of specific structure that consist of two conserved seg-
ment capable of flanking through a central region in which resistance gene cassettes are 
inserted [36]. Also, on the 51-conserved segment is an int gene that encodes a site-specific 
recombinase, capable of capturing DNA, including resistance genes [66].

Transposons: These are mobile genetic elements that contain insertion sequence (0.2–6.0kb), 
which can move (transpose) from one site to the other site within the same or different chro-
mosome or plasmid and thus replicate along with it [56].

Plasmid (4–400kb) are self-replicating, extra chromosomal DNA that contain genes either 
for resistance, virulence and other functions and are dispensable under certain conditions. 
Incompatibility group of plasmid DNA (Inc) HI1 are important vectors of antibiotic resistance 
in S. typhi. It was first detected from a large outbreak in 1972 in Mexico [64]. However, some 
larger plasmids are conjugative (R-plasmid) and are transferable between organisms, spread-
ing along resistance genes in S. typhi [38]. It is should be noted that, as resistance genes move to 
other plasmids or chromosomes, they sometimes link with other resistance genes in resistance 
clusters, whose transfer can then result in spontaneous acquisition of resistance to several unre-
lated drugs, which eventually result to multi-drug resistance by recombination process [56].

2.6. Consequences of resistance in Salmonella species to public health

There are several clinical and public health consequences associated with antimicrobial drugs 
resistance in Salmonella species. These include:

(1) Failure in therapy, thereby resulting to limitation in the choice of treatment after the es-
tablishment of microbial diagnosis [67].

(2) Increased burden of illness and outbreaks in settings where patients are treated with 
antimicrobial drugs [67].

(3) Increased virulence of Salmonella species as a result of ‘drug-bug combination’ that poses 
selective pressure on the microorganism [25].

(4) Increased mortality and morbidity, thereby posing threats to public health [10, 67].

(5) Increased cost of treatments [1].

(6) Longer stay in hospital, which increases the risk of acquisition of nosocomial infections.

(7) Increased transmission of resistant Salmonella strains [67].

2.7. Strategies to combat resistance problems posed by Salmonella species

Several efforts have been adopted by several organizations, government and researchers to 
combat antimicrobial resistance imposed by some pathogenic organism that are of public 
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health significant (Salmonella spp.) [68]. The 2006 IFT report led to the publication of the World 
Health Organization (WHO) list of critically important antimicrobials for human medicine and 
veterinary importance. This propelled the U.S Food and Drug Administration (FDA) to catego-
rize various classes of anti-microbials as important, highly important and critically important 
and has since issued rules that prohibit most extra labelled use of some critically important 
antimicrobials such as fluoroquinolones and cephalosporin in food animal species [69].

Other efforts to address threats posed by antimicrobial resistance include: monitoring pro-
grammes for antimicrobial resistance microbes that integrates human, animals and food 
sampling scheme. Examples include: National Antimicrobial Resistance Monitoring System 
(NARMS) in the United States and the Danish Integrated Antimicrobial Resistance Monitoring 
Programme (DANMAP) in Denmark. These programmes in collaboration with CDC, WHO 
and FDA had really helped to trace the incidence of resistance particularly in foodborne patho-
gens (Salmonella and Campylobacter) globally, thereby embarking several strategies such as giv-
ing updated information, rules/laws, social and financial help, etc. to combat resistance threats.

Also, effort to combat resistance posed by Salmonella is the modification of drugs that led to the 
production of third – and fourth generation cephalosporins, and the use of medicinal plants also 
known as herbal medicine had been proven to have bactericidal effect on S. typhi; the causative 
agent of typhoid fever, also with the use of combined therapy, that is, the use of two or more 
different classes of antibiotics for the treatments of a particular disease e.g. Salmonellosis [1, 57].

Furthermore, the following are also needed to be done to track-down the current rise in the 
spread of resistant S. enterica: Intensive surveillance of vended foods in developing coun-
tries to reduce microbial risk associated with their consumption [60]. Public enlightenment 
to discourage the patronage of vended foods should be intensified as vended foods espe-
cially in Lagos is a potential vector responsible for the spread of resistant Salmonella spe-
cies, or high level of hygiene practice should be maintained by food vendors under strict 
supervision and monitoring by food regulatory authorities if at all vended foods will be 
patronized [60].

3. Conclusion

Several factors such as misuse of antibiotics, use of antibiotics in agriculture, poor hygiene 
practices by hospitals and individuals, unregulated sales of antibiotics and genetic factors, 
such as plasmids, integron, transposons, etc., contribute to selective pressure on antibiotics 
and resistance gene transfer, respectively, in Salmonella species. This has led to the emergence 
and spread of resistance in this microorganism and resultant therapeutic failures. Several 
strategies have been adopted by governmental organizations and pharmaceutical companies 
in the areas of resistance monitoring, restriction in the use of antibiotics in agriculture, pro-
duction of modified drugs, the use of combined therapy, future plans on the use of bioactive 
compounds from medicinal plants against MDR bacterial strains. There is a need to enforce 
regulatory laws governing procurement and sales of antibiotics in developing countries. 
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Also, good sanitation and hygiene practices as well as sensitization of people about the dan-
ger associated with indiscriminate purchase and use of antibiotics are essential to steam the 
growing trends of antibiotic resistance in bacterial pathogens especially Salmonella species.
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Abstract

Non‐typhoidal Salmonella is the primary foodborne zoonotic agent of salmonellosis in 
many countries. Non‐typhoidal Salmonella infections are transmitted to humans primar‐
ily through consumption of contaminated foods from animal origin, whereas S. Typhi 
and Paratyphi infections are spread directly or indirectly by contact with an infected 
person. Quinolones exhibit potent antibacterial activity against Salmonella and are usu‐
ally the first choice of treatment for life‐threatening salmonellosis due to multidrug‐
resistant strains. However, by the early 1990s, quinolones have been approved for use 
in food‐producing animals. The increased use of this group of antimicrobials in animal 
has led to the concomitant emergence of quinolone‐resistant non‐typhoidal Salmonella 
strains. However, in some countries, there are no legal provisions, which apply to vet‐
erinary drugs. This situation provides favorable conditions for spread and persistence 
of quinolone‐resistant bacteria in food‐producing animals. The objective of this chapter 
is to review the current regulatory controls for the use of quinolones in food‐producing 
animals, its effect on development of quinolone resistance, and the potential impact on 
human and animal health. Moreover, this chapter reviews the current knowledge of qui‐
nolone resistance mechanisms and the future directions of research with particular atten‐
tion to the strategies to control the emergence of quinolone‐resistant Salmonella.

Keywords: non‐typhoidal Salmonella, quinolones, resistance

1. Introduction

Non‐typhoidal Salmonella refers to a group of bacteria that cause diarrheal illness in humans 
and domestic animals. More than 2500 different serovars of non‐typhoidal Salmonella have 
been described: all serovars of Salmonella except for Typhi, Paratyphi A, Paratyphi B (tartrate 
negative), and Paratyphi C. Non‐typhoidal Salmonella are important causes of foodborne 
infection because Salmonella have a broad host range and are strongly associated with animal 
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and plant products. Humans are infected by consumption of food or water contaminated 
with Salmonella and direct contact transmission between infected animals and humans in 
a variety of ways or contaminated environment and directly between humans. The recent 
outbreaks show that fresh fruits and vegetables can be contaminated with non‐typhoidal 
Salmonella especially sprouts, tomatoes, fruits, peanuts, and spinach [1–5]. Non‐typhoidal 
Salmonella is commonly found in food products derived from the animal species such as 
poultry, eggs, dairy products, and contaminated pets such as cats, dogs, rodents, reptiles, or 
amphibians [6–9].

Non‐typhoidal Salmonella is a leading cause of bacterial diarrhea worldwide, in contrast to 
typhoid fever, which remains endemic in developing countries. There are an estimated 
93.8 million cases of non‐typhoidal Salmonella gastroenteritis, resulting in approximately 
155,000 deaths globally each year [10]. Gastroenteritis is the most frequent clinical symptom 
of non‐typhoidal Salmonella infection. The incubation period of non‐typhoidal Salmonella gas‐
troenteritis is 6–72 h, usually 12–36 h after initial exposure. The classic presentation in non‐
typhoidal Salmonella gastroenteritis has self‐limiting, acute gastroenteritis, watery diarrhea, 
abdominal pain, fever, nausea, and sometimes vomiting [11]. The gastroenteritis usually lasts 
4–7 days, and most people recover with little or no treatment [12]. Non‐typhoidal salmonel‐
losis clinical presentations differ significantly by serovars such as S. Typhimurium and S. 
Enteritidis, have a broad host range, and can cause gastrointestinal infections with less sever‐
ity than typhoidal enteric fever which affects both humans and a wide variety of animal hosts. 
An infection with S. Choleraesuis is primarily responsible for the severe systemic illness of 
salmonellosis in human and swine. Some serotypes such as S. Dublin are responsible for the 
systemic salmonellosis in humans and also cause death in young calves, occasionally death 
in mature cattle and results in decreased milk production, diarrhea, and abortion in cattle. 
Rates of invasive systemic salmonellosis and death are generally higher among persons with 
high‐risk conditions, infants aged <3 months, elderly aged ≥60 years, the debilitated, immu‐
nosuppressive conditions, and malignant neoplasms.

Antimicrobial therapy can prolong the duration of excretion of non‐typhoidal Salmonella and, 
therefore, is only considered for gastroenteritis patients caused by Salmonella species with 
moderate‐to‐severe diarrhea, high fever, or systemic infection and for gastroenteritis in peo‐
ple at increased risk of invasive disease (persons with high‐risk conditions). Current recom‐
mendations are that fluoroquinolones (FQs) be reserved for patients with moderate‐to‐severe 
diarrhea by non‐typhoidal Salmonella infection. Resistance among non‐typhoidal Salmonella 
serovars to the first‐line antibiotics such as chloramphenicol, ampicillin, trimethoprim‐sulfa‐
methoxazole, and cotrimoxazole has been present for many years, and resistance to FQs has 
also increased over the last decade.

The emergence of quinolone‐resistant non‐typhoidal Salmonella varies by serotype and geo‐
graphic location. Therefore, the control of quinolone‐resistant non‐typhoidal Salmonella infec‐
tion is difficult. There is a high need to understand the quinolone resistance mechanisms for 
preventing the further quinolone resistance development through the better interventional 
strategies that prevent spread of quinolone‐resistant Salmonella between humans and animal 
reservoirs along the food chain.
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Rates of invasive systemic salmonellosis and death are generally higher among persons with 
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nosuppressive conditions, and malignant neoplasms.
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The emergence of quinolone‐resistant non‐typhoidal Salmonella varies by serotype and geo‐
graphic location. Therefore, the control of quinolone‐resistant non‐typhoidal Salmonella infec‐
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preventing the further quinolone resistance development through the better interventional 
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reservoirs along the food chain.
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2. Quinolone use in food‐producing animals

The first quinolone was generated in the early 1960s. The first member of the quinolones is 
nalidixic acid (NAL), a 1,8‐naphthyridine as shown in Figure 1, which had a good activity 
against Gram‐negative pathogens and was used to treat urinary tract infections. However, 
the use of NAL was decreased due to the increasing resistance of this drug and because of 
the synthesis of new, broad‐spectrum, and safer antimicrobials. The molecular modifications 
of the core quinolone structure significantly affect their antimicrobial activity, allowing the 
synthesis of various compounds of this drug class.

FQs (fluorinated derivatives of quinolones) were first developed since the 1980s. The presence 
of fluorine in position 6 of the core quinolone structure provides broad and potent antimicrobial 
activity against Gram‐positive and Gram‐negative bacteria because it significantly enhances 
the antibiotics’ penetration into the bacterial cell membrane. Norfloxacin (NOR), launched 
in 1980, is a first broad‐spectrum FQ which consisted of a piperazinyl ring that replaces the 
methyl group at position 7 (Figure 1) results in enhancing activity against Gram‐negative bac‐
teria [13]. Ciprofloxacin (CIP) has similar structure to NOR except the ethyl group at N‐1 of 
CIP is replaced by a cyclopropyl group (Figure 1) that increasing the spectrum of action which 
not only active against Gram‐negative bacteria but also against Gram‐positive bacteria [14]. 
The structure of enrofloxacin (ENR) is similar to CIP but with an additional ethyl group on the 
piperazinyl ring (Figure 1).

Figure 1. The structural features of four different quinolones.
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All these structural modifications in the molecular molecule of quinolones improved a spec‐
trum of drug activity, tissue penetration, long half‐life in the body, lower toxicity, and greater 
capacity to cross bacterial cell membranes and consequently better activity against Gram‐
negative bacteria and Gram‐positive species. Their treatment indications developed from uri‐
nary infection to applications against many other systemic diseases. The last generations of 
quinolones provide the activity against anaerobic bacteria.

FQs have been licensed for use in food animals at the beginning of the 1990s, and subse‐
quently, a new FQs extensively have been authorized, and a large number of different 
veterinary pharmaceutical products have been launched in the market [15]. ENR exhibits 
good activity against most Gram‐negative bacteria, including Escherichia coli, Campylobacter, 
Enterobacter, Serratia, Chlamydia, and Mycobacterium, and has a variable effect on Pseudomonas, 
Enterococcus, Clostridium, Staphylococcus, and Streptococcus. The efficacies of ENR treatment in 
food‐producing animals have been reported in turkeys against Pasteurella multocida infections 
and in chickens against E. coli infections. Danofloxacin (DFX) and ENR are licensed for use 
in food‐producing animals in the United States. ENR and DFX are currently approved to be 
good choices for therapy of bovine respiratory disease (BRD) in high‐risk cattle. ENR is also 
currently approved for treatment of swine respiratory disease (SRD). DFX and ENR are only 
available as a sterile injectable solution for animal usage and should be administered under 
a prescription from a veterinarian. ENR is FQ antimicrobial agent frequently used in poultry 
production, sold by the Bayer Corporation under the trade name Baytril; however, it is also 
sold under the various generic names. ENR is a FQ antibiotic that is very similar to the human 
drug CIP. Under current legislation, if a small number of chickens present the clinical signs 
and symptoms, ENR can be used to treat the whole flock by adding the drug into the drinking 
water, even when most of the chickens are not sick. FQs can also be used to treat infections in 
breeding flocks, and the transmission of drug‐resistant organisms may occur among chicks.

Finland and Denmark ban all the uses of FQs in poultry; however, they are used in other 
species of farm livestock. Australia has never approved the use of FQs in poultry and any 
farm animals, and consequently, resistance to FQs in zoonotic bacteria such as Campylobacter 
and Salmonella has a low prevalence in farm animals. The prevalence in human infected with 
resistant bacteria is also much lower than in many other countries. Resistant Campylobacter 
infections were low just 0% in 2003 and 2.6% in 2006; however, nearly all of these cases were 
returning travelers [16]. Human infections with resistant E. coli were also low in preva‐
lence at 4–5% [16]. Finland does not approve the use of FQs in poultry result in no resis‐
tant Campylobacter from poultry productions in 2007, and the resistance in Campylobacter was 
found only 1% in 2008 and 2009. Resistant Campylobacter infections of Finnish patients who 
had not traveled abroad were found 2–3% and 61% were investigated from the patients who 
have traveled abroad within 2 weeks [17].

In September 2005, the U.S. Food and Drug Administration (FDA) banned the use of FQs for 
treating bacterial infections in U.S. poultry result from concerns about increasing in FQ resis‐
tance among Campylobacter isolates of poultry and humans. Although the FQs were banned 
in the US in 2005, the impact of the ban on resistance in human C. jejuni is not clear because 
the resistant isolates in 2013 remained at the same level as in 2005 (22%). In retail chicken, 
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CIP resistance in C. coli has decreased to 13.5% in 2010 from 29% in 2005; however, resistance 
in C. jejuni significantly increased from 15.2 to 22.5% from 2002 to 2010. It may be caused by 
the illegal use of FQs in the U.S. poultry industry.

3. A contribution of veterinary usage of quinolones to resistance in 
human non‐typhoidal Salmonella isolates

Multidrug resistance in non‐typhoidal Salmonella is a global problem, and these strains are 
linked to more severe disease outcome. Serovars Typhimurium and Newport, two of most 
common serotypes, are more resistant to multiple antimicrobial agents than the other sero‐
types [18]. Multidrug‐resistant S. Typhimurium definitive type (DT) 104, was first detected in 
1980s, emerged as a public health concern because of its global distribution in diseases among 
animal species such as poultry, pigs, and sheep and humans [19, 20]. The emergence and 
worldwide spread of multidrug‐resistant S. Typhimurium DT104 isolates are associated with 
the intake of contaminated meat and meat products. Many strains of S. Typhimurium DT104 
are generally resistant to ampicillin, chloramphenicol, streptomycin, sulphonamides, and 
tetracycline [21]. Moreover, new resistant strains of non‐typhoidal Salmonella are constantly 
rising worldwide and resistant against ampicillin, chloramphenicol, kanamycin, streptomy‐
cin, trimethoprim, and cotrimoxazole [22–24], for example, a multidrug‐resistant strains of 
serovars Virchow [25], Heidelberg [26], and Infantis [27, 28].

Quinolones were introduced for veterinary use in various countries, and subsequent use has 
been followed by the development of quinolone resistance in bacteria of food‐producing 
animals and consequently transmits the resistant zoonotic bacteria to humans [29]. In many 
countries, FQs are drug of first choice for prescription in acute gastrointestinal symptoms 
caused by Salmonella infection, and resistance to this drug group has often been described, 
particularly to NAL [15]. In a study performed between 1996 and 2003, Salmonella isolates 
were investigated for quinolone susceptibility; the results revealed that NAL and CIP resis‐
tances were 1.6 and 7%, respectively. A significant upward trend in resistance was observed 
for NAL from 0.4% in 1996 to 2.3% in 2003 [30]. In Germany, an increase in the frequency 
of NAL‐resistant Salmonella strains was discovered after the approval and use of ENR [31]. 
Concurrent increase in resistance was observed in France among Salmonella isolates from 
animals and humans, and the same clones were determined among the different hosts [32]. 
In the United Kingdom, also in Spain, the incidence of NAL‐resistant Salmonella illnesses in 
humans was increased followed the introduction for veterinary use of FQs in 1993 [33, 34]. 
A study from Denmark and Taiwan described the emergence of salmonellosis caused by 
multidrug and quinolone‐resistant S. Typhimurium DT104 linked to a swine herd and the 
subsequent spread of those isolates to humans [35–37]. In European countries, similar associa‐
tions between FQ resistance development in Salmonella infecting humans and retail poultry 
products have been described. Therefore, the FQ‐resistant Salmonella in poultry has reached 
alarming proportions in some countries [38]. In the United States, there was an increase in the 
proportion of FQ resistance development in Salmonella infections following the first approved 
use of FQs in food‐producing animals in 1995 [39].
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The data indicate that it would be reasonable to assume that the veterinary usage of FQs will 
have made a remarkable contribution to FQ resistance in human Salmonella infections.

4. The potential impact on human health

FQ resistance in Salmonella is clearly associated with FQ use in food‐producing animals, 
and foodborne infections caused by such resistant bacteria are well investigated in human. 
FQ resistance in S. Typhimurium DT104 has been associated with increased hospitalization, 
more frequent and longer illness, treatment failures, and a higher risk of death [40]. Many 
studies also investigated that infections with multidrug‐resistant Salmonella were associated 
with longer hospitalization and a higher death rate than infections with susceptible isolates 
[41–43]. Previous study has found a 3.15 times increased mortality when patients infected 
with NAL‐resistant S. Typhimurium compared to patients infected with susceptible isolates 
[44]. For treatment of the infections with FQ‐resistant Salmonella, alternative antimicrobials 
are the third or fourth generation cephalosporin. Nevertheless, it should be considered con‐
traindications for treatment of uncomplicated non‐typhoidal Salmonella infection because FQ 
treatment can induce prolonged excretion of Salmonella and increased frequency of relapses 
[45]. However, for patients at risk such as immunocompromised, severely infected and 
elderly, FQs are considered first choice drugs and effective in reducing the disease length if 
the treatment starts early in the infection.

5. The potential impact on animal health

FQs are highly potent antimicrobial agents rapidly absorbed after oral administration and 
have a long half‐life and widespread distribution to most body tissues, which made them 
suitable for using in herd treatment of food‐producing animals. FQs are effective for serious 
infections in food‐producing animals such as systematic gastroenteritis and severe respira‐
tory diseases and are also used to treat urinary tract, skin, and soft‐tissue infections caused by 
Gram‐negative or some Gram‐positive aerobic bacteria. Moreover, they also have potential 
for treatment of infections caused by Mycoplasma, Mycobacterium, Chlamydia, Ehrlichia, and 
Rickettsia. However, documentation about authorized dosages and the effectiveness of FQs to 
treat all these infections in animals have not been determined on the base of the pharmaco‐
kinetic and pharmacodynamics properties. Sufficient knowledge about the selecting optimal 
dose and duration of FQs could help to develop appropriate dosing regimens to maximize 
the clinical efficacy, avoid therapeutic failure, and decrease the selection of resistance which 
would ensure for the benefit of animals and their future use.

However, the potential clinical disadvantage associated with FQ use was a rapid selection 
for resistance. Several pathogenic bacteria of food‐producing animals have been investigated 
the increasing of resistance to FQs following the introduction of ENR [46]. If FQ resistance 
emerges in animal pathogenic bacteria, this may result in treatment failure and increased 
mortality. This is a risk for poor animal welfare conditions and will result in economical 
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losses. Consequently, for some animal infectious diseases, antimicrobial therapeutic use will 
be complicated if FQs lose their efficacy. As described in a previous study, multidrug‐resis‐
tant S. Typhimurium infections in veal calves were resistant to most conventionally used 
antimicrobials and also resistant to ENR resulted in a mortality exceeding 90%. FQs are also 
considered effective in other infections such as pneumonia, neonatal diarrhea, and mastitis 
caused by Gram‐negative organisms in piglets and calves. However, there were insufficient 
data to support the animal health or welfare problems when diseases cannot be treated result 
from FQ resistance during treatment.

6. The current state of knowledge of quinolone resistance mechanisms

FQs are strong inhibitors of bacterial enzymes, which are necessary enzymes associated in 
major biological processes including DNA replication [47–49]. In prokaryotes, DNA is known 
as a double helix because there are two strands that intertwine around each other. However, 
additional complexity comes from the further twisting (supercoiling) of the double‐strand 
structure to put the double helix under torsion stress [50]. This supercoiling process that 
enables the long strands of DNA is condensed into compact supercoils permitting large 
amounts of DNA to be packed into the cell [51].

Topoisomerase I and topoisomerase II enzymes are enzymes that regulate the overwinding 
or underwinding of DNA and control the level of twisting within DNA. Topoisomerase 
I removes the number of negative supercoils, in contrast to topoisomerase II, which intro‐
duces negative supercoils that facilitate the unwinding of the over‐twisted DNA and can 
further change the DNA topology into an under‐twisted DNA [50]. DNA gyrase and DNA 
topoisomerase IV are type II topoisomerase comprising 2 A subunits and 2 B subunits enco‐
ded by the gyrA and gyrB genes or 2 C subunits and 2 E subunits encoded by the parC 
and parE genes, respectively [52]. DNA gyrase and topoisomerase IV have distinct roles 
although both enzymes have homologous action to relax positively supercoiled DNA. DNA 
gyrase decatenates replicating DNA by introducing negative supercoils into relaxed DNA 
while topoisomerase IV unlinks the newly replicated daughter chromosomes during cell 
division [52–54].

FQs are direct inhibitors of bacterial DNA synthesis by inhibiting two enzymes, DNA gyrase 
and topoisomerase IV, which have important roles in DNA replication. The quinolones bind 
to these enzymes with DNA to form drug‐enzyme‐DNA complexes (known as a ternary 
complex) subsequently induces double‐strand DNA breaks and blocks replication, therefore, 
results in damage to bacterial DNA and bacterial cell death [55–58]. However, the primary 
target enzyme, either DNA gyrase or topoisomerase IV, of FQs varies depending on the bacte‐
rial species. The preferential target of FQs in Gram‐negative bacteria is DNA gyrase, whereas 
in Gram‐positive microorganisms, topoisomerase IV is the primary target [58].

Resistance to quinolones occurs by different ways. The major mechanisms of bacterial resis‐
tance to FQs are altered target enzymes, expression of an active efflux, and altered membrane 
permeability.
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6.1. Target‐site mutation

The main mechanism of FQ resistance is due to mutation in target genes (gyrA, gyrB, parC, and 
parE) that encode the primary and secondary target enzymes of these drugs. The mutations 
in quinolone resistance‐determining region (QRDR) of target genes alter the target enzyme 
conformation by amino acid substitutions and subsequently decrease in the drug binding 
affinity of the target enzyme, leading to FQ resistance [59–62].

In Salmonella, quinolone resistance was firstly investigated in the gyrA gene coding for the 
A subunit of gyrase. Mutations associated with FQ resistance in GyrA have been clustered 
between amino acids 67 and 106, termed the QRDR region. Amino acid substitutions of GyrA 
at Ser83 (to Phe, Tyr, or Ala) or at Asp87 (to Gly, Asn, or Tyr) are most usually identified in 
NAL‐resistant Salmonella strains. Previous studies have observed that single point mutation in 
QRDR of gyrA led to reduced sensitivity to CIP in Salmonella isolates [63]. Similar decreasing in 
CIP susceptibility was also found in three amino acid mutations of parC at Ser67 (to Cys), Arg76 
(to Cys), and Cys80 (to Arg) in S. Enteritidis [64, 65]. Nevertheless, less frequently, the previous 
study detected novel mutations inside QRDR of GyrA at codon Asp72, Asp82, and Ala119 and 
also outside the QRDR [66]. Moreover, in another studies, the authors found double mutations 
in GyrA at both Ser83 and Asp87 in S. Typhimurium DT204 [67] and a single mutation at Asp87 
(to Tyr) in all Salmonella strains [68] showing high‐level resistance to FQs. A gyrB gene mutation 
has also been observed in a quinolone‐resistant S. Typhimurium at Ser463 (to Tyr) [69].

These target‐site mutations show that different mutations of FQ‐resistant Salmonella isolates 
can result in very different resistance levels of quinolones, and this is not the same for all 
strains and all resistance mutations. Therefore, amino acid substitutions in topoisomerases 
are inadequate to clarify the level of resistance to quinolones in S. enterica. Nevertheless, 
it remains to be investigated what the specific role of these mutations on quinolone resistance 
in Salmonella.

6.2. Transmissible quinolone‐resistance mechanisms

Plasmid‐mediated quinolone resistance (PMQR) genes on mobile genetic elements are able to 
reduce susceptibility of quinolone or FQ antimicrobials. The PMQR gene, qnr, encodes a pen‐
tapeptide repeat motif protein (Qnr) that protects the target enzyme DNA gyrase and topoi‐
somerase IV by blocking the quinolone inhibition [70]. Recently, several Qnr proteins were 
investigated in Enterobacteriaceae (QnrA, QnrB, QnrC, QnrD, QnrS) [71, 72]. A recent study 
reported six variants of qnrB genes in Salmonella and E. coli isolates of human and animal 
isolates [73]. Nonetheless, the prevalence of qnrS genes is higher than the other qnr genes in 
Salmonella. A study from different European countries investigated a qnrS gene in 10% of the 
Salmonella isolates [73]. Moreover, qnrS gene has been identified in non‐typhoidal Salmonella 
clinical isolate from the USA [74]. The qnrD gene also has been investigated in eight different 
Salmonella serovars from 13 European countries [73].

Another plasmid‐encoded quinolone resistance determinant is a variant of an aminogly‐
coside acetyl transferase gene, aac(6')‐Ib‐cr, which is able to acetylate the amino nitrogen 
on the piperazinyl substituent in aminoglycoside, and FQ drug classes lead to decreased 
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susceptibility of these drugs [75–77]. However, the variant enzyme is not able to acetylate 
moxifloxacin and levofloxacin due to the absence of a piperazinyl substituent at position 
C‐7. Recently, this aac(6')‐Ib‐cr gene has been reported in Salmonella isolated from chickens 
in China [78]. Plasmid‐mediated quinolone resistance determinants in Salmonella isolated 
from food‐producing animals are serious public health concern. Continuous surveillance of 
quinolone resistance determinants at national and international levels needs for limiting the 
dissemination of quinolone‐resistant Salmonella strains.

6.3. Membrane permeability

The membrane permeability and the ability of FQs to enter the bacterial cells are an  important 
determinant of the potency of these drugs that have intracellular targets [79]. The outer‐
membrane proteins (OMPs) of Gram‐negative bacteria consist of pore‐forming outer‐mem‐
brane proteins which serve as a particular barrier for the entry of hydrophilic molecules into 
the cell. It has been shown that CIP (hydrophilic quinolones) preferentially entry into the 
cells via porin pathway [80]. Down‐regulation of OMPs results in reduced FQ susceptibility 
in FQ‐resistant isolates of different species [81–84]. Very few researches have investigated on 
alterations of OMP expression or the role of lipopolysaccharide composition in quinolone‐
resistant Salmonella isolates [68, 85–89]. The lengthening of the O chains has been studied in 
quinolone‐resistant Salmonella that could also lead to a lower level in the permeability of the 
outer membrane [85]. The previous studies have found the lack of OmpF porin expression 
result from SoxS up‐regulates micF transcription in quinolone‐resistant Salmonella strains 
[86–88, 90]. However, it remains unclear whether such alterations contributed to signifi‐
cant reduction of outer‐membrane permeability and reduced susceptibility of quinolones in 
Salmonella isolates.

6.4. Efflux

Chromosomal multidrug efflux pumps are capable of actively removing FQs and a broad 
range of antimicrobial agents from the bacterial cell and are mostly encoded by chromo‐
somal genes. These efflux systems consist of different classes of transporters such as the 
resistance nodulation division (RND) family of tripartite transporters of Gram‐negative 
pathogens [91, 92]. These systems are mainly responsible for the intrinsic pattern of reduced 
susceptibility to FQs and other antimicrobial agents but are also responsible for increased 
resistance resulting from derepression of the transporter. Previous studies showed the evi‐
dence for the participation of active efflux in quinolone‐resistant Salmonella isolates [85, 93]. 
It was concluded that the overproduction of the AcrAB‐TolC efflux pump appeared prior 
to gyrA mutations in in vitro selected quinolone‐resistant Salmonella mutants [85]; therefore, 
the AcrAB‐TolC efflux system is the major mechanism that involved in quinolone resis‐
tance in S. Typhimurium DT104 strains. However, both target gene mutations and active 
efflux mediated by AcrAB‐TolC are necessary to obtain high‐level FQ resistance for S. 
Typhimurium DT204 strains [94]. Nevertheless, there is no direct evidence to demonstrate 
the role of the AcrAB‐TolC efflux system in quinolone‐resistant Salmonella; therefore, sub‐
stantial work remains to be done in order to understand the role of efflux and its regulation 
in Salmonella.
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6.5. The fitness costs

Mechanisms associated with high‐level FQ resistance are multiple mutations in the type II 
topoisomerase‐encoding genes and the over‐expression of multidrug resistance efflux pumps. 
The presence of mutations in these structural or regulatory genes not only increases resistance 
to quinolones but also affects fitness costs such as reduced growth rates and virulence of the 
bacterial cell in a lack of antibiotic selective pressure [95–99]. However, maintenance of resis‐
tance can arise through the development of second‐site compensatory mutations that restore 
fitness and virulence without loss of resistance [100].

The fitness cost of the genes responsible for quinolone resistance traits has not been fully 
elucidated in high‐level FQ‐resistant Salmonella. Nevertheless, results from previous stud‐
ies suggest that high‐level CIP resistance mechanisms in Salmonella lead to restrictive condi‐
tions of fitness costs and minimizing the emergence and spread of highly resistant clones in 
the absence of drug selection pressure [101, 102]. As demonstrated in previous study [103], 
high‐level CIP‐resistant S. Enteritidis in vitro derived mutants in the absence of antibiotic 
selective pressure result in compensatory evolution favoring a reversion back to a more sensi‐
tive phenotype associated with lesser fitness costs, rather than the compensatory mutations 
that would restore resistance. However, under in vivo conditions, a previous study has found 
that chromosomal mutations of S. Typhimurium that confer resistance to NAL, streptomy‐
cin, or rifampicin decrease growth rate and ability to colonize in mice rather than a rever‐
sion to the susceptible phenotype and restore virulence [104]. In contrast to the high‐level FQ 
resistance, an intermediate level of resistance to CIP of S. Typhimurium mutants apparently 
favored a partial reversion to a susceptible level and a normal growth rate with successfully 
colonized the gut of chickens, rather than the acquisition of resistance to FQs [101].

Quinolone resistance of non‐typhoidal Salmonella is complicated. The understanding of the 
various mechanisms of quinolone resistance, the fitness costs of each Salmonella strain, and the 
interplay between different quinolone resistance mechanisms has increased in recent years. 
Increased resistance to quinolones could be selected under a wide range of selective conditions 
even in the absence of quinolone selective pressure. Therefore, minimizing the emergence and 
spread of quinolone resistance will not be as simple as limiting the use of these drugs.

7. To decrease the emergence and spread of quinolone resistance

FQs are intensively used in animal production and have allowed better treatment of several 
animal infectious diseases. The risks of the overuse and misuse of FQs in food‐animal produc‐
tion can contribute to higher levels of resistance in human Salmonella infections. Therefore, the 
FQ resistance of Salmonella should be taken into account and prevented as resistant bacteria or 
resistance genes may be transferred to humans through the food chain. Given the importance 
of FQ resistance as a global health concern, many researchers have reviewed the existing sci‐
entific literatures and developed guidelines to limit all compounds of FQ use, including use in 
food‐producing animals. FQs should be banned for all preventive use and mass medication, 
but only used as life‐saving therapeutic treatment of individual sick animals.
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Priority setting of agendas for research on minimizing the emergence of FQ resistance in 
Salmonella is needed to identify missing scientific data and to specify research designs and 
methods to address these resistance problems in food‐producing animals and human medi‐
cine. The priorities identified by the research agenda must include contributions by different 
experts in basic genetics and microbiology sciences, veterinary medicine, human medicine, 
public health organization, social sciences, economics sciences, and public policy.

Furthermore, sufficient research funding for minimizing the FQ resistance of Salmonella in 
human and food‐producing animals has likely contributed to the adequate scientific evidence 
which necessary for informing public health decisions. Given the scale of the FQ resistance 
problem and the demonstrated role of FQ uses in food‐producing animals in this public 
health crisis, adequate support for research specific to the role of food‐producing animal uses 
of FQs in the development of resistance must be a national priority.

Urgently address complex barriers that limit the quality of data on the use of FQs in food‐produc‐
ing animals and human medicine. Currently, such data from human and veterinary medicine 
are provided on a voluntary basis, and the methods used to collect, analyze, and report are not 
standardized because of political, economic, and social barriers. Effective surveillance of FQ use 
in food‐producing animals and humans is a key first step toward for estimating the full scope of 
FQ resistance in Salmonella. Despite increasingly widespread recognition that FQ use in food‐pro‐
ducing animals is a major factor of human infections with FQ‐resistant Salmonella, there remains 
a significant need for scientific evidence of the FQ use practices that affect the human health risk.

8. Conclusion

Infections in humans with quinolone‐resistant Salmonella resulted in increased risk of hospi‐
talization and mortality. FQs are efficient and valuable antimicrobials in some serious animal 
indications because FQs are the only alternative available. Therefore, if FQs lose their ability 
for the treatment of animal diseases, the therapeutic effect of some diseases will be compli‐
cated and may result in poor animal welfare and economical losses. Recently, it is now critical 
that food‐producing animal use of FQs be recognized as one of the major contributors to the 
development of resistant Salmonella strains that result in life‐threatening human infections 
and included as part of the strategy to control the public health crisis of FQ resistance.
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Abstract

Many coastal cities around the world discharge their wastewaters into the marine 
environment. These wastewaters contain a high variety of pathogenic microorganisms 
that would have a role in the contamination of this ecosystem and may have potential 
risks for public health and environment. Using an environmental approach, we inves‐
tigate the presence of Salmonella in wastewater treatment plants and its presence after 
the treatment in its receiving marine environment. In this environmental approach, we 
provide information about the inefficiency of wastewater treatment to remove Salmonella, 
especially that wastewater is considered as a good tank of high diversity of Salmonella 
serotypes. The identified Salmonella serotypes in the receiving marine environment 
almost coincide with those identified in wastewater. This characterization of Salmonella 
strains from wastewater and marine environment involves the direct impact of municipal 
wastewater discharges on this environment. Antibiotic susceptibility tests reveal gener‐
ally the presence of multiresistant Salmonella strains in wastewater, which usually end up 
in the marine environment and may have a significant risk on the public health.

Keywords: antibiotic susceptibility, marine environment, Salmonella, Wastewater, 
wastewater treatment

1. Introduction

Many major coastal cities around the world discharge their wastewaters into the marine envi‐
ronment. Wastewater may consist of a combination of domestic, industrial and agricultural 
effluent. Generally, wastewater treatment plants (WWTPs) are mostly designed to effectively 
remove fecal bacteria, some chemical pollutants but are not provided to eliminate pathogenic 
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microorganisms [1, 2]. Furthermore, most of these treatment systems remain imperfect and 
continue to reject varied concentrations of enteric bacteria in the environment [1–5].

Pathogenic bacteria become normally more harmful to environment and humans when they 
acquire resistance to antibiotics. Moreover, many studies [5–7] confirmed the detection of 
antibiotic concentrations in wastewater that treatment systems generally fail to eliminate. 
Therefore, when there is a contact between bacteria and antibiotics traces, the wastewater 
could be an ideal environment to the exchange of genetic material between bacteria and 
consequently the acquisition of antibiotic resistance [5, 6, 8, 9].

The Salmonella genus is one of the pathogen bacteria that could be conveyed to the environmen‐
tal waters through sewage pollution. Therefore, the determination of the presence of Salmonella, 
its levels and its antibiotic resistance at the same time in wastewaters and environmental waters 
are crucial and are required to assess the related health risks.

Previous works [1, 9–13] have studied the presence of Salmonella in wastewater but they stay 
insufficient to provide enough information on the diversity and the antibiotic resistance pro‐
files of Salmonella. This makes transmission of Salmonella via wastewater, its impact on the 
environment and the origin of contamination poorly understood. In Morocco, Salmonella in 
wastewater is rarely discussed and its bibliography is very scarce. In this context, we are cur‐
rently leading the first study about Salmonella in the southern region of Morocco. This work 
is focusing on the identification, serotyping and antibiotic susceptibility of Salmonella strains 
isolated from Agadir wastewater treatment plant.

The aim of this chapter is first to provide qualitative information on the capacity of wastewater 
treatment process to eliminate Salmonella considered among the most pathogenic bacteria eas‐
ily transmissible in water. The second aim is to present the most Salmonella serotypes isolated 
from wastewater and marine environment and the possible impact of wastewater discharges 
on marine environment.

2. WWTPs removal efficiency of Salmonella

Wastewater treatment plants know a growing pressure which leads to the evacuation of 
untreated or insufficiently treated effluents into the environment. Thus, the efficient removal 
of pathogenic bacteria in wastewater is a crucial task because wastewater discharges can 
significantly increase the contamination of surface water and lead to water and seafood‐
borne infections. Generally, an optimal wastewater treatment process can attain 90–99% of 
reduction of microbial load [2, 14, 15]. However, in some cases, the reduction level decreases 
are mostly due to a nonrespective operating mode or due to bad or inadequate plant 
maintenance.

Several studies have shown the presence of Salmonella in wastewater before and after treatment 
even if treatment processes are different [1, 9, 10, 13]. This could be explained by the fact that 
WWTPs are mostly designed just to reduce microbial load but are not conceived specifically to 
completely eliminate the pathogenic bacteria.
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An activated sludge treatment process remains unable to totally remove Salmonella [9, 12]. 
Koivunen et al. have also shown that activated sludge process coupled with phosphorus pre‐
cipitation followed by a secondary settling or coupled with denitrification‐nitrification fails to 
remove Salmonella from municipal wastewater [1].

Until now, no study has been conducted on the elimination of Salmonella by infiltration 
percolation treatment process through sand. However, a current study conducted by our 
research team (unpublished data) showed the inefficiency of this treatment system to remove 
Salmonella. Thus, treated wastewater still contains Salmonella which continues to be detected 
at the treatment plant exit.

To get an efficient reduction or a total removal of Salmonella, a tertiary wastewater treatment 
is needed. Indeed, Koivunen et al. show that tertiary treatment by rapid sand contact filter 
allows a very good efficiency to remove Salmonella. Consequently, Salmonella was not found in 
wastewaters after tertiary filtration [1]. Furthermore, a current study conducted by our team 
showed that tertiary treatment by UV irradiation applied just on a portion of the secondary 
treated effluents (which are intended for the irrigation of golf courses) allows total elimination 
of Salmonella (unpublished data).

3. Microbiological risks associated with Salmonella in wastewater

Wastewater is known to be a common vehicle for the transport and transmission of Salmonella 
serovars and is able to pollute environment and infect humans. Indeed, several outbreaks 
and contaminations have been related to Salmonella in wastewater through irrigation of 
crops [16–18], infiltration and transport in soil to groundwater [19–21] or to its discharge 
into the marine environment [22, 23]. In this last case, although some pathogens are natu‐
rally present in the aquatic environment, Salmonella may be introduced through animal or 
human fecal and sewage pollution [24].

The risk of contamination linked to Salmonella is enhanced by its ability to survive lon‐
ger in the environment. Indeed, contamination of groundwater, environmental water and 
soil by Salmonella is due to its ability to survive very long time in these environments [25]. 
Furthermore, contaminations related to Salmonella in seawater and seafood are increased by 
the capacity of Salmonella to survive in relatively high salt conditions [26]. Thus, the per‐
sistence of wastewater discharges in coastal waters may increase the load of Salmonella in 
marine environment, and therefore increase the higher incidence of seawater and seafood‐
borne infections.

4. Identification methods of Salmonella

Various methods have been developed for the subtyping of Salmonella. Each of them has its 
advantages and drawbacks in terms of cost, speed, robustness, and sensitivity [27]. The choice of 
identification techniques of bacteria is generally done according to the objectives of identifying 
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and the available means. Biochemical techniques are usually used to isolate and identify only 
species. For further characterization, determination of the origins and the relationships between 
different isolates, many other accurate methods are needed.

Conventional serotyping using somatic and flagellar Salmonella antisera is the most frequently 
used reference method for serotyping Salmonella isolated from wastewater [1, 9, 28, 29]. This 
method is based on the direct agglutination technique blade, involving Salmonella strains with 
different antisera to identify variants of the somatic O and flagellar H antigens. Serotyping 
is generally performed according to the antigenic formulae of Kauffmann‐White‐Le Minor 
scheme [30]. The main limitation of this technique is that not all O serotypes are included 
in Polyvalent O antisera which Salmonella species should agglutinate with [31]. A combina‐
tion between conventional serotyping and the ribosomal spacer‐heteroduplex polymorphism 
(RS‐HP) methods was also used to characterize Salmonella strains from wastewater [13]. This 
technique based on the PCR amplification of the intergenic spacer region between the 16S and 
23S rRNA genes can produce amplicon profiles allowing the discrimination of species at both 
serotype and intraserotype levels [13].

PFGE allows a high discrimination and it is usually used for outbreak investigations and it is 
also widely used for characterizing epidemic Salmonella strains. The capacity of PFGE to differ‐
entiate strains of bacterial pathogens makes it a standard method used to assess the epidemic 
spread of infectious diseases and to trace Salmonella outbreaks. However, even if it is reproduc‐
ible and discriminatory, some strains of Salmonella cannot be typed by PFGE [27]. Recently, 
matrix‐assisted laser desorption/ionization time of light mass spectrometry (MALDI‐TOF MS) 
has been used for the identification of Salmonella. It is also utilized to discriminate Salmonella 
Typhi from other Salmonella serovars [32]. Despite its rapidity and simplicity, the preparation 
of MALDI‐TOF requires more modifications and improvements to available protocols before 
being adopted as an autonomous method [32]. Other molecular methods developed as alter‐
natives to conventional serotyping (MLST, MLVA, SNP, and molecular typing with composite 
microarrays) seem successful. However, these methods do not provide exactly similar results 
like those obtained by the current reference method which is agglutination serotyping [27].

5. Salmonella serotypes isolated from wastewater

As reported, wastewater is an ideal tank of Salmonella strains. Furthermore, identified 
Salmonella showed generally high variability of serotypes. The major serotypes isolated in 
wastewater from different countries are presented in Table 1.

Data concerning Salmonella serotyping (Table 1) show high heterogeneity of serotypes iso‐
lated from wastewater. This high diversity can be explained by the variety of the origin of 
effluents carrying these Salmonella strains. The most frequent serotypes identified in France 
wastewater were Newport, Saintpaul, and Brandenburg [13]. Indeed, Serotypes Mbandaka, 
Virchow, Hadar, Indiana, Infantis, Saintpaul, and Senftenberg are commonly isolated from 
poultry farms. Also, Typhimurium and Indiana serotypes are generally isolated in human 
pathology and can derive from healthy carriers [13]. Espigares et al. have also explained this 
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diversity by the variety of the origin of Salmonella which may be of human or animal origin [9]. 
Salmonella Agona, Saintpaul, Virchow, and Corvallis are the most frequent serotypes identi‐
fied in Finnish wastewater [1]. According to Koivunen et al., this diversity may be reported to 
the size of the population suggesting, therefore, that larger populations produce larger spec‐
tra of serovars [1]. However, despite these explanations, the origin of this diversity remains 
unknown. The large variability in serovars identified in USA wastewater indicates multiple 
sources of the isolates. This variability may be due to fecal shedding in clinical salmonel‐
losis or to animal agriculture [33]. Our current study (not shown data) concerning isolated 
Salmonella from wastewater in Agadir, a coastal city in Morocco, show high variability of 
serotypes. Thus, among 52 Salmonella strains we identified 18 different serotypes. Salmonella 
Muenster was the major serotype which showed a high incidence with 14 isolates followed by 
Salmonella Infantis, Salmonella Senftenberg, Salmonella Montevideo, and Salmonella Kentucky as the 
most frequent serotypes identified. This high diversity of serotypes in Agadir wastewater can 
be explained by its various origins including domestic and industrial effluents especially those 
coming from poultry slaughterhouse and fish processing plants very widespread in the city.

6. Salmonella serotypes isolated from a wastewater receiving marine 
environment

In coastal cities, the marine environment is usually the final end of treated and untreated sewage. 
Table 2 shows some studies throughout the world carried in this regard.

Country France Spain Finland Morocco Mexico USA

Serotypes Agona Anatum Agona Anatum Typhimurium Agona

Bardo Enteritidis Corvallis Give Vejle Banana

Brandenburg Hadar Blockley Newport Corvallis Montevideo

Derby London Enteritidis Senftenberg Nchanga Derby

Hadar Newport Hadar Typhimurium Nitra Edinburg

Indiana Typhimurium Infantis Stanleyville Hadar

Infantis Lexington Havana

Manhattan Mbandaka Infantis

Newport Muenster Saintpaul

Saintpaul Panama Senftenberg

Senftenberg Saintpaul Typhimurium

Typhimurium Typhimurium Newport

Virchow Virchow Thompson

References [13] [9] [1] [28] [29] [33]

Table 1. Salmonella serotypes isolated from wastewater.
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As reported in wastewater, data from marine environment also reveal a large diversity of 
Salmonella serotypes. However, the origin of these serovars remains little known. Following 
to data in Tables 1 and 2, it appears that the most serotypes found in wastewater are also 
isolated in the surrounding marine environment. Furthermore, studies from France [13] and 
Mexico [29] showed that Newport and Typhimurium were respectively the major Salmonella 
serotypes isolated in wastewater. These serotypes were also the same major serotypes isolated 
from marine environment [13, 29]. Serovar Typhimurium has been shown to be the most 
common serovar isolated from marine environment in different parts of the world [13, 29, 
34–36]. It was suggested previously that this serotype shows an excellent adaptation to the 
marine water stress after passing through wastewater [37]. In Agadir, study conducted by our 
team [38] in marine environment has identified S. Muenster as the major serotype (13 strains 
among 46 isolates). This high occurrence of serotype Muenster coincides with its high inci‐
dence in Agadir wastewater. Therefore, these findings reveal that wastewater discharges into 
the marine environment could be the main source of contamination and the principal origin 
of Salmonella strains found in this environment.

7. Antimicrobial resistance of Salmonella isolated from wastewater

Urban wastewater treatment plants (UWTPs) are suspected to be among the main anthropo‐
genic sources for antibiotics, antibiotic resistant genes (ARGs) and antibiotic resistant bac‐
teria (ARB) spread into the environment [14, 39, 40]. The presence of antibiotics in effluents 

Country France Spain Mexico Morocco USA

Cerro Anatum Stanley Altona Adelaide

Newport Enteritidis Galiema Anatum Agona

Typhimurium Goldcoast Bulovka Corvallis Arizona

Serotypes Virchow Hadar Othmarschen Hadar Bardo

London Tonev Senftenberg Hartford

Newport Subaru Typhimurium Newport

Typhimurium Typhimurium Kentucky Poona

Vejle London Reading

Winnipeg Mbandaka Typhimurium

Muenster

Oakland

Blockley

Labadi

References [13] [34] [29] [35, 36, 38] [47]

Table 2. Salmonella serotypes isolated from marine environment.
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Serotypes Virchow Hadar Othmarschen Hadar Bardo

London Tonev Senftenberg Hartford

Newport Subaru Typhimurium Newport

Typhimurium Typhimurium Kentucky Poona

Vejle London Reading

Winnipeg Mbandaka Typhimurium

Muenster

Oakland

Blockley

Labadi

References [13] [34] [29] [35, 36, 38] [47]

Table 2. Salmonella serotypes isolated from marine environment.
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is generally due to incomplete metabolism in humans or because of the mismanagement of 
unused antibiotics [4, 41].

Generally, bacteria in wastewater are in permanent contact with various elements including 
antibiotics and other chemical products. Furthermore, antibiotic resistance was positively cor‐
related with the occurrence of antibiotic residues. In addition, a relationship between antibi‐
otic residues, bacterial community structure and antibiotic resistance was demonstrated [42]. 
Therefore, the elimination of these antibiotics from wastewater is a major concern. Sorption 
and hydrolysis could be a degradation pathway that may lead to the removal of antibiotics in 
wastewater [39]. However, in previous reports, it has been demonstrated that UV radiation 
is not effective to remove antibiotics [43]. This indicates that photolysis is not an important 
mechanism for degradation of these compounds in wastewater. A combination of physico‐
chemical and biological treatment and the optimization of their operating conditions might 
prove an effective removal increase of persistent antibiotic residues in wastewater [39].

According to previous studies [6, 44, 45], ARB have been detected widely in wastewater 
samples and comparatively to surface water, higher proportion of ARB was reported in raw 
and treated wastewater than in surface water [4, 40]. It has also been reported that Salmonella 
strains show a high proportion among other multidrug resistant bacteria [46]. According to 
these studies, conditions in wastewater treatment plants (WWTPs) seem to be favorable for 
the proliferation of ARB.

Antibiotic resistance (ABR) of Salmonella isolated from wastewater has been discussed in some 
studies. A wide variety of antibiotic resistance patterns of Salmonella serotypes have been found 
in USA wastewater [33]. Indeed, 86% of 647 Salmonella isolates were susceptible, 4% were 
monoresistant and 10% were multiresistant. Salmonella serovars multiresistant to at least four 
antibiotics were Salmonella Braenderup, Derby, Edinburg, Hadar, Saintpaul, Typhimurium, 
Uganda and Virchow. A resistance to the third generation of cephalosporins considered as 
one of the first drugs of choice to treat human salmonellosis has also been reported [33]. From 
Finnish wastewater [1], among 197 isolates, 44% of the Salmonella strains were resistant to 
antimicrobial agents, almost 20% were multiresistant. The most multiresistant serotype was 
Salmonella Saintpaul (to 6 antibiotics). Moreover, 32% of strains were resistant to nalidixic acid 
which can indicates the reduction of sensitivity to ciprofloxacin considered as the selected 
drug in severe infections [1]. The most resistant serotype isolated in wastewater from Spain 
was Salmonella Hadar with a pattern of multiresistance to six antibiotics [9]. In Morocco, among 
42 strains isolated from wastewater, 19 (45.2%) were resistant at least to two antibiotics. The 
most multiresistant serotype was S. Typhimurium followed by S. Hadar and S. Senftenberg. 
S. Typhimurium was resistant to ampicillin, chloramphenicol, streptomycin, sulfametoxazole/
trimetoprim, and tetracycline. Serovars Give, Newport and Anatum were susceptible to all 
used antibiotics [28]. Antibiotic susceptibility test (ATS) of Salmonella serotypes from Agadir 
wastewater treatment plant carried out by our team showed that among 52 isolates 23% of 
strains were multiresistant. ATS was carried out by the disk diffusion method, with a panel 
of 32 antimicrobial drugs (Bio‐Rad) and interpreted according to the EUCAST clinical guide‐
lines (http://www.eucast.org/clinical_breakpoints/). Multiresistant serovars were Chester, 
Kentucky, and Typhimurium. The most multiresistant serotype identified in this study was 
Typhimurium with a pattern of multiresistance to 18 antibiotics.
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All these data showed that wastewater is a tank of a wide variety of Salmonella enterica serovars and 
ABR patterns. Other data showed that multiresistant bacteria have been detected extensively in 
wastewater samples which pass through WWTPs and arrive to the receiving environment [14, 40, 
44]. Consequently, this problem is of great concern for the wastewater management of coastal cities 
because multiresistant bacteria have become a significant public health problem. The caused infec‐
tion is much more difficult to be treated because the panel of effective antibiotics will be reduced.

8. Conclusions

 ‐ Conventional wastewater treatment without efficient tertiary treatment, like filtration or dis‐
infection by UV, is generally insufficient and consequently constitutes a risk for public health.

 ‐ Wastewater is an ideal tank of high diversity of Salmonella serotypes and ABR patterns 
which usually end up in the marine environment in coastal cities.

 ‐ The presence of the same major Salmonella serovars simultaneously in sewage and in the 
marine environment confirms that the principal source of contamination of marine envi‐
ronment by Salmonella is wastewater discharges.

 ‐ Improvement in the efficiency of treating antibiotics residues in WWTPs is the first line 
of defense against the potential ecological impacts of these chemicals in the environment.

 ‐ On the one hand, wastewater treatment must adopt effective methods for treatment, and on 
the other hand, there should be a rigorous approach for surveillance and monitoring effluents 
before and after treatment and discharge into the environment.
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Abstract

In this chapter, we propose a mathematical epidemic model, with integer and fractional
order to describe the dynamics of Salmonella infection in animal herds. We investigate
the qualitative behaviors of such model and find the conditions that guarantee the
asymptotic stability of disease-free and endemic steady states. To assess the severity of
the outbreak, as well as the strength of the medical and/or behavioral interventions
necessary for control, we estimate basic reproduction number R0. This threshold param-
eter specifies the average number of secondary infections caused by one infected indi-
vidual during his/her entire infectious period at the start of an outbreak. We also
provide an unconditionally stable implicit scheme for the fractional-order epidemic
model. The theoretical and computational results give insight into the modelers and
infectious disease specialists.

Keywords: basic reproduction number, Salmonella infection, SIRC epidemic model,
stability

1. Introduction

Mathematical epidemic models, for Salmonella infections, provide a comprehensive framework
for understanding the disease transmission behaviors and for evaluating the effectiveness of
different intervention strategies [1, 2]. We recall here that the Salmonella infection, a major
zoonotic disease, is transmitted between humans and other animals. Reports conducted by
the National Center for Emerging and Zoonotic Infectious Diseases (NCEZID) revealed that
the number of people infected by Salmonella, over the past few years, has remained increasing.
The most commonly developed symptoms of Salmonella include diarrhea, fever, and abdomi-
nal cramps that appear 12–72 hours after infection. The infected people usually recover
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without medical aid within a period of 4–7 days [3, 4]. However, hospitalization may be
needed for some infected people in the case of severe diarrhea. Salmonella is found living in
the intestinal tracts of not only humans but also other creatures such as birds. The transmission
of bacterium to humans occurs through the ingestion of food that has been contaminated with
animal feces. These contaminated foods are commonly from an animal source, such as beef,
poultry, milk, or eggs [5]. However, vegetables and other foods may also become contami-
nated. Additionally, foods that have been contaminated are almost impossible to detect while
eating, due to their normal taste and smell. Therefore, Salmonella is considered as a serious
problem for the public health throughout the world. There are no doubts that mathematical
modeling of Salmonella infection plays an important role in gaining understanding of the
transmission of the disease in a specific environment and to predict the behavior of any
outbreak. Furthermore, mathematical analysis leads to determining the nature of equilibrium
states and to suggest recommended actions to be taken by decision makers to control the
spreading of the disease. The objective of this work is to adopt the fractional-order epidemic
model to describe the dynamics of Salmonella infections in animal herds.

Fractional-order (or free-order) differential models have been successfully applied to sys-
tem biology, physics, chemistry, and biochemistry, hydrology, medicine, and finance (see,
e.g., [6–12] and the references therein). In many cases, they are more contestant with the
real phenomena than the integer-order models, because the fractional derivatives and
integrals enable the description of the memory and hereditary properties inherent in
various materials and processes. Hence, there is a growing need to study and use the
fractional-order differential and integral equations in epidemiology and biological systems
with memory [13]. However, analytical and closed solutions of these types of fractional
equations cannot generally be obtained. As a consequence, approximate and numerical
techniques are playing an important role in identifying the solution behavior of such
fractional equations and exploring their applications (see, e.g., [14–16] and the references
therein).

A large number of work done on modeling biological systems have been restricted to
integer-order ordinary (or delay) differential equations (see, e.g., [17–22]). In Ref. [23], the
authors proposed the classical Susceptible-Infected-Recovered (SIR) model. The authors in Ref.
[24] introduced a new compartment into the SIR model, which is called cross-immune
compartment to be called SIRC model. The added compartment cross-immune CðtÞ
describes an intermediate state between the fully susceptible SðtÞ and the fully protected
RðtÞ one. A fractional-order SIRC model of influenza, a disease in human population, was
discussed in Ref. [25]. In the present chapter, we consider the fractional-order SIRC model
associated with evolution of Salmonella infection in animal herds. However, we will take into
account the disease-induced mortality rate m in the model. Qualitative behavior of the
fractional-order SRIC model is then investigated. Numerical simulations of the fractional-
order SRIC model are provided to demonstrate the effectiveness of the proposed method by
using implicit Euler's method.

Definitions of fractional-order integration and fractional-order differentiation/integration are
given in Appendix.
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2. Construction of the model

Assume that the Salmonella infection spreads in animal herds which are grouped as four
compartments, according to their infection status: SðtÞ is the proportion of susceptible at time
t (individuals that do not have the infection), IðtÞ is the proportion of infected individuals (that
have the infection), RðtÞ is the proportion of recovered individuals (that recovered from the
infection and have temporary immunity), and CðtÞ is the proportion of cross-immune individ-
uals at time t. The total number of animals in the herd is given by N ¼ Sþ I þ Rþ C. We
consider that initially all the animals are susceptible to the infection. Once infected, a suscepti-
ble individual leaves the susceptible compartment and enters the infectious compartment
where it then becomes infectious. The infected animals pass into the recovered compartment.
After recovery from an infection animals, the individuals enter a new class CðtÞ. Therefore, we
consider the disease transmission model consists of nonnegative initial conditions together
with system of equations.

_SðtÞ ¼ μN þ ηCðtÞ−ðβIðtÞ þ μÞSðtÞ;
_IðtÞ ¼ βSðtÞIðtÞ þ σβCðtÞIðtÞ−ðθþmþ μÞIðtÞ;
_RðtÞ ¼ ð1−σÞβCðtÞIðtÞ þ θIðtÞ−ðμþ δÞRðtÞ;
_CðtÞ ¼ δRðtÞ−βCðtÞIðtÞ−ðηþ μÞCðtÞ:

(1)

Here 0:′ ¼ D ¼ d
dt. The parameter μ denotes the mortality rate in every compartment and is

assumed to equal the rate of newborns in the population. β is the contact rate and also called

the transmission rate for susceptible to be infected. η−1 is the cross-immune period, while θ−1 is

the infectious period and δ−1 is the total immune period. σ represents the fraction of the
exposed cross-immune individuals who are recruited in a unit time into the infective subpop-
ulation [24, 26]. The presented model (1) differs from existing model, we assume a disease
induced mortality rate m; see the diagram of Figure 1.

2.1. Fractional-order SIRC epidemic model

Most of biological systems have long-range temporal memory. Modeling of such systems by
fractional-order (or arbitrary order) models provides the systems with long-time memory and

Figure 1. Schematic diagram of SIRC epidemic model for Salmonella infection.
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gains them extra degrees of freedom [27]. A large number of mathematical models, based on
ordinary and delay differential equations with integer-orders, have been proposed in modeling
the dynamics of epidemiological diseases [18, 20, 28, 29]. In recent years, it has turned out that
many phenomena in different fields can be described very successfully by models using fractional-
order differential equations (FODEs) [13, 6, 27]. This is due to the fact that fractional derivatives enable
the description of the memory and hereditary properties inherent in various processes. Herein, we
replace the integer-order of the model (1) into a fractional-order (or free-order) and assume that
sðtÞ ¼ SðtÞ=N;  iðtÞ ¼ SðtÞ=N;  rðtÞ ¼ RðtÞ=N;  cðtÞ ¼ CðtÞ=N, where N is the total number of popu-
lation. Then the model with a fractional-order α (0 < α ≤ 1) takes the form

DαsðtÞ ¼ μþ ηcðtÞ−ðβiðtÞ þ μÞsðtÞ;
DαiðtÞ ¼ βsðtÞiðtÞ þ σβcðtÞiðtÞ−ðθþmþ μÞiðtÞ;
DαrðtÞ ¼ ð1−σÞβcðtÞiðtÞ þ θiðtÞ−ðμþ δÞrðtÞ;
DαcðtÞ ¼ δrðtÞ−βcðtÞiðtÞ−ðη þ μÞcðtÞ:

(2)

Here,

Dαf ðtÞ ¼ 1
Γðn−αÞ

d
dt

 nðt

0
ðt−sÞα−n−1f ðsÞds: (3)

When 0 < α ≤ 1,

Dαf ðtÞ ¼ 1
Γð1−αÞ

ðt

0

f ′ðsÞ
ðt−sÞα ds: (4)

(The initial conditions sð0Þ ¼ s0, ið0Þ ¼ i0, rð0Þ ¼ r0 should be given.) We note that the fractional
derivatives involve an integration and are nonlocal operators, which can be used for modeling
systems with memory; see the Appendix.

2.2. Stability criteria for the epidemic SIRC model (2)

To find the equilibria of the model (2), we put DαsðtÞ ¼ DαiðtÞ ¼ DαrðtÞ ¼ DαcðtÞ ¼ 0. We have
disease-free (infection-free) equilibrium state E0 and endemic equilibrium state Eþ:

E0 ¼ ð1; 0; 0; 0Þ  and  Eþ ¼ ðs;i;r;cÞ; (5)

where

s ¼ θþmþ μ
β

−σð δθi

ðμþ δσÞβi þ ðμþ δÞðμþ ηÞÞ;

r ¼ θiðβi þ ηþ μÞ
ðμþ δσÞβi þ ðμþ δÞðμþ ηÞ ;

c ¼ θδi

ðμþ δσÞβi þ ðμþ δÞðμþ ηÞ :

(6)

The positive endemic equilibrium Eþ ¼ ðs;i;r;cÞ satisfies Eq. (2) and i is the positive root of
A1i2 þ A2i þ A3, where
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A1 ¼ −β2½mðμþ δσÞ þ μðθþ μþ δσÞ;
A2 ¼ β½βμðμþ δσÞ þ ηθδ−ðθþmþ μÞ½ðμþ δÞðμþ ηÞ þ ðμþ δσÞ þ μδθ;
A3 ¼ βμðμþ δÞðμþ ηÞ 1−

θþmþ μ
β

  
:

(7)

The Jacobian matrix of the model (2) is

J ¼

−βiðtÞ−μ −βsðtÞ 0 η
βiðtÞ βsðtÞ þ σβcðtÞ−ðθþmþ μÞ 0 σβiðtÞ
0 ð1−σÞβcðtÞ þ θ −ðμþ δÞ ð1−σÞβiðtÞ
0 −βcðtÞ δ −βiðtÞ−ðηþ μÞ

0
BBB@

1
CCCA: (8)

2.3. The reproduction number R0

The basic reproduction number1 R0 that includes the indirect transmission may be obtained
using next-generation matrix method [30]. The spectral radius of the next generation matrix
ðFV−1Þ, which is the dominant eigenvalue of the same matrix, gives the value of R0. Then, the
basic reproductive number R0 is obtained by the form

R0 ¼ ρðFV−1Þ; (9)

where the matrices F ¼ ∂ℱiðxÞ
∂xj

h i
x¼x0

and V ¼ ∂V iðxÞ
∂xj

h i
x¼x0

. ℱiðxÞ, where x is the set of all disease-

free states in the compartment i, is the rate of appearance of new infections in the compartment
i, and ViðxÞ is the net transfer rate (other than infections) of the compartment i. The net transfer
rate is given by V i ¼ V−

i −V
þ
i ; where V−

i is the rate of transfer of individuals out of the compart-
ment i and Vþ

i is the rate of transfer of individuals into the compartment i by all other means.
Therefore, the disease transmission model consists of nonnegative initial conditions, xið0Þ,
together with the following system of equations:

x′j ¼ f jðxÞ≡ℱjðxÞ−V j;  j≥1: (10)

From the model (2), we have

F ¼

∂ℱ1

∂iðtÞ
∂ℱ1

∂rðtÞ
∂ℱ2

∂iðtÞ
∂ℱ2

∂rðtÞ

0
BB@

1
CCA ¼ βs 0

0 0

 
,

V ¼

∂V1

∂iðtÞ
∂V1

∂rðtÞ
∂V2

∂iðtÞ
∂V2

∂rðtÞ

0
BB@

1
CCA ¼

θþmþ μ 0
−θ μþ δ

 
:

(11)

Since we have only two distinct stages namely IðtÞ and RðtÞ; it follows that both F and V are 2· �2
square matrices. Furthermore, it can be noticed that F is nonnegative and V is nonsingular. The

1The number of individuals infected by a single infected individual placed in a totally susceptible population.
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basic reproductive number R0 is the dominant eigenvalue of the matrix FV−1, which is obtained
by solving the characteristic equation ðFV−1ÞI−ΛI ¼ 0 where Λ is the eigenvalue and IðtÞ is the
identity matrix. At the disease-free equilibrium, E0 ¼ ð1; 0; 0; 0Þ, we have

R0 ¼
β

θþmþ μ
: (12)

The following theorem states that R0 is a threshold parameter for the stability of the model (2).

Theorem 1 The disease-free equilibrium is locally asymptotically stable and the infection will die out if
R0 < 1 and is unstable if R0 > 1. Conversely, the endemic equilibrium Eþ is stable when R0 > 1 and

ai > 0;  i ¼ 1; 2; 3; 4;    a1a2−a3 > 0    and    a1a2a3−a21a4−a
2
3 > 0; (13)

where

a1 ¼ ðD1 þD3 þD5Þ;
a2 ¼ ðD1D3−D4δþD1D5 þD3D5 þ β2is þ σβ2ciÞ;
a3 ¼ ðD1D3D5−D1D4δþD3β2is þD5β2is þ β2cηi−D2σβδiþ

σβ2D1ci þ σD3β2ciÞ;
a4 ¼ D3D5β2is−D2βδηi þD3β2cηi−D4β2δis−σβδD1D2i þ σD1D3β2ci;

(14)

and

D1 ¼ βiþ μ;
D2 ¼ ð1−σÞβc þ θ;
D3 ¼ ðμþ δÞ;
D4 ¼ ð1−σÞβi;
D5 ¼ βi þ ðηþ μÞ;
D5 ¼ βi þ μ:

(15)

Proof The disease-free equilibrium is locally asymptotically stable if all the eigenvalues, λi

i ¼ 1; 2; 3; 4: of the Jacobian matrix, JðE0Þ satisfy the following condition

jargðλiÞj >
απ
2

: (16)

where

JðE0Þ ¼
−μ −β 0 η
0 β−ðθþmþ μÞ 0 0
0 0 −ðμþ δÞ 0
0 0 δ −ðηþ μÞ

0
BB@

1
CCA: (17)

The eigenvalues of the Jacobian matrix JðE0Þ are

λ1 ¼ −μ;  λ2 ¼ β−ðθþmþ μÞ;  λ3 ¼ −ðμþ δÞ;  λ4 ¼ −ðηþ μÞ: (18)

Hence E0 is locally asymptotically stable if R0 < 1 and is unstable if R0 > 1.
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Now, we extend the analysis to endemic equilibrium Eþ. The Jacobian matrix JðEþÞ evaluated
at the endemic equilibrium is

JðEþÞ ¼
−βi−μ −βs 0 η
βi βs þ σβc−ðθþmþ μÞ 0 σβi

0 ð1−σÞβc þ θ −ðμþ δÞ ð1−σÞβi
0 −βc δ −βi−ðηþ μÞ

0
BB@

1
CCA; (19)

with characteristic equation

λ4 þ a1λ3 þ a2λ2 þ a3λþ a4 ¼ 0: (20)

Using Routh-Hurwitz stability criteria [31], the endemic equilibrium Eþ is locally asymptoti-
cally stable provided that

ai > 0;i ¼ 1; 2; 3; 4;    a1a2−a3 > 0    and    a1a2a3−a21a4−a
2
3 > 0: (21)

This completes the proof.

3. Numerical method and simulations

Since most of the FODEs do not have exact analytic solutions, so approximation and numerical
techniques must be used. In addition, most of resulting biological systems are stiff,2 therefore,
efficient use of a reliable numerical method for dealing with such problems is necessary. In this
section, we provide an implicit scheme to approximate the solutions of the fractional-order
epidemic model. We also verify that the approximate solution is stable and convergent.

Consider a biological system, with fractional-order, of the form

  DαyðtÞ ¼ f ðt;yðtÞÞ; t∈ ½0;T;
yðkÞð0Þ ¼ yðkÞð0Þ; k ¼ 0; 1; 2;…;m−1:

0 < α ≤ 1 (22)

Here, yðtÞ ¼ ½y1ðtÞ;y2ðtÞ;…;ynðtÞ
T and f ðt;yðtÞÞ satisfy the Lipschitz condition

∥f ðt;yðtÞÞ−f ðt;xðtÞÞ∥ ≤K∥yðtÞ−xðtÞ∥;  K > 0; (23)

where xðtÞ is the solution of the perturbed system.

Theorem 2 The FODE (22) has a unique solution if Lipschitz condition (23) is satisfied and

2One definition of the stiffness is that the global accuracy of the numerical solution is determined by stability rather than
local error and implicit methods are more appropriate for it.

Dynamics of Salmonella Infection
http://dx.doi.org/10.5772/67284

157



M ¼ KTα

Γðαþ 1Þ < 1: (24)

Proof One can apply the fractional integral operator (given in the Appendix) to the differential
Eq. (22) and incorporate the initial conditions. Thus, Eq. (22) can be expressed as

yðtÞ ¼
Xm−1

k¼0

yðkÞ0
tk

k!
þ 1
ΓðαÞ

ðt

0
ðt−sÞα−1f ðs;yðsÞÞds: (25)

which is a Volterra equation of the second kind. Define the operator ℒ, such that

ℒyðtÞ ¼
Xm−1

k¼0

yðkÞ0
tk

k!
þ 1
ΓðαÞ

ðt

0
ðt−sÞα−1f ðs;yðsÞÞds:: (26)

Then, we have

∥ℒyðtÞ−ℒxðtÞ∥ ≤ 1
ΓðαÞ

ðt

0
ðt−sÞα−1∥f ðs;yðsÞÞ−f ðs;xðsÞÞ∥ds

≤
K

ΓðαÞ

ðt

0
ðt−sÞα−1 sup

s∈ ½0;T
jyðsÞ−xðsÞjds

≤
K

ΓðαÞ ∥y−x∥
ðt

0
sα−1ds

≤
KTα

Γðαþ 1Þ ∥y−x∥T
α:

(27)

Then, we have

∥ℒyðtÞ−ℒxðtÞ∥ ≤M∥y−x∥: (28)

Using the Banach contraction principle, we can prove that that ℒ has a unique fixed point
which means that the problem has a unique solution. □

Many efficient numerical methods have been proposed to solve the FODEs [14, 32]. Among
them, the so-called predictor-corrector algorithm is a powerful technique for solving the
FODEs, and considered as a generalization of the Adams-Bashforth-Moulton method. The
modification of the Adams-Bashfourth-Moulton algorithm is proposed by Diethelm [14, 33–
34] to approximate the fractional-order derivative. However, the converted Volterra integral
equation (25) is with a weakly singular kernel, such that regularization is not necessary
anymore. In our case, the kernel may not be continuous, and therefore the classical numerical
algorithms for the integral part of Eq. (25) are unable to handle the solution of Eq. (22).
Therefore, we implement the implicit Euler's scheme to approximate the fractional-order
derivative.

Given fractional-order model (Eq. (22)) and mesh points T ¼ {t0;t1;…;tN}, such that t0 ¼ 0 and
tN ¼ T. Then a discrete approximation to the fractional derivative can be obtained by a simple

Current Topics in Salmonella and Salmonellosis158



M ¼ KTα

Γðαþ 1Þ < 1: (24)

Proof One can apply the fractional integral operator (given in the Appendix) to the differential
Eq. (22) and incorporate the initial conditions. Thus, Eq. (22) can be expressed as

yðtÞ ¼
Xm−1

k¼0
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quadrature formula, using the Caputo fractional derivative (42) of order α, 0 < α ≤ 1, and using
implicit Euler's approximation as follows (see [15]):

Dα
xiðtnÞ ¼

1
Γð1−αÞ

ðt

0

dxiðsÞ
ds

ðtn−sÞ−αds

≈
1

Γð1−αÞ
Xn

j¼1

ðjh

ðj−1Þh

xji−x
j−1
i

h
þOðhÞ

" #
ðnh−sÞ−αds

¼ 1
ð1−αÞΓð1−αÞ

Xn

j¼1

xji−x
j−1
i

h
þOðhÞ

" #
½ðn−jþ 1Þ1−α−ðn−jÞ1−αgh1−α

¼ 1
ð1−αÞΓð1−αÞ

1
hα

Xn

j¼1

½xji−x
j−1
i ½ðn−jþ 1Þ1−α−ðn−jÞ1−αþ

   
1

ð1−αÞΓð1−αÞ
Xn

j¼1

½xji−x
j−1
i ½ðn−jþ 1Þ1−α−ðn−jÞ1−αOðh2−αÞ:

(29)

Setting

Gðα;hÞ ¼ 1
ð1−αÞΓð1−αÞ

1
hα

;and  ωα
j ¼ j1−α−ðj−1Þ1−α;  ðwhere  ωα

1 ¼ 1Þ; (30)

then the first-order approximation method for the computation of Caputo's fractional deriva-
tive is then given by the expression

Dα
xiðtnÞ ¼ Gðα;hÞ

Xn

j¼1

ωα
j ðx

n−jþ1
i −xn−ji Þ þOðhÞ: (31)

From the above analysis and numerical approximation, one arrives at the following Remark.

Remark 1 The presence of a fractional differential order in a differential equation can lead to a notable
increase in the complexity of the observed behavior, and the solution continuously depends on all the
previous states.

3.1. Stability and convergence

Here, we prove that the suggested numerical scheme of implicit difference approximation
(Eq. (31)) is unconditionally stable. It follows then that the numerical solution converges to
the exact solution as h ! 0.

In order to study the stability of the numerical method, let us consider a test problem of linear
scaler fractional differential equation

  Dα
uðtÞ ¼ ρ0uðtÞ þ ρ1;  uð0Þ ¼ u0: (32)

such that 0 < α ≤ 1, and ρ0 < 0, ρ1 > 0 are constants.
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Theorem 3 The fully implicit numerical approximation (31), to test problem (32) for all t≥0, is
consistent and unconditionally stable.

Proof We assume that the approximate solution of Eq. (32) is of the form uðtnÞ≈Un≡ζn, then
Eq. (32) can be reduced to

  1−
ρ0

Gα;h

 
ζn ¼ ζn−1 þ

Xn

j¼2

ωðαÞ
j ðζn−j−ζn−jþ1Þ þ ρ1=Gα;h   ;    n ≥ 2: (33)

Or

  ζn ¼
ζn−1 þ

Xn

j¼2

ωðαÞ
j ðζn−j−ζn−jþ1Þ þ ρ1=Gα;h

ð1− ρ0
Gα;h

Þ
;    n ≥ 2: (34)

Since 1− ρ0
Gα;h

 
≥1 for all Gα;h, then

ζ1 ≤ ζ0; (35)

ζn ≤ ζn−1 þ
Xn

j¼2

ωðαÞ
j ðζn−j−ζn−jþ1Þ;    n ≥ 2: (36)

Thus, for n ¼ 2, the above inequality implies

ζ2 ≤ ζ1 þ ωðαÞ
2 ðζ0−ζ1Þ: (37)

Using the inequality (35) and the positivity of the coefficients ω2, one gets

ζ2 ≤ ζ1: (38)

Repeating the process, we have from Eq. (36)

ζn ≤ ζn−1 þ
Xn

j¼2

ωðαÞ
j ðζn−j−ζn−jþ1Þ ≤ ζn−1: (39)

Since each term in the summation is negative. Thus ζn ≤ ζn−1 ≤ ζn−2 ≤… ≤ ζ0. With the assump-

tion that ζn ¼ jUnj ≤ ζ0 ¼ jU0j; which entails ∥Un∥ ≤ ∥U0∥ and we have stability.

The above numerical technique can then be used both for both linear and nonlinear problems,
and it may be extended to multiterm FODEs.

3.2. Numerical simulations

The approximate solutions of epidemic model (2) are displayed in Figures 2–4, and sensitivity
of R0 to transmission coefficients is displayed in Figure 5. The numerical simulations are
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performed by Euler's implicit scheme discussed in Section 3. We choose different fractional-
order values (0:5 < α < 1), and parameter values given in Table 1. The displayed solutions in
Figure 4 confirm that the fractional order of the derivative plays the role of time-delay (or
memory) in the system.

Figure 2. Numerical simulation of the fractional-order epidemic model (2), when α ¼ 0:8, and R0 > 1 (Each infected
individual infects more than one other member of the population and a self-sustaining group of infectious individuals
will propagate), with parameter values of Table 1.

Figure 3. Phase plane portrait for the fractional-order endemic model (2), in absence of CðtÞ and RðtÞ components, when
α ¼ 0:7 (left) and α ¼ 0:9 (right) with R0 ¼ 0:5 < 1. We note that solution paths approach the disease-free equilibrium
E0 ¼ ð1; 0; 0Þ.
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Figure 4. Phase plane portrait for the classic fractional-order endemic model (2) when α ¼ 1 (left) and α ¼ 0:9 (right) with
R0 ¼ 1:2 > 1. We note that solution paths approach the endemic equilibrium Eþ given by Eq. (5).

Figure 5. Sensitivity of R0 with respect to the transmission coefficients β and θ.

Parameter Description Value Reference

μ Replacement and exit rate (day−1) 0.011 [35]

β Transmission rate of susceptible to be infected (animal−1 day−1) 0.15 [35]

θ Recovery rate of infected animals day−1 0.16 Assumed

m Disease-induced mortality rate (day−1) 0.041 Assumed

η Cross-immune period 0.5 [36]

σ The average reinfection probability of CðtÞ 0.06 Assumed

δ The average time of appearance of new dominant clusters 1 Assumed

N The total number of population 345 Assumed

Table 1. List of parameters.
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4. Discussion and conclusion

In this chapter, we provided a fractional-order SIRC epidemic model with Salmonella infection.
The model provides a comprehensive framework for understanding the disease transmission
behaviors, as well as for evaluating the effectiveness of different intervention strategies. We
derived the sufficient conditions to preserve the asymptotical stability of disease-free and
endemic steady states. The threshold parameter (reproduction number) R0 has been evaluated
in terms of contact rate, recovery rate, and other parameters in the model. The threshold
parameter R0 is very sensitive to transmission coefficients β and θ that reflects that these
parameters play an important role to assess the strength of the medical and behavioral inter-
ventions necessary for control. We provided an unconditionally stable method, using Euler's
implicit method for the fractional-order differential system. The solution of a fractional-order
model at any time t continuously depends on all the previous states at t ≤ t.

It has been found that fractional-order dynamical models are more suitable to model biological
systems with memory than their integer-orders. The presence of a fractional differential order
into a corresponding differential equation leads to a notable increase in the complexity of the
observed behavior. However, fractional-order differential models are as stable as their integer-
order counterpart.
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Appendix

Let L1 ¼ L1½a;b be the class of Lebesgue integrable functions on ½a;b, a < b < ∞.

Definition 1 The fractional integral of order β∈ℝþ of the function f ðtÞ, t > 0 (f : ℝþ ! ℝ) is defined
by

Iνa f ðtÞ ¼
ðt

a

ðt−sÞν−1
ΓðνÞ f ðsÞds;  t > 0: (40)

The fractional derivative of order α∈ ðn−1;nÞ of f ðtÞ is defined by two ways:

• Riemann-Liouville fractional derivative: Take fractional integral of order ðn−αÞ and then take nth

derivative,

• Caputo fractional derivative: Take nth derivative and then take a fractional integral of order ðn−αÞ

Dα
a f ðtÞ ¼ Dn

a I
n−α
a f ðtÞ;  Dn

 ¼ dn

dtn
;  n ¼ 1; 2;… (41)

Dα
a f ðtÞ ¼ In−αa Dn

a f ðtÞ;  n ¼ 1; 2;…: (42)
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We notice that the definition of time-fractional derivative of a function f ðtÞ at t ¼ tn involves an
integration and calculating time-fractional derivative that requires all the past history, i:e:, all
the values of f ðtÞ from t ¼ 0 to t ¼ tn. Caputo's definition, which is a modification of the
Riemann-Liouville definition, has the advantage of dealing properly with initial value prob-
lems. The following Remark addresses some of the main properties of the fractional deriva-
tives and integrals (see [12, 36–39]).

Remark 2 Let ν;γ∈ℝþ and α∈ ð0; 1Þ. Then

i. If Iνa : L
1 ! L1 and f ðtÞ∈ L1, then IνaI

γ
a f ðtÞ ¼ Iνþγ

a f ðtÞ;

ii. limν!nIνa f ðxÞ ¼ Ina f ðtÞ uniformly on ½a;b, n ¼ 1; 2; 3;…, where I1a f ðtÞ ¼
ðt

0
f ðsÞds;

iii. limν!0Iνa f ðtÞ ¼ f ðtÞ weakly;

iv. If f ðtÞ is absolutely continuous on ½a;b, then limα!1Dα
 f ðtÞ ¼

df ðtÞ
dt ;

v. Thus Dα
 f ðtÞ ¼ d

dt I
1−α
 f ðtÞ (Riemann-Liouville sense) and Dα

 f ðtÞ ¼ I1−α
d
dt f ðtÞ (Caputo sense).

The generalized mean value theorem and another property are defined in the following
Remark [40].

Remark 3

i. Suppose f ðtÞ∈C½a;b and Dα
 f ðtÞ∈Cða;b for 0 < α ≤ 1, then we have

f ðtÞ ¼ f ðaÞ þ 1
ΓðαÞD

α
 f ðξÞðt−aÞ

α;  with  a < ξ < t  ∀  t∈ ða;b: (43)

ii. If (i) holds, and Dα
 f ðtÞ≥0 ∀  t∈ ½a;b, then f ðtÞ is nondecreasing for each t∈ ½a;b. If Dα

 f ðtÞ ≤ 0
∀  t∈ ½a;b, then f ðtÞ is nonincreasing for each t∈ ½a;b.
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Abstract

Fruits and vegetables are important for a healthy diet. However, when eaten raw 
and contaminated with human pathogens (HPs) they may cause a disease outbreak. 
Contamination with HPs can occur along the entire farm-to-fork production chain 
and Salmonella enterica is one of the most common foodborne pathogens. A range of 
biotic and abiotic environmental factors can influence the complex interactions between 
Salmonella and plants. Moreover, the outcome of experiments largely depends on the 
experimental design and parameters or methods employed, and on top, on the accom-
panying plant microbiome and the genetic equipment of the plant and the Salmonella 
strain. Particularly mobile genetic elements contribute to the diversification and adap-
tation of Salmonella to the plant environment. So far, little is known about the key pro-
cesses and factors influencing the attachment and potential internalization of Salmonella 
in plants and the plant specific responses. It is therefore important to better under-
stand the ecology of Salmonella in the soil and plant environment, in order to propose 
practicable recommendations for prevention of foodborne diseases. This also requires 
improved sensitivity and specificity of detection methods. In this chapter, we present 
the current knowledge, research needs, and methodology regarding the complex inter-
actions between Salmonella and plants.

Keywords: Salmonella enterica, plant, biofilm, colonization mechanisms, interaction

1. Introduction

The natural microbiome of plants includes a wide diversity of microorganisms and 
is a key determinant of plant health and productivity, e.g., by supporting the uptake 
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of mineral  nutrients in roots or suppressing pathogen growth and inducing the host-
immune system [1–3]. Due to its relevance, the plant microbiome (totality of microor-
ganisms associated with the plant) is even called the second plant genome. Because 
of the tight interplay between plants and their epiphytic and endophytic microorgan-
isms the terms holobiont and meta-organisms are used as well. The plant microbiome 
is important not only for plant growth and health, but is also positively influencing 
human health [4]. However, besides positive effects on human health plants can also be 
carriers of bacterial HPs.

Salmonella is one of the major causal agents of foodborne gastroenteritis and represents a 
major threat to public health. It is estimated that each year 93.8 million cases of salmonellosis 
occur globally (86% of which foodborne), with 155,000 deaths [5]. Consumption of raw plants 
is more and more recognized as a source for HPs and associated with disease outbreaks in 
several countries. The number of outbreaks linked to fresh produce, spices, and nuts sur-
passed those linked to foods of animal origin [6]. Sources of HPs in the production chain 
and factors contributing to the contamination of fruits and vegetables include for example 
the application of organic fertilizers such as animal manures, contaminated irrigation water, 
insect and animal vectors but also the use of contaminated seeds [7]. Enterobacteriaceae such 
as Erwinia, Serratia, and Pantoea belong to bacteria typically associated with the phyllosphere 
[8–10]. However, it is not completely understood how Salmonella persists in the plant envi-
ronment and which environmental factors trigger its survival. In this chapter, we discuss 
factors influencing the survival of Salmonella in the agricultural environment as well as adap-
tations that allow successful colonization of plants, such as attachment, biofilm formation, 
and internalization.

2. Contamination of fresh produce

Besides contaminated animal products, Salmonella outbreaks are increasingly associated with 
fruits and vegetables. Already on the field, plants may be contaminated via soil or irrigation, 
especially if watered with surface water [11–14]. Salmonella has been shown to persist in vari-
ous ecological niches in soil as well as in irrigation water and fertilizers [15–17]. In this context, 
the watering system and the agricultural practices seem to play a key role in the prevention 
of contamination with human pathogens. For instance, lettuce plants were more likely to be 
contaminated with Escherichia coli when watered using overhead sprinklers when compared 
to subsurface drip or surface furrow irrigation [18]. Besides, even noncontaminated rain‐sized 
water droplets could transfer HPs from contaminated soil or plants to other plants [19].

Organic fertilizers like manure, biogas plant digestates and sewage sludge offer an additional 
route for contamination of fresh produce. Similarly, animals like birds, game, mice, or insects 
can contribute to the contamination of fresh produce directly or indirectly via feces or irriga-
tion water [7, 14, 20]. Often underestimated are soil particles, which can be carried by the 
wind over long distances and contribute to the transient of microbiome between plants [8]. 
Hence, wind-caused spread of HPs should also be considered. Contaminated plant residues 
might constitute additional risk if incorporated into soil before the planting of next crop. 
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The infection of plants is essentially dependent on the ability of HPs to survive and persist 
in the agricultural environment. Salmonella, for example, was shown to survive in soil for 
more than 200 days if the soil was fertilized [21, 22]. The survival of diverse bacteria newly 
introduced into soil has been subject of research for many years [23], and the mechanisms that 
govern this process, compared often to microbial invasion, were described in many studies 
(recently reviewed by [24]). In order to survive in the soil, HPs need to find an adequate eco-
logical niche in which they can establish. Furthermore, their ability to do so and to survive for 
extended time increased when the indigenous microbial community was reduced as a result 
of, for example, sterilization [25]. In addition, the survival of microorganisms that success-
fully invaded the soil is highly dependent on the environmental heterogeneity [26–28].

Contamination of fresh produce with HPs like Salmonella, can occur before the harvest and 
also along the whole production chain [11, 14]. Since the epidemiological investigations start 
very often long time after the contamination or the harvest, it is very challenging to assess 
whether the contamination took place in the field or occurred “post‐harvest” during the pro-
cessing. Consequently in the majority of cases, the information available does not necessarily 
reveal the real causes of contamination [29].

3. Epidemiology of Salmonella in agricultural systems

Fresh produce contaminated with Salmonella can easily trigger a salmonellosis outbreak, and 
despite the difficulties with identification, in the past years fresh produce were repeatedly 
identified as the outbreak source. Among the outbreaks in the USA, Salmonella is the lead-
ing cause of the fresh produce‐originated foodborne diseases [30]. The available data are 
depending on the procedures and records in particular countries. At least 12 large, fresh pro-
duce-related Salmonella outbreaks have been reported since 2010, an overview of international 
outbreaks with more than 100 associated cases is presented in Table 1.

Although fruits and vegetables were identified as source of human pathogens, it is not clear 
whether the plants were colonized in the field or during processing. Salmonella may live 
epiphytically or be internalized through wounds, the root system, stomata, or hydathodes 
(see below). Additionally, Salmonella can be entrapped in fruits or seeds after contamination 
of flowers [31, 32]. Moreover, large outbreaks can be destructive to consumer's confidence 
which results in economic losses [33, 34]. Therefore, the research on the ecology of HPs like 
Salmonella in relation to farming and harvesting practices is very important for human health 
and also for the economy.

4. Factors influencing the survival of Salmonella in soil

Successful establishment of human pathogenic bacteria in soil depends on a variety of biotic 
and abiotic factors (see Figure 1 for an overview). Numerous studies, carried out under dif-
ferent conditions, showed that among them are weather or atmospheric conditions like tem-
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perature, UV radiation, and moisture content of the soil [7, 35]. In general, temperature has 
an important effect on growth and decay rates of bacteria. Most studies examined the influ-
ence of temperature on survival of enteric bacteria under isothermal conditions, showing a 
generally reduced survival of Salmonella in soil with increasing temperature and, accordingly 
a better persistence in soil at lower temperatures [36, 37]. Semenov et al. [38] analyzed how 
temperature fluctuations affect Salmonella enterica serovar Typhimurium (S. Typhimurium) 
in cow manure and demonstrated increased decay rates with increasing amplitudes of daily 
oscillations. Besides temperature, water availability is a key factor for Salmonella to survive in 
the environment. Humidity in soil depends on rainfall and watering as well as on evaporation. 
Soil moisture also depends on soil properties like clay content or pore size. In general, it seems 
that survival of Salmonella in soil is promoted by high humidity while water shortage has a 
detrimental influence on persistence, probably due to drought stress [39–41]. The soil type 
and its physical and chemical characteristics have a strong influence on the fate of bacterial 
HPs. Those characteristics include texture and particle size  distribution, which affect adsorp-
tion of Salmonella to soil particles. The soil type determines the extent of Salmonella leaching, 
if the bacteria are applied to the soil surface via contaminated slurry or manure as shown by 
Bech et al. [42]. In this study, percolation of S. Typhimurium was more  pronounced in loamy 

Salmonella Serovar Vector Year Country Cases/serovar 
confirmed

Reference

S. Newport Tomatoes 2015 USA 115/81 [112]

S. Poona Cucumbers 2015‐16 USA 907/907 [113]

Unknown Onions, tomatoes 2015 USA 200/0 [114]

S. Enteriditis Sprouts,
beans

2014 USA 115/0 [113]

S. Newport Cucumbers 2014 USA 275/0 [113]

S. Typhimurium Cantaloupe 2012 USA 261/261 [115]

S. Braenderup Mangoes 2012 USA, Canada 127/0 [113]

S. Newport Mung beans 2011 Germany,  
The Netherlands

106/32 [116]

Unknown Produce-based 
salads, broccoli 
salad

2011 Japan 1500/0 [117]

S. Agona Fruit, papaya 2011 USA 106/0 [113]

S. I4,[5],12:i:‐ Vegetables, sprouts, 
alfalfa sprouts

2010 USA 140/0 [118]

S. Hvittingfoss Vegetables, leafy 
greens, lettuce, 
fruit, tomatoes, 
olives

2010 USA 114/108 [119]

Only large outbreaks with more than 100 associated total or confirmed cases since 2010 are shown.

Table 1. International salmonellosis outbreaks associated with fresh produce.
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than in sandy soil with leaching bacteria reaching 1 m of depth at 105 CFU/ml of leachate. 
Transport and survival of bacterial pathogens in soil is also influenced by amendment of 
fertilizers probably because of the presence of organic matter [43]. Leaching of Salmonella 
through soil was observed to reach greater depths after application of slurry than of manure 
[44]. In the same line, the application method of fertilizers can also have an effect on Salmonella 
survival in soil since an injection of manure or slurry or clumping of the applied fertilizer 

Figure 1. Factors influencing the survival of Salmonella in soil and its colonization of plants.
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aboveground protect bacteria in the soil from desiccation, UV, and high temperatures [43, 
45, 46]. Agricultural practices like tillage that have an effect on the porosity of soil determine 
the extent of leaching [47] and the availability of oxygen. While a detrimental influence of 
aeration on survival of E. coli O157:H7 has been demonstrated, the oxygen availability does 
not influence the survival of Salmonella [48]. Soil pH is also an important factor for Salmonella 
survival and Salmonella can survive in the environment with neutral to acidic pH while alka-
line pH has a detrimental effect on its persistence [49]. Another important determinant of 
Salmonella survival in soil is the availability of nutrients. In this environment, nutrients can 
only partly be used by bacterial HPs and are generally rather scarce. Salmonella is chemohet-
erotrophic and therefore depends on carbohydrates, lipids, and protein in its environment as 
sources for energy, nitrogen, and amino acids. Addition of organic fertilizers improves nutri-
ent availability by addition of readily available carbon and nitrogen sources as well as other 
nutrients. But amendment of fertilizers also changes the microbiological properties of soil 
by introducing microorganisms to the soil microbial community. Moreover, the additional 
nutrients stimulate growth of copiotrophic soil bacteria which might compete for the nutrient 
resources [50]. So far, no clear correlations between the type of fertilizer and survival in soil 
have been identified [51]. But when survival in manure was compared to survival in manure‐
amended soil, Salmonella usually survived better in soil [22]. This could be due to competition 
by the microbial flora of manure, which is more concentrated than in soil.

The soil microbial community and its composition have a great influence on the survival of 
Salmonella [52]. In the soil ecosystem, Salmonella has to compete with the indigenous microbial 
community for space and nutrients [24]. For example, it was shown that Salmonella enterica 
serovar Newport (S. Newport) survived about 10 weeks longer in sterilized soil compared to 
nonsterilized manure‐amended soil [22]. Similarly, a better survival was found in γ‐irradiated 
than in untreated soil [53]. These results indicate suppression by the native microbial com-
munity. Overall, results demonstrate the importance of the microbial community affecting 
the fate of Salmonella in soil. Plant pathogens, fungi, viruses, and animal pests present in the 
environment can degrade the plant material and increase the content of available nutrients or 
provide entry sites facilitating internalization into plants [7, 14, 54]. They may also serve as 
vectors [7, 55]. Effects of protists have been analyzed using protozoa showing that their pres-
ence can foster or reduce survival of different species. For example, Salmonella enterica serovar 
Thompson was accumulated in vesicles of Tetrahymena [56], while growth of protozoa can also 
decimate S. Typhimurium populations [37].

In addition to the environment in which Salmonella is introduced, the bacterial characteristics 
are crucial for persistence. Firstly, the genetic disposition of the strain, for example, the pres-
ence of type III secretion system (T3SS), the ability to form biofilms, chemotaxis, or motility 
are important. Studies using strains with mutations influencing these characteristics usually 
resulted in reduced survival [57–59]. Salmonella can also produce an O-antigen capsule, which 
improves survival under desiccation stress [60]. Furthermore, the ability to form biofilms 
enhances environmental persistence of some Salmonella serovars [61]. Similarly, a biofilm‐pro-
ducing Salmonella strain survived chlorination significantly better than the biofilm‐deficient 
mutant [62]. The conditions under which Salmonella are grown before their inoculation in the 
environment are also important since preadaptation influences the persistence [20]. Finally, 
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many studies on the survival of HPs in soil employed a relatively high inoculum, which 
under natural conditions occurs only locally, e.g., by fecal point contaminations. Inoculation 
resulted in a fast initial decline of inoculated bacterial populations with usually low numbers 
of Salmonella that survive for a long time after the inoculation.

In conclusion, studies analyzing the survival of Salmonella demonstrated complex interactions 
with the environment and a network of factors, which might play an important role in the 
persistence of Salmonella. Therefore, the very often contradictory results reflect the variability 
of strains, their survival strategies in a complex environment as well as differences in experi-
mental setups used.

5. Attachment to plant surfaces and biofilm formation

Attachment and adhesion of Salmonella to plant surfaces are essential steps of plant coloniza-
tion. Several bacterial elements such as fimbrial structures, nonfimbrial adhesins, flagella, cel-
lulose, and lipopolysaccharides (LPS) are important bacterial factors for colonization [63, 64]. 
Although previous studies demonstrated that the attachment depends on plant and bacterial 
factors, no single factor was found to be essential, suggesting that bacteria use several parallel 
mechanisms to ensure attachment to different plants or to different plant cells under a wide 
variety of conditions [65]. Furthermore, the attachment of S. enterica to plant surfaces appears 
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better attachment to plant surfaces [74, 75]. Biofilm‐producing Salmonella on parsley showed 
a higher resistance against disinfectants than the biofilm‐deficient mutant. Furthermore, after 
a storage period of the plant, the cells that were able to produce the biofilm matrix were 
significantly more resistant to the disinfection treatment [62]. A screening of 6000 transpo-
son mutants of S. Newport resulted in the identification of 20 mutants selected for reduced 
adherence to alfalfa sprouts [70]. Interestingly, these mutants contained insertions associ-
ated with genes, for example, for the surface‐exposed aggregative fimbriae nucleator (agfB) 
and the general transcriptional regulator rpoS. The respective proteins have been reported to 
regulate the production of curly, cellulose, and other adhesins such as pili. Two other genes 
(STM0278 and STM0650) were identified as important factors for the colonization of alfalfa 
seedlings. Both play an important role in the formation of biofilms [76]. Furthermore, bacte-
rial cellulose and curly were involved in the colonization of parsley with S. Typhimurium 
from irrigation water [77].

Although many factors influencing the colonization of plants were identified by in vitro 
experiments, a more detailed investigation of genes of Salmonella that are expressed dur-
ing the colonization of plants is needed. New techniques for the isolation of mRNA from 
samples containing both plant and bacterial materials as well as for the quantitative 
PCR allow the analysis of the transcriptome and the identification of genes with related 
functions [78].

6. Internalization of Salmonella into plant tissues

An increasing number of salmonellosis outbreaks associated with plants shows that human 
pathogenic bacteria use plants as a niche for replication or as hosts and vectors for animal 
and human infection (Table 1). For a long time it was assumed that Salmonella rather sur-
vives on plant surfaces than colonizes the plant interior. This view has been challenged by 
recent reports. Today we know that Salmonella can actively enter and spread within the plant. 
Plants offer multiple entry possibilities for HPs; stomata, for example, were identified already 
a few years ago. Stomata are used for gas exchange between the surroundings and cells of 
the inner mesophyll layers, this is necessary for proper photosynthetic efficacy. They can 
close if a pathogen is recognized. Some pathogens, however, produce toxins (coronatine), 
which reopen stomata and therefore allow their use as gates for colonization of underlying 
tissues. Salmonella was shown to gather around the open stomata and enter the mesophyll tis-
sue of lettuce leaves [58]. Similar to lettuce, a high incidence of internalization was observed 
in arugula leaves, while romaine and red‐lettuce, as well as basil showed significantly lower 
internalization rates [79]. Interestingly, in this study parsley and tomato leaves showed only 
marginal internalization [79]. In addition to stomata, also hydratodes and trichomes allow an 
internalization of Salmonella into leaves [31, 80, 81]. Not only Salmonella or phytopathogenic 
bacteria use stomata as entry points, also other Enterobacteriaceae, for example E. coli, use simi-
lar strategies to access the plant's interior [82, 83]. Importantly to note is the fact that the pref-
erence to gather around open stomata manifests only in photosynthetically active leaves, and 

Current Topics in Salmonella and Salmonellosis178



better attachment to plant surfaces [74, 75]. Biofilm‐producing Salmonella on parsley showed 
a higher resistance against disinfectants than the biofilm‐deficient mutant. Furthermore, after 
a storage period of the plant, the cells that were able to produce the biofilm matrix were 
significantly more resistant to the disinfection treatment [62]. A screening of 6000 transpo-
son mutants of S. Newport resulted in the identification of 20 mutants selected for reduced 
adherence to alfalfa sprouts [70]. Interestingly, these mutants contained insertions associ-
ated with genes, for example, for the surface‐exposed aggregative fimbriae nucleator (agfB) 
and the general transcriptional regulator rpoS. The respective proteins have been reported to 
regulate the production of curly, cellulose, and other adhesins such as pili. Two other genes 
(STM0278 and STM0650) were identified as important factors for the colonization of alfalfa 
seedlings. Both play an important role in the formation of biofilms [76]. Furthermore, bacte-
rial cellulose and curly were involved in the colonization of parsley with S. Typhimurium 
from irrigation water [77].

Although many factors influencing the colonization of plants were identified by in vitro 
experiments, a more detailed investigation of genes of Salmonella that are expressed dur-
ing the colonization of plants is needed. New techniques for the isolation of mRNA from 
samples containing both plant and bacterial materials as well as for the quantitative 
PCR allow the analysis of the transcriptome and the identification of genes with related 
functions [78].

6. Internalization of Salmonella into plant tissues

An increasing number of salmonellosis outbreaks associated with plants shows that human 
pathogenic bacteria use plants as a niche for replication or as hosts and vectors for animal 
and human infection (Table 1). For a long time it was assumed that Salmonella rather sur-
vives on plant surfaces than colonizes the plant interior. This view has been challenged by 
recent reports. Today we know that Salmonella can actively enter and spread within the plant. 
Plants offer multiple entry possibilities for HPs; stomata, for example, were identified already 
a few years ago. Stomata are used for gas exchange between the surroundings and cells of 
the inner mesophyll layers, this is necessary for proper photosynthetic efficacy. They can 
close if a pathogen is recognized. Some pathogens, however, produce toxins (coronatine), 
which reopen stomata and therefore allow their use as gates for colonization of underlying 
tissues. Salmonella was shown to gather around the open stomata and enter the mesophyll tis-
sue of lettuce leaves [58]. Similar to lettuce, a high incidence of internalization was observed 
in arugula leaves, while romaine and red‐lettuce, as well as basil showed significantly lower 
internalization rates [79]. Interestingly, in this study parsley and tomato leaves showed only 
marginal internalization [79]. In addition to stomata, also hydratodes and trichomes allow an 
internalization of Salmonella into leaves [31, 80, 81]. Not only Salmonella or phytopathogenic 
bacteria use stomata as entry points, also other Enterobacteriaceae, for example E. coli, use simi-
lar strategies to access the plant's interior [82, 83]. Importantly to note is the fact that the pref-
erence to gather around open stomata manifests only in photosynthetically active leaves, and 

Current Topics in Salmonella and Salmonellosis178

an artificial opening of the stomata at night has no effect on the bacterial behavior [58]. This 
observation is in line with the proposed hypothesis that those bacteria are in a direct competi-
tion for C‐ and N‐sources with the native leaf microbiome [69, 71], and suggests a chemotaxis 
toward the newly synthesized products of the photosynthesis.

From the consumers’ point of view, not only the internalization into leaves but also the trans-
location within the plant, e.g., toward fruits is important. In some crop plants, e.g., tomato, 
such translocation was detected [81]. The authors showed internalization into the tomato 
fruits when the entire plant was systemically colonized. Still, the colonization rates seemed 
rather low [81]. Nonetheless, in light of the persistent pathogenicity in animals after the pas-
sage through a plant host [84], the internalization mechanisms are of high interest. Some 
detailed mechanisms were already suggested. Erlacher and coworkers proposed one of those 
possible mechanisms: colonization of the niche below the cuticle layer of the epidermis [9]. 
Obviously such a behavior protects bacteria from the harsh conditions on the leaf surface (UV 
light, drought, and quick changes in temperature) but also from surface sterilization agents. 
Another strategy would be an intracellular lifestyle, which would resemble the strategy in the 
animal infection model. Until now, this possibility remains unverified, two reports postulated 
internalization into plant cells using Arabidopsis and tobacco systems [84, 85]. Yet, another 
helpful strategy is the efficient formation of biofilms, this strategy was discussed above and 
was reviewed by Yaron and Romling [65]. Only recently, it was discovered that particular 
Salmonella strains may avoid the recognition by the plant immune system [86], which would 
make them very well adapted colonizers (see below).

Many row eaten crop plants plants associated with salmonellosis outbreaks or food poison-
ing are usually grown in soil (lettuce, basil, parsley, etc.). In such cases the translocation from 
the potentially contaminated soil (through manure or irrigation water) via roots into the har-
vested and consumed plant parts is of enormous importance. Several reports assessed already 
this possibility and pointed at a very diverse picture with regard to pathogenic E. coli or 
Salmonella. Here the high heterogeneity with regard to colonization in the plant population 
is very remarkable [69, 87], usually about 20% of the plant population is colonized, however, 
this range may vary from 0 to 100% and strongly depends on plant species and bacterial strain 
[51, 69, 77, 88–90].

7. The function of T3SS and the role of plant immune system during the 
interactions between plant and Salmonella

Bacterial pathogens use T3SS and T4SS to inject so‐called effector proteins directly into the 
cytoplasm of host cells. Those effectors are able to manipulate the host immune system and 
suppress the otherwise negative effects of defense responses. Salmonella uses two T3SS and 
more than 40 effectors in order to manipulate the immune system (perception mechanisms 
and signaling cascades) as well as the cytoskeleton of animal cells at different stages of 
the infection process [91]. Recent discoveries from others and our group imply that the 
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mechanisms used in animal and plant hosts may resemble each other [59, 85, 86, 92–95]. 
The inoculation with the wild-type Salmonella strains and mutants in one or both of the 
T3SSs showed that functional secretion systems are required for efficient plant colonization 
[59, 85, 93]. Two observations allow such a conclusion: (1) The mutants had lower prolif-
eration rates when compared to the respective wild type, which suggests that a functional 
T3SS helps with the colonization of plants; and (2) T3SS mutants induced stronger immune 
response of the host plant. Similar to animals or humans, plants respond to colonization 
of pathogenic bacteria inducing numerous immune responses, among others are oxidative 
burst and enhanced expression of Pathogenesis Related (PR) genes. Both were observed after 
inoculation with Salmonella and both were stronger if the inoculation was performed using 
mutants in T3SS [59, 85, 86]. Those results suggest that the wild‐type strain is able to sup-
press the immune response. It is very plausible to think that this suppression is due to func-
tional T3SS‐dependent effector proteins. We know only little about their function in plant 
cells, since only two effectors (SseF and SpvC) were evaluated in this respect. SseF together 
with SseG are translocated into animal cells and are responsible for the establishment of 
the reproduction niche [96]. In plants, SseF induces the hypersensitive response (HR) [94]. 
Important is the fact that silencing of the suppressor of SGT1 eliminates the response to 
SseF, suggesting that this effector is recognized in R protein‐dependent manner, which is 
the usual recognition method of pathogen effectors during the effector‐triggered immunity 
(ETI). SpvC is a phosphothreonin lyase which dephosphorylates activated MAP kinases. 
Those kinases build a core compound in the signaling cascade leading from the perception 
of the pathogen on the cell surface to the transcriptional response at the chromatin level. 
Especially the trio MPK3, MPK4, and MPK6 plays an important role in plants [97], and is 
activated (phosphorylated) during the response to Salmonella [84]. SpvC interacts actively 
with the MPK6 and dephosphorylates this kinase, consequently abolishing the signal 
transduction [95]. A comprehensive overview of the reports regarding the plant immune 
responses to HPs was published only recently and is an excellent compendium of the cur-
rent knowledge [98].

8. Salmonella changes its physiology in contact with plant host

During the interaction between Salmonella and crop plants, not only the plant reacts to the 
presence of the bacteria, also Salmonella adapts to the conditions represented by a plant organ-
ism. Recent results show that bacteria modify their physiology and motility in order to adjust 
to the physiological conditions occurring in plants. Several authors evaluated the transcrip-
tional changes of bacteria when in contact with plants or plant‐originated products [99, 100]. 
Interestingly, the analysis of the transcriptome, revealed a partial overlap between bacteria 
from macerated lettuce or cilantro leaves and bacteria from intestine, suggesting that those 
bacteria might be better adapted to the exploitation of plant material than estimated [100]. 
Similar results were observed for the pathogenic E. coli O157:H7, which seem to change its 
enzymatic and metabolomic equipment in order to utilize plant compounds [101, 102]. In 
addition, the bacteria upregulate a plethora of genes related to attachment, antimicrobial 
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resistance and response to oxidative stress [101]. Very striking was the fact that although 
plant filtrates or root exudates contain numerous amino acids, which are available to the 
bacteria as C and N sources, E. coli induced many amino acid synthesis pathways probably to 
 supplement the missing compounds [102].

9. Detection, characterization and quantification of Salmonella in 
environmental samples

Salmonella is rarely detected in crop plants. For example, in a previous study Salmonella could 
not be detected in more than 170 plants but in their environment [103]. This suggests that 
environmental factors are affecting the prevalence of Salmonella in the field, or that the sensi-
tivity of the currently used detection system is not sufficient.

Traditional methods for the detection and identification of HPs often rely on cultivation‐
dependent techniques followed by biochemical and serological identification, which is 
typically time‐consuming and laborious [104]. Furthermore, in response to environmental 
stresses Salmonella can enter a physiological state where the cells remain viable, but are no 
longer culturable on typically used growth media. Salmonella in this VBNC state are often 
only detectable by methods depending on nucleic acids. This highlights the importance 
of the complementary use of cultivation-dependent and -independent detection meth-
ods for the diagnosis and prevention of food contamination and foodborne diseases. In 
the recent decades, there have been increasing efforts to develop and improve molecular 
methods for the rapid detection and characterization of pathogens in animals and animal 
products [105–108]. These methods, which include immunological as well as biosensor‐ 
and nucleic acid‐based assays (e.g., ELISA, PCR, microarrays, next generation sequencing) 
have an improved sensitivity and specificity but are also time‐, cost‐, and labor‐demand-
ing. Typically, to further increase the sensitivity of these methods nonselective or selec-
tive enrichment steps are employed. One of the most challenging problems is the sample 
preparation, which is strongly depending on the sample matrix, associated inhibitory com-
pounds, and the bacterial load.

So far, knowledge is scarce regarding the specific and reliable detection of Salmonella in 
complex and often heterogenous plant‐ and environmental‐matrices (e.g., vegetables, 
spices, soil samples, manure, biogas digestates) as well as the appropriate extraction and 
purification techniques. For iceberg lettuce, carrot‐ and cucumber‐peelings, qPCR detec-
tion limits of 103 bacterial cells per gram were reported [109]. Since the infectious dose of 
Salmonella was reported to be less than 103 cells [110], small numbers have to be detected 
reliably. Besides direct extraction of total DNA from the sample material, a preceding 
enrichment step in the respective culture media can be performed. This enrichment has 
the advantage to increase the sensitivity of detection and additionally to reactivate cells in 
the dormant VBNC state. After extraction of DNA from the respective samples, Salmonella 
can be detected by qPCR or PCR‐Southern blot hybridization, e.g., by detection of the invA 
gene [104, 111]. Alternatively or additionally to DNA‐based methods, RNA‐based methods 
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can be used. Apart from a more laborious sample preparation, RNA-based methods have 
the advantage that in contrast to DNA-based methods only living and active Salmonella are 
detected, i.e., Salmonella relevant for a potential infection of humans. Especially the detec-
tion of mRNA of pathogenicity determinants could be appropriate to prove the viability 
and potential virulence of HPs.

Microarrays and next‐generation sequencing technologies offer intriguing possibilities 
regarding the rapid and accurate detection as well as genetic characterization of Salmonella 
in environmental matrices. However, the costs and technical requirements for the analysis 
of large data sets still limit their practicability in the day-to-day qualitative and quantita-
tive detection. The further development of rapid, reliable, and cost‐effective high‐throughput 
detection methods will very likely contribute to the understanding of the ecology of Salmonella 
in the plant environment and consequently help to reduce or prevent infections mediated by 
plant-associated HPs.

10. Conclusions

Today the notion that human pathogenic bacteria such as Salmonella might persist on or 
within plants in low numbers is widely accepted. The research on the interactions between 
crop or model plants and Salmonella is obviously driven by its medical aspects and the need 
for better prevention methods. We already know various features of the interactions but 
many are still not fully understood. New techniques that use high-throughput analyses 
and unbiased approaches are useful. Numerous national survey agencies started to use 
next‐generation sequencing for the epidemiological analysis of salmonellosis outbreaks 
and have therefore direct access to the genome sequences of particular serovars. They 
are also able to monitor the genomic changes, for example, reception of new plasmids 
or pathogenicity islands, which are important prerequisites in virulence of the bacterial 
strain. Similarly, the full range of “omic” approaches is being used in model systems pro-
viding very detailed data on both partners in the Salmonella-plant interaction at biochemi-
cal, physiological, and transcriptional levels. The study of those interactions harbors even 
more potential, it permits the characterization of the different infection mechanisms and 
the different strategies available for Salmonella in contact with diverse hosts. New and more 
efficient prevention strategies greatly depend on our understanding of these mechanisms. 
Therefore, the new findings might significantly improve our possibilities to diminish the 
number of future outbreaks.
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Abstract

Salmonella is present in most food production environments and can enter the food supply at 
any stage of food production from farm to fork. Control strategies for Salmonella include pre-
harvest and postharvest aspects. Preharvest approach is very important because as a result of 
large-scale production, many animals could be infected with Salmonella serotypes during the 
primary production, causing human salmonellosis by consuming meat, milk, and eggs or 
foods containing ingredients of animal origin. The first step for prevention approaches is to 
determinate the source of infection; Salmonella serovars should be founded, and control strat-
egies must be executed. Infection sources include vertical transmission, feed, pest (rodents 
and insects), wild birds, water, humans, manure, transportation coops, tractors or vehicles, 
and farm environment. Preventive and control strategies involve many factors, including 
hygiene, biosecurity procedures, animal feed surveillance, litter, manure and carcasses dis-
posed, cleaning and disinfection programs, food interventions, diagnostic, and vaccination.

Keywords: Salmonella, preharvest, farm to fork approach, surveillance, sources of infection, 
biosecurity, feedstuffs, cleaning and disinfection, pest control, water safety, vaccination, 
litter and carcasses disposal

1. Introduction

Salmonellosis is one of the most common food-borne bacterial diseases in the world. In most 
food animal species, Salmonella can establish a clinically unapparent infection of variable 
duration, which is significant as a potential zoonosis.

© 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.



Human food-borne salmonellosis has increased in association with the development of food 
industry. Food industry is based on large-scale animal production. Food processing plants 
have grown larger, and when there is a salmonellosis outbreak, it will infect many more peo-
ple than in the past. In addition, there has been a change in dining habits of consumers, and 
a high proportion of meals are eaten at institutions, restaurants, and fast food places. These 
establishments are often a significant link and amplifier of Salmonella infections.

Salmonella is present in most food production environments and can enter the food supply at 
any stage of food production from farm to fork. Control strategies for Salmonella include pre-
harvest and postharvest aspects. Most control strategies for Salmonella are focused on specific 
aspects of food production or processing and are generally assessed on their ability to reduce 
levels of Salmonella spp. at the processing stage.

Nevertheless, preharvest approach is very important because as a result of large-scale produc-
tion, many animals are placed in small area producing a lot of feces. Several Salmonella serovars 
that are not host specific may colonize the digestive tract of animals, provoking human sal-
monellosis by consuming meat, milk, and egg or food containing ingredients of animal origin.

Animal feed (and ingredients therein) has been described as a source of Salmonella infection 
for animals and humans, through the contamination of food products of animal origin. This 
threat is aggravated due to the bacteria capability to persist for long periods in a wide variety 
of feedstuffs. Therefore, animal feed may serve as vehicle to introduce Salmonella serovars into 
the food chain and could contribute to the circulation and spreading of antimicrobial-resistant 
bacteria or antimicrobial-resistant genes.

At the farm, level food safety programs involve many factors such as hygiene, biosecurity pro-
cedures, animal feed surveillance, litter and carcasses disposal, depopulation, cleaning, dis-
infection programs, food interventions, diagnostic, and vaccination. The source of infection 
should be determined. At the end of the production, animals should be sent to slaughter with 
special precaution, and they should be healthy to prevent contamination during the processing.

Other strategies should be taken during the transport and time of slaughter to decrease 
Salmonella contamination. A good food safety program should include the entire food chain 
of production; however, the aim of this chapter is to describe preharvest Salmonella risk con-
tamination factors including Salmonella prevalence in animal feedstuffs and the control strate-
gies and interventions.

1.1. Farm-to-fork concept

“Farm to fork” is a strategy to prevent food-borne hazards. This approach is based in many 
measures to trace the different stages of the food chain. “Farm-to-fork” system examines the 
practices and procedures that ensure food safety.

The procedures to prevent Salmonella contamination in the food chain comprise many events, 
from the primary production to the final consumer. Salmonella contamination events can occur 
during different parts of the food chain which included primary production,  processing, 
 distribution, preparation, and dining habits of consumers.
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In 2003, Food and Agriculture Organization (FAO) of the United Nations [1] showed the impor-
tance about a new approach in food-borne hazards which it had called “food chain approach.” 
Its objective is to ensure that the food is free from borne hazards: pesticides, chemicals,  
bacteria, and others contaminants. Every food chain step has to be analyzed: growing, raising, 
production, collecting, processing, packing, commercialization, and consumption.

The FAO and World Health Organization (WHO) [2] have produced guidance documents for 
use by governmental authorities on food-borne outbreak investigation [3]. They suggest that 
good control measurements at the farm level are likely to correspond with lower prevalence 
of Salmonella infection and, subsequently, a reduction of cross contamination of carcasses pro-
cessed at the slaughterhouse and a reduction in human salmonellosis.

1.2. One health

Also, Codex Alimentarius (CA) standards and risk analysis methodologies are recognized 
in the area for food safety. The CA and the World Organization for Animal Health (OIE) are 
working together to develop their respective standards for food-borne zoonosis so that they 
are non-duplicative, cohesive, and will cover the whole food chain [3].

Primary production is focused in animal health, livestock, housing management, animal food 
quality, animal welfare, and transportation regarding for food processing.

Farming practices or primary production vary widely according to soil and climatic condi-
tions, social conditions, cost of the feedstuffs, potential marketability of specific farm products, 
and the economic objectives of the farmer. However, there are general control strategies to 
prevent the entrance of Salmonella in primary production.

In spite of those production measurements, bacteria can enter anywhere in the food chain, causing 
animal disease and food contamination. One of the major sources of Salmonella in the food chain 
has been animal feed, especially swine and poultry. It is a major cause of economic loss in swine 
production [4] and has a great economic significance to the poultry industry around the world.

Salmonella could be a risk to public health through consumption of contaminated eggs and 
meat. These bacteria causes diarrheal diseases in humans [5] and high mortality in animals, 
like chickens. Other farm animals as cattle and sheep suffer disease, could become Salmonella 
reservoirs, and contribute as vector in the transmission.

2. Sources of infection

Salmonella genus is a group of microorganisms that are successfully adapted to live in very dif-
ferent environmental conditions [6]. For this reason, it is easy to find many potential sources of 
contamination, and control could be complicated. These sources include vertical transmission, 
feed, pest (rodents and insects), wild birds, water, humans, manure, transportation coops, trac-
tors or vehicles, and farm environment. There are also some variables that contribute Salmonella 
contamination, such as age of the animal, survival of the bacteria through the gastric barrier, 
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competing bacteria in the intestinal tract, availability of a hospitable colonization site, the diet, 
physiological status, health, disease, and medications [7].

Identifying animal sources of infection, target interventions, and control measurements is the 
correct approach for preventing Salmonella; every source should be considered. Risk assess-
ment studies have recommended an intervention for a productive overall approach.

2.1. Transmission

Salmonella is extremely widespread and very persistent in the environment. It is recovered 
from many vertebrates which included many farm animal species. Serovars of Salmonella 
enterica have varied hosts and reservoirs, cause disease in animals and humans, and can move 
between host species [5] because most of them are nonhost specific (Table 1).

Farm animal S. enterica subsp. enterica serovar Clinical signs Authors

Sheep Brandenburg
Abortusovis
Dublin
Arizonae
Typhimurium

Adults: abortion, gastroenteritis, pneumonia
Lams: gastroenteritis, pneumonia, 
polyarthritis

[59]

Cattle Dublin
Typhimurium
Montevideo
Brandenburg
Enteritidis
Panamá
Heidelberg
Kentucky

Frequently is a subclinical disease
Adults: diarrhea, enteritis abortion, 
depressed milk yield
Calves: enteritis, arthritis, 
meningoencephalitis, respiratory signs

[59]
[60]
[61]

Poultry Enteritidis, Typhimurium
Paratyphi B
Heidelberg
Kentucky
Infantis
Gallinarum, pullorum

Frequently is a subclinical disease
Gallinarum and pullorum (nonmotile): 
septicemia
Others strains: asymptomatic

[62]
[63]

Pig Typhimurium
Choleraesuis
Derby
Enteritidis
Istanbul
Mbandaka
Agona
Heidelberg

Septicemia and enterocolitis, pigs 6–8 weeks [10]
[26]
[59]
[64]

Horse Typhimurium Newport
Enteritidis
St Paul
Agona
Anatum
Heidelberg

Abortion, diarrhea, typhlitis, colitis, 
arthritis, nosocomial infections

[19]
[64]

Table 1. Salmonella enterica subsp. enterica common serovars in farm animals.
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In farm animals Salmonella cause clinical disease, and there are also asymptomatic animals 
called carriers, e.g., Salmonella subclinical infections persist in hens more than 22 weeks [8]. 
Carrier pigs are important as the initial source of contamination of the environment, other 
animals, and carcasses in the harvest [9]. Monitoring programs in the USA suggest that 
20% of broiler chickens are contaminated with harmful Salmonella strains [6] and 27% inci-
dence was found in feces in organic pig farms [10]. They are very important in the transmis-
sion because they can shed Salmonella in feces continuously and intermittently in the absence 
of clinical signs. Pets such as dogs and cats [11] show asymptomatic infections and could shed 
Salmonella and contaminated food-producing animals.

There is a different Salmonella susceptibility in farm animals. Stressors can aggravate Salmonella 
shedding, including mixing, climate, transportation, and food deprivation. Some results sug-
gest that the duration of Salmonella shedding might depend on serotypes, strain, animal age, 
farm, or others risk factors [10].

Horizontal transmission also occurs by fecal-oral route or by aerogenous transmission. 
In pigs oropharyngeal secretions can contaminate and spread the disease via nose to nose 
[12]. Salmonella can be introduced in a herd through new purchased and infected pigs. There 
is evidence of bacterial spread by feed, drinking water, fomites, asymptomatic carriers, and 
dry feces from infected animals with clinical disease.

Vertical transmission is crucial in poultry related infected with S. enterica subspecies 
enterica serovars Enteritidis, Typhimurium, Gallinarum, Heidelberg, and Infantis [13]. 
Salmonella produces persistent infection in birds, located in the ovary [13]. Transmission 
to progeny occurs by transovarian infection, when the ovary and the developing eggs 
became infected in the oviduct. Bacteria migrate inside the yolk before shell deposi-
tion. Salmonella enteritidis can also get access to eggs by migrating from the cloaca to the 
reproductive organs. S. enterica subsp. enterica serovar Heidelberg was the most common 
serovar founded in ovaries in layers in Canada [8]; there is evidence supporting vertical 
transmission of Salmonella in dairy cattle [14]. Salmonella might be transmitted vertically 
from the dam to her fetus in utero. Calves might be infected with Salmonella at birth or 
post birth.

If progeny persists infected, there is no chance of eradication, and the control becomes com-
plicated. From a public health point of view, the number of eggs and animals affected by 
Salmonella is a risk for a human disease or infection.

2.2. Feed

Animal feed is a recognized source of Salmonella for farm livestock. Bacteria can be intro-
duced into the feed by contaminated feedstuffs, processing, transport, storage, distribution, 
and administration due to dirty feeders.

Salmonella can be isolated frequently from animal-feed ingredients, such as meat bone meals 
and fish meals. Few quantities of Salmonella cause infection, less than one Salmonella per gram 
of feed has been shown to establish colonization in 1- to 7-day-old chicks [15].
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Salmonella could be isolated from feedstuff in 17.6% of pig herds among five EU countries 
and from 6.9% of all feed samples [16], and also it can survive at least 26 months in artificially 
contaminated poultry food [17].

2.3. Farm environment

Farm Salmonella eradication is a complicated strategy, and its control could be difficult because 
there are numerous potential source environment. It is able to grow between 7 and 45°C, is 
destroyed at 65°C during 10–15 minutes, and resists every acid pH and salt added in food up 
to 20% [6].

Animals are the major reservoir of Salmonella; dissemination into environment has resulted 
from the human practices and animal behavior. Salmonella may be present in any waste from 
human or animal activities; it survives in frozen food and remains viable during years in 
the environment. In broiler houses, microorganisms could persist for at least 1 year [18]. 
Salmonella is shed efficiently in feces, persists within the environment, and is spread readily 
between food-producing animals in the farm environment. Salmonella can survive desicca-
tion and persist for many months in association with dust particles on fans, floors, and feed 
deposits.

This microorganism can survive and replicate for long periods in different environments, 
although the original fecal source may be remote in time. For instance, S. enterica subsp. 
enterica serovar Choleraesuis persists in dry feces 13 months post shedding and after disinfec-
tion process and survives in soil between 25 and 200 days [5].

Bailey et al. [7] found that the environment was the primary source of contaminating 
Salmonella in chicken houses not treated with competitive exclusion microflora. They recov-
ered high rates of Salmonella from feces, litter, and near the entrance doors to the poultry 
houses. Hatchery transport paper pads were the most frequently observed Salmonella posi-
tive in this research. Salmonellosis is also commonly observed in contaminated facilities in 
veterinary hospitals [19]. Barns, pens, dust, egg belts, feeders, fans, feed bins, vehicles, and 
equipment can be contaminated.

Survival capacity, environment persistence, and infection may be influenced by different 
genetic, productive, and environmental factors such as intensification of handling practices, 
reduction in genetic diversity of breeding stock, and increasing standardization of food types 
[5].There is a differential distribution of specific serovars and genotypes between animals and 
environments. Certain serovars have a greater ability to establish infection, shedding pat-
terns, and concentration. In pigs, S. enterica subsp. enterica serovar Typhimurium was more 
frequently isolated from the manure compared to other bacteria [20].

2.4. Water

Contaminated water supplies have been implicated in the introduction and persistence of 
Salmonella. Contaminated waters might contribute through direct ingestion of the water or 
via indirect contamination of the surfaces. In a review [21], they found Salmonella in different 

Current Topics in Salmonella and Salmonellosis198



Salmonella could be isolated from feedstuff in 17.6% of pig herds among five EU countries 
and from 6.9% of all feed samples [16], and also it can survive at least 26 months in artificially 
contaminated poultry food [17].

2.3. Farm environment

Farm Salmonella eradication is a complicated strategy, and its control could be difficult because 
there are numerous potential source environment. It is able to grow between 7 and 45°C, is 
destroyed at 65°C during 10–15 minutes, and resists every acid pH and salt added in food up 
to 20% [6].

Animals are the major reservoir of Salmonella; dissemination into environment has resulted 
from the human practices and animal behavior. Salmonella may be present in any waste from 
human or animal activities; it survives in frozen food and remains viable during years in 
the environment. In broiler houses, microorganisms could persist for at least 1 year [18]. 
Salmonella is shed efficiently in feces, persists within the environment, and is spread readily 
between food-producing animals in the farm environment. Salmonella can survive desicca-
tion and persist for many months in association with dust particles on fans, floors, and feed 
deposits.

This microorganism can survive and replicate for long periods in different environments, 
although the original fecal source may be remote in time. For instance, S. enterica subsp. 
enterica serovar Choleraesuis persists in dry feces 13 months post shedding and after disinfec-
tion process and survives in soil between 25 and 200 days [5].

Bailey et al. [7] found that the environment was the primary source of contaminating 
Salmonella in chicken houses not treated with competitive exclusion microflora. They recov-
ered high rates of Salmonella from feces, litter, and near the entrance doors to the poultry 
houses. Hatchery transport paper pads were the most frequently observed Salmonella posi-
tive in this research. Salmonellosis is also commonly observed in contaminated facilities in 
veterinary hospitals [19]. Barns, pens, dust, egg belts, feeders, fans, feed bins, vehicles, and 
equipment can be contaminated.

Survival capacity, environment persistence, and infection may be influenced by different 
genetic, productive, and environmental factors such as intensification of handling practices, 
reduction in genetic diversity of breeding stock, and increasing standardization of food types 
[5].There is a differential distribution of specific serovars and genotypes between animals and 
environments. Certain serovars have a greater ability to establish infection, shedding pat-
terns, and concentration. In pigs, S. enterica subsp. enterica serovar Typhimurium was more 
frequently isolated from the manure compared to other bacteria [20].

2.4. Water

Contaminated water supplies have been implicated in the introduction and persistence of 
Salmonella. Contaminated waters might contribute through direct ingestion of the water or 
via indirect contamination of the surfaces. In a review [21], they found Salmonella in different 

Current Topics in Salmonella and Salmonellosis198

countries and in very diverse water sources. Salmonella contamination occurred in surface 
water used for recreational purposes, as source of drinking water and for irrigation. They 
detected a mixed of human and animal origin of Salmonella serovars in drinking water sources.

In artificial freshwater systems, Salmonella and Escherichia coli survived for at least 56 days 
[5]. Factor contributes to Salmonella resistance, and persistence in water is its capacity to 
attach to different types of plastic, glass, cement, rubber, and stainless steel or biotic surfaces 
(plant surfaces, epithelial cells, and gallstones) [6]. Salmonella forms a complex called biofilm 
inside drinkers and pipes. This biofilm is a bacteria surface-associated formation that allows 
bacteria to resist against different stress factors such as desiccation, disinfectants, and anti-
biotics [22].

2.5. Pest

2.5.1. Rodents

Mice and rats are involved in the transmission and the perpetuation of the infection in the 
farm buildings and facilities. Rodents can be long-term sources of Salmonella infection. Their 
droppings can be contaminated for up to 3 months for infection. A study found that 3 weeks 
old chicks became infected via mice artificially contaminated with S. enterica subsp. enterica 
serovar Enteritidis 5 months before [23].

Mice travel from one farm to another; they leave empty farms or facilities and return after 
cleaning and disinfection activities. They have also good reproductive capacity and can 
spread Salmonella for one flock to other flocks or herds. They contribute to perpetuate infec-
tions. Rodents are important vectors and amplifiers of Salmonella infection in farm animals, 
e.g., mouse fecal pellets have been shown to contain up to 104 CFU of Salmonella [23, 24]. 
One single mouse can shed 100 fecal pellets per day [24]. Fecal pellets are seed shaped; pigs 
and chicken eat these pellets and become infected. On a clean pig farm, 5–10% rodents can 
be found infected with Salmonella [25, 26]. Isolates from contaminated mice contained three 
times more Salmonella than isolates from environment of contaminated house samples [24]. 
The presence of a mouse-infected population is an important risk for animal and product 
contamination. Layer farms with high rodent densities showed more S. enterica subsp. enterica 
serovar Enteritidis and serovar Infantis isolations and hens infected than farms with low 
rodent densities [27].

Rats, mice, and cats are associated with contamination of water, food, and grains stored. They 
carry bacteria in their intestinal tracts without clinical symptoms and disease and cause trans-
mission of pathogens to farm animal feed and environment. Rodents acquire the infection 
from feces of sick animals, wild animals, and members of their family [23]; they also get 
infected from outdoor paddocks and inaccessible feces-contaminated parts of the livestock 
houses.

The environment conditions around facilities attract rodent, e.g., waste, spilled food and feed-
stuffs, sources of water, and abilities to build dens. Dead mice also can be a contamination 
source if they remain in the barns of houses after cleaning and disinfection procedures.
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2.5.2. Darkling beetles, flies, mites, ticks, and cockroaches

Salmonella is widely distributed in flies and less in beetle and mites of affected livestock units. 
Farms offer great and suitable niches as manure, dust, spilled food, and long production peri-
ods of time without cleaning.

Flies act as mechanical vector; the Musca domestica is most prevalent in farms and associates with 
zoonosis. They perform diurnal excursions around animal houses and can fly many miles from 
the farms contributing with Salmonella dissemination. Heavy fly populations have been identified 
as a risk factor for Salmonella in poultry, dairy cattle, swine, and feedlot cattle [28]. Authors report 
that flies carry S. enterica subsp. enterica serovar Typhimurium for up to 10 days [26]. Flies become 
contaminated from environment, and animals ingesting contaminated flies get infected. There is 
not enough evidence of flies as biological vector (Salmonella multiplication inside the flies).

Darkling beetle Alphitobius diaperinus is a very common pest in poultry houses. They carry 
and shed by defecation variety of microorganisms which included Salmonella. Beetles sur-
vive cleaning and disinfection because they hide in inaccessible poultry house structures and 
outside of the poultry buildings. They drill wall cavities complicating insecticides access. 
Chickens can ingest contaminated beetle larvae and adults and become infected. Salmonella 
isolates from beetles are usually lower than isolates from flies [29].

Mites can acquire and transmit Salmonella. The most frequently mites founded in poultry are 
Dermanyssus gallinae (red mite), Ornithonyssus sylviarum, and Ornithonyssus bursa. They are 
usually present in manure, litter, and feed. Adults and nymphs of ticks visit poultry houses 
only to feed; adults can survive for months or years at swine or poultry facilities. A Salmonella 
vector role for ticks remains speculative.

Cockroaches will opportunistically colonize animal facilities and carry bacteria. They have 
been reported to carry Salmonella [30] and can transmit these bacteria to other cockroaches 
and to eggshells.

2.6. Wild animals

Wild bird and little mammals are regarded as the main reservoir for Salmonella in the environ-
ment. Wildlife vectors may be responsible for the introduction of some Salmonellae to farms.

Birds as pigeons, sparrows [5], foxes [31], shrews, reptiles, and other wild animals have a poten-
tial role in the Salmonella dissemination [29]. The spread or recycling of Salmonella infection 
among livestock may occur through the contamination of water or feed or the direct contami-
nation of the environment. Building, houses, and barns should be constructed to block wild ani-
mal access. Birds cannot nest and reproduce in the houses to prevent bacterial contamination.

2.7. Humans

Human traffic on the farm increases the risk of infection in pigs, chickens, and hens. The 
entrance of visitors was associated with higher Salmonella prevalence [32].
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People transport pathogens from their nose, hair, throat, pharynx, clothes, and shoes. They 
also could have Salmonella in their intestine; therefore, having access to toilets and washing 
facilities have a protective effect against Salmonella [9].

3. Surveillance and prevalence of Salmonella in animal feedstuffs

Animal feedstuff could serve as vehicle for Salmonella serovars into the farm environment and 
cause animal infection that could reach the human consumer through animal food products. 
As we already mentioned above, Salmonella has the capability to survive in a vast variety of 
commodities and to resist desiccation among other adverse conditions. During our work and 
research in Salmonella surveillance in animal feed, we have seen that Salmonella has the ability 
to remain in different animal feedstuffs for long time periods; this has been also confirmed by 
other research groups [33, 34].

Animal feedstuffs have been found to be a cause of Salmonella infection in animals and 
humans [17, 35, 36]. In spite of this, there is controversy in the roll or relevance of animal feed 
in food-borne infections since the serovars frequently isolated from animal feed do not cor-
relate with the serovars frequently associated with human infections. Through animal feed 
new Salmonella serovars and resistance bacteria could enter and spread into the food chain 
[37, 38]. The surveillance and control of Salmonella in animal feed and feed ingredients should 
be an important part of animals and food safety programs aimed to counteract Salmonella 
food-borne infections.

In many countries around the world, Salmonella surveillance feedstuff programs are being 
executed; each program has its own specific objectives and specifications. For example, in 
Costa Rica all finished feed and feed ingredients must be registered and inspected by the 
Ministry of Agriculture and Livestock. These feedstuffs are also analyzed for Salmonella, and 
this must be absent regardless the serovar. In contrast with the FDA guidance for control of 
Salmonella in food for animals, the FDA recommended regulatory actions depending on the 
serovar found and the animal species that would receive the feed [39]. The serovars that have 
been reported to cause disease in the animal species for which the feed is for should be absent, 
for example [39]:

Poultry feed: S. enterica subsp. enterica serovar Gallinarum and Enteritidis

Swine feed: S. enterica subsp. enterica serovar Choleraesuis

Sheep feed: S. enterica subsp. enterica serovar Abortusovis

Horse feed: S. enterica subsp. enterica serovar Abortusequi

Dairy and beef feed: S. enterica subsp. enterica serovar Newport or Dublin

These differences between the Salmonella control programs could hamper international trade. 
Furthermore, in a previous research [40] in which we analyzed 1725 samples of feed and feed 
ingredient between the years 2009 and 2014, we found Salmonella serovars which do not fre-
quently cause disease in animals but have been involved in food-borne outbreaks.
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In our study, the overall Salmonella prevalence in animal feedstuff was 6.4%. Finished feeds 
such as: poultry, pet, and swine and feed ingredients such as: meat and bone meal (MBM), 
fish meal and poultry meal were tested.

Meat and bone meal and poultry feed presented the higher Salmonella relative prevalence 26,7 
and 5,4%, respectively [40]. Figure 1 shows the most frequently found serovars in MBM and 
poultry feed in this study [40, 41]: in MBM: S. enterica subsp. enterica serovar Give (13.8%) and 
serovar Rissen (4.6%) and in poultry feed: S. enterica subsp. enterica serovar Havana (10.8%), 
serovar Rissen, serovar Soerenga, and serovar Schwarzengrund (6.2%). These serovars have 
been associated with animal and human infections and outbreaks [42–44].

The high Salmonella prevalence found in MBM in our previous study [40] is worrying given 
that MBM is used in some countries as a relative cheap protein source to feed pets and mono-
gastric animals [38, 45].

In the EU, there is also no common sampling plan for Salmonella surveillance in animal feed; 
in the EFSA report for 2014, the overall level of Salmonella contamination in feedstuff was 3.8% 
[46] similar to our previously reported prevalence for Costa Rica [40].

4. Detection and surveillance of Salmonella in food production systems

Owing to the fact that Salmonella is ubiquitous and has the capability to survive in a great 
variety of commodities, it is important to control it in each step of the food chain in order to 
minimize the risk of human infections and food-borne outbreaks and achieve safer food to con-
sumers. It is crucial to maintain a Salmonella surveillance program in food-producing animals 

Figure 1. Distribution of Salmonella enterica serovars among the isolates found in feed and feed ingredients in Costa 
Rica [41].
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in order to reduce food-borne Salmonellosis and infections in animals causing economic loss to 
the livestock sector. The fact that Salmonella in animals causes frequently subclinical infections 
that could go unnoticed favors the Salmonella spread in a herd or flock [47].

Table 2 shows the Salmonella prevalence in farm animals, and the serovars most commonly found 
in animals and in their meat according to the last EFSA and ECDC [46] report. In this report, 
the authors demonstrated that the most prevalent serovars were shared between food produc-
ing animals and the meat for consumption. In contrast, other researchers (including ourselves) 
found no relation among the strains encountered in feed, live animals and processed meat [40].

5. Control measures for Salmonella in food production

The objective of preharvest approach is to minimize opportunities for the introduction, per-
sistence, and transmission of Salmonella infections and other animal pathogens. Strategies 
should be directed against all Salmonella serovars, but sometimes more specific strategies 
against particular Salmonella serovars are required when one of them has high public health 
impact or economic significance.

Most of the time, general strategies are sufficient to control all Salmonella serovars; never-
theless, sometimes it is necessary to apply specific tools, e.g., vaccination against specific 
serovars. Prevention programs or strategies included risk reduction, risk management, and 
verification by implementation of biosecurity programs.

Biosecurity is known as a group of procedures or prevention measurements to protect farm 
animals against biological agents, such as bacteria, viruses, fungi, parasites, protozoa, and any 

Farm animal Overall EU prevalence of 
Salmonella (2014)

Most commonly serovars 
in flock

Most commonly serovars 
in meat

Breeding and fattening 
turkey flocks

3.3% S. enterica subsp. enterica 
ser. Infantis (22.2% of 
isolates)

S. enterica subsp. enterica 
ser. Stanley, S. enterica 
subsp. enterica ser. Infantis, 
and S. enterica subsp. 
enterica ser. Typhimurium

Breeding and fattening pigs 7.9% S. enterica subsp. enterica 
ser. Typhimurium (54.7%) 
and S. enterica subsp. 
enterica ser. Derby (17.5%) 
(of 2037 isolates)

S. enterica subsp. enterica 
ser. Typhimurium (27.8%), 
S. enterica subsp. enterica 
ser. Derby (24.4%), and 
monophasic strains of S. 
enterica subsp. enterica ser. 
Typhimurium (18%)

Cattle (breeding animals, 
dairy cows or calves, or 
were unspecified)

3.9% S. enterica subsp. enterica 
ser. Typhimurium (46.8%), 
S. enterica subsp. enterica 
ser. Dublin (31.3%), and S. 
enterica subsp. enterica ser. 
Enteritidis (4.6%) (of 3243 
reported isolates)

S. enterica subsp. enterica 
ser. Derby (24.7%), S. 
enterica subsp. enterica ser. 
Typhimurium (20.6%) and 
S. enterica subsp. enterica 
ser. Enteritidis (17.8%)

Table 2. Salmonella prevalence in farm animals and their meat in the Europe Union [46].
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other agents able to induce infectious diseases into a farm. Biosecurity programs identify risk, 
origin, reservoirs, vector, and carriers, preventing the access to the farm. It includes strategies 
as control of wild birds and flies, obligatory disinfection of boots, clothes, and equipment 
for farm workers and visitors. Cleaning and disinfection of houses, litter, and dead animal’s 
management and vaccination are also important in a prevention program.

5.1. Cleaning and disinfection

High level of Salmonella persisting for months in surfaces and contaminated facilities demon-
strates the importance of cleaning organic matter and dust from the environment and animal 
houses. Empty houses should be cleaned and disinfected between flocks and herds.

Cleaning has to be detailed, using water and appropriate detergents. In poultry houses, clean-
ing should be focused in difficult access places as ceilings, cages, egg-conveyor belts, egg-
grading equipment, manure belts, feed troughs, hoppers, feed bins, louvers, curtains, brush 
blades, air inlets, fans, and other ventilation equipment. Feather removal is an important 
measure in poultry facilities. Also, frequently visited rooms should be cleaned; anterooms, 
egg-packing rooms, and egg-storage rooms, offices, storage rooms, and restrooms can be 
contaminated.

After washing and cleaning, administration of disinfectants by high-pressure spray, foam, 
and fumigation reduce environmental contamination. Disinfectant dilutions and application 
directions should be strictly followed. A suitable disinfectant against Salmonella should have 
residual properties and activity in the presence of organic matter. Drying of houses imme-
diately after application of disinfectants is highly advisable to reduce water activity, which 
allows Salmonella multiplication.

Disinfectants as sodium hypochlorite or quaternary ammonium compounds are able to elimi-
nate Salmonella bacteria. Other studies showed that the use of glutaraldehyde, formaldehyde, 
and peroxygen at a concentration of 1% in field conditions was inadequate for the elimina-
tion of Salmonella in the farm [48]. Higher doses should be used. Povidone-iodine, potassium 
permanganate, ethanol, chlorhexidine digluconate, and hydrogen peroxide exhibited high 
efficacy in other studies [49, 50].

Recontamination after cleaning and disinfecting may occur. Houses recently cleaned 
should be closed before animals arrive to prevent organic matter and dust contamina-
tion. Equipment should be washed and disinfected before entering a house to prevent 
recontamination.

5.2. Vaccination

Vaccination is a specific control tool against Salmonella. Vaccines are used to increase the infec-
tion resistance. It can enhance the short-term responsiveness of control programs but does 
not completely eliminate problems. A combination of biosecurity procedures, Salmonella-free 
replacement of flocks and herds, and vaccination should be a suitable control approach. Farm 
management programs need integrated interventions to be satisfactory.
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Immunization has been shown to significantly reduce the number of hens infected by S. enterica 
subsp. enterica serovar Enteritidis and the rate of egg transmission [51]. Live-attenuated vac-
cines and nonliving vaccines (bacterins) of S. enterica subsp. enterica serovar Enteritidis vac-
cines are used to immunize chickens. Live vaccines are used against S. enterica subsp. enterica 
serovar Gallinarum and Typhimurium.

Live vaccines reduce intestinal and internal organ (spleen, liver, ovary, and oviducts) infec-
tion and stimulate mucosal immunity in the digestive tract [52]. Bacterins (killed vaccines) 
induce high levels of circulation antibodies and reduce colonization of internal organs and the 
number of bacteria in egg content [53]. However, they have a limited effect in feces shedding; 
for this reason, they may not contribute to prevent environment contamination. Therefore, 
a combination of both lives and bacterins are commonly used in layers and showed to be 
effective in Salmonella control in poultry [51].

Vaccination of sows and piglets can be helpful. Both vaccines are used, live and bacterins. Live 
vaccines are considered to provide good protection in pigs. However, some live vaccines in 
pigs show risks as reversion to virulence and excretion to the environment. And also, there 
is no differentiation between naturally infected and vaccinated animals [12]. Inactivated vac-
cines in sows could reduce transmission to the progeny and enhance maternal immunity. 
An effective, safe, and efficient vaccine program should prevent clinical symptoms, coloniza-
tion, and development of carriers and reduce shedding.

5.3. Pest control

5.3.1. Rodents

Reduction or elimination of these vectors is an important part of the prevention strategies 
or control. An effective control program should be keep rodents number to the lowest level 
possible.

Chemicals and baits are the most common methods of rodent control. Farmers use frequently 
traps and cats. The use of cats as exterminator is not recommended. A study in a pig farm 
founded 12% of farm cat Salmonella [20] and Toxoplasma gondii positive [25].

A rodent control should have an integral approach, and it should include:

• Monitoring of rodent populations by visualization, traps, and creation of an index.

• Removal of old stored material and waste.

• Repairing facility structure.

• Do not allow rodents to enter the houses (repair holes, door seals, etc.).

• Removal of habitat elements and shelters for rodents near animal buildings, barns, and 
stables.

• Limiting access to water and feed.

• Limit the development of high rodent densities.
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• Cleaning of outdoor paddocks.

• Removal of vegetation around the houses.

• The use of effective rodenticides.

• Secure disposal of died animals, litter, and waste.

• Do not maintain spilled feed.

• Follow strict biosecurity procedures.

It has been demonstrated that rodent integral control programs that follow these guidelines, 
has effectively decreased Salmonella in livestock animal houses.

Sometimes when high rodent densities are found, a program such as the mentioned is 
required.

5.3.2. Insects

For a successful insect control is required to keep litter dry and well ventilated, preventing 
wet areas and leaks is a must. Frequent removal of litter and replacement of fresh shavings in 
poultry houses can help to reduce beetle populations [54].

The use of insecticides such as :pyrethrins, carbamates and phosphates is a common practice. 
Sometimes, mite control could be complicated, because of the resistance from the insects to 
the acaricide; and also technical limitations like the usage in the lay period in hens. Rotation 
of insecticides reduces development of resistance.

Biological control methods should be used especially in animal production periods. Fly para-
sites, depredators, and insect growth regulators could be good options. Wettable powders are 
used with chemical insecticides in the beetle control.

5.4. Water safety

Water sanitation at the farm is essential in a biosecurity program. Drinking water sanitation 
can prevent initial contamination and recontamination of animals with Salmonella. Water fil-
tration is a critical component of a water sanitation program. Dirty water cannot be effectively 
sanitized. Frequent washed and cleaned tanks are also required.

Chlorine is the most common disinfectant used in drinking water. It is a strong oxidizing 
agent and used to sanitize drinking water in farms. It is effective against Gram-positive and 
Gram-negative bacteria, viruses, fungal, and protozoa. When added to the water, a chemical 
reaction occurs, formation of Hypochlorous acid (HOCL) (weak acid) and Hypochlorite ion 
(OCL-). Both are referred as free chlorine or available free chlorine. HOCL is more efficient 
as sanitizer. HOCL is necessary to keep low water pH, under 6.5 [55]. Chlorine is available in 
liquid form as sodium hypochlorite and in solid form as calcium hypochlorite. Sodium hypo-
chlorite is usually available at a concentration of 10–12%.
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Other halogens as iodine and bromine are used. Hydrogen peroxide, peracetic acid, ozone, 
and ultraviolet light showed to be successful to sanitize drinking water. Addition of organic 
acids to the drinking water showed variable results [56]. The antibacterial effects of acids 
depend on the type of organic acid, the bacterial species, the concentration used, and the 
physical form in which it is administered to the animals.

Strategies to reduce drinkers and pipe biofilm should be implemented. Biofilm causes resis-
tance to free chlorine residuals, which can lead to persistence of bacteria in chlorine-treated 
water. Surfactin, glucose, halogenated furanones, 4(5)-aryl 2-aminoimidazoles, furocouma-
rins, and salicylates are used as biofilm inhibitors and disinfectant combinations of triclosan 
and quaternary ammonium salts or halogenated furanones and treatment antibiotics/disin-
fectants and microemulsions such as soybean oil in water [6]. It is essential that the effective-
ness of sanitization program can be monitored.

5.5. Litter and carcasses disposed

Manure is one of the most important sources of Salmonella contamination. Pig slurry and 
poultry litter should not be spread, sprayed, or reused before a disinfection treatment. Land 
spreading of manure can lead to contamination of soil and water, which can potentially lead 
to bacteria transmission to animals and humans.

Transportation and disposal of slurry and manure from pig and poultry houses and barns, 
the transportation of slaughter offal to rendering plants, the cross contamination of rendered 
meat meal, and other poultry and animal byproducts contribute to spreading Salmonella in 
the environment [5].

If Salmonella is present in the litter and manure, the birds and pigs could be exposed at a 
time when they are highly susceptible and get sick. Well-designed facilities should avoid 
contact between animals and their feces. There are many manure treatments or disinfection 
procedures. Manure methods can be physical, chemical, biological, or a combination of all 
three and include technologies such as anaerobic digestion, composting, and separation. It 
has been shown that stored separate pig manure fractions under controlled conditions (10.5°C 
for 84–112 days) reduced Salmonella [57].

Salmonella may also be introduced into soil and the adjacent environment by decomposition of 
infected carcasses [5]. Dead animals should be disposed into a secured container, which is regu-
larly washed and disinfected. Burying, composting, incineration, and dropping off at designated 
sites are the most commonly recommended and utilized methods for carcass disposed [58].

5.6. Transportation

Pigs and chickens and other animals increased shedding of Salmonella during transport from 
the farm to the slaughterhouse. Long transportation duration, high stock density, weather 
conditions, and long feed withdrawal are causes of bacteria increase shedding.

Feed tracks can also act as mechanical vectors and can transfer bacteria from one farm to 
another. Pig and poultry vehicles and drivers represent a considerable risk; therefore, they 
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should not be allowed into the clean areas of the farm. Transport vehicles, feed trucks, and 
chicken coops should to be cleaned and appropriately disinfected to prevent Salmonella con-
tamination in harvest. In layers decontaminated and sanitized coops or cages and vehicles 
should be used to transport pullets from grow-out houses to the layer farm.

5.7. Feed additives and heat treatment

Organic acids and their salts, essential oils, formaldehyde, bacteriophages, probiotics, pre-
biotics, and symbiotics can be used to modify the gut environment to prevent Salmonella 
colonization, invasion, multiplication, and shedding. Probiotics consist of single or multiple 
beneficial bacteria strains that colonize intestinal tract; they compete with pathological bacte-
ria as Salmonella for attachment sites, nutrients in the luminal surface of enterocytes. Probiotics 
also produce antibacterial compounds as bacteriocins and volatile fatty acids. Prebiotics are 
food ingredients as oligosaccharides that stimulate intestinal bacteria and probiotic growth. 
Symbiotics are products that contain both prebiotics and probiotics. Bacteriophages are 
viruses that infect and replicate in bacteria and have an effect against Salmonella.

Organic acids reduce Salmonella in contaminated feed. Formic and propionic acids and their 
salts are commonly included in feed, but the effect varies by the inclusion rate, food level con-
tamination, feed´s moisture and the type of acid. Formaldehyde is permitted in some coun-
tries; therefore, it is corrosive and potentially harmful for humans and animals.

Appropriate pelleting process can eliminate Salmonella by heat treatment; it is performed at 
93°C for 90 s [17]. Combinations of several of these treatments have been shown effective 
in recontaminated feed. Measures to prevent recontamination of finished feed should to be 
taken.
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Abstract

Salmonella spp. are bacteria that cause salmonellosis, a common form of foodborne ill-
ness with major impact on human health and huge financial losses in poultry indus-
try. The incidence of notified cases of salmonellosis has declined from a peak of 24 per 
100,000 in 2009 to 20.4 reported cases per 100,000 population in 2013, with S. enteritidis 
and S. typhimurium being the most commonly reported serovar in EU. Salmonella spp. 
has been detected in a range of foods, and outbreaks have predominantly been asso-
ciated with animal products such as eggs, poultry and dairy products, but also with 
plant origin food such as salad dressing, fruit juice and sesame. At the time of slaughter, 
Salmonella-infected poultry may have high numbers of organisms in their intestines as 
well as on the outside of the bird and are therefore an important source of contami-
nation. Nowadays, food safety has become an important concern for the European 
society and governments; therefore, more strict and harmonized regulations are being 
implemented throughout the poultry production chain with the aim to guarantee and 
increase the consumer confidence in foodstuffs of animal origin. Furthermore, increas-
ing antimicrobial resistance in non-typhoid Salmonella species has been a serious prob-
lem for public health worldwide.
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1. Introduction

Salmonella has been declared by the World Health Organization (WHO) and the Food 
Agriculture Organization (FAO) as the most common and important zoonosis since 1950. 
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This has led to its inclusion in the terrestrial animal health code of the World Animal 
Health Organization In humans, typhoid disease manifests one to 2 weeks following 
bacterial inoculation with generalized fever and malaise, abdominal pain with or with-
out other symptoms including headache, myalgias, nausea, anorexia and constipation [1]. 
An estimation of the annual non-typhoid Salmonella gastroenteritis suggests that there are 
around 94 million cases, resulting in 155,000 deaths, and that the majority of the disease 
burden, according to this study, is in the South-East Asian Region and the Western Pacific 
Region [2]. Most human salmonellosis cases are foodborne, but each year, infections are 
also acquired through direct or indirect animal contact in homes, veterinary clinics, zoos, 
farm environments or other public, professional or private settings. It has been estimated 
that approximately 80.3 million of 93.8 million human Salmonella-related gastroenteritis 
cases—that are diagnosed globally each year—are foodborne, thus representing approxi-
mately 86% of human salmonellosis cases [2]. Another study estimated that approximately 
55% of human Salmonella cases were foodborne, 14% were travel-related, 13% are acquired 
through environmental sources, 9% occurred due to direct human-to-human transmission 
and 9% were attributable to direct animal contact [3, 4].

2. Salmonella species classification

The bacteria of the genus Salmonella are responsible for illnesses in human beings and ani-
mals. The genus is divided into two species: Salmonella enterica and Salmonella bongori [5]. S. 
enterica is divided into six subspecies (enterica, salamae, arizonae, diarizonae, houtenae and indica) 
and each one of them has several serovars or serotypes. Nowadays, more than 2500 serotypes 
are known and almost 1500 of them belong to the subspecies enterica [6]. Most pathogenic 
isolates from humans and other mammals belong to S. enterica subspecies enterica. Other S. 
enterica subspecies and S. bongori are more common in cold-blooded animals and the environ-
ment, with lower pathogenicity to humans and livestock [7, 8].

A few serotypes are host specific; i.e. S. typhi is implicated in typhoid fever in human beings, 
while Salmonella pullorum and gallinarum are responsible for bacillary white diarrhoea and 
fowl typhoid in poultry, respectively [9]. Salmonella choleraesuis is host restricted to pigs, 
Salmonella ser. abortusovis is involved in sheep abortions and Salmonella dublin infects bovines 
[10]. There are a number of non-host-specific serotypes that may infect several animal species, 
including humans, and these are generally responsible for foodborne diseases with foods 
of animal origin being the main source. From the early years, the most common agent of 
human foodborne disease was Salmonella typhimurium, but in the last few decades the fre-
quency of Salmonella enteritidis has dramatically increased [11]. Almost 80 out of 2500 serovars 
are thought to be frequently involved in animal and human salmonellosis. S. typhimurium and 
S. enteritidis are the most common agents of disease in human beings and animals, but lately, 
there is also increasing concern about S. typhimurium monophasic, S. derby, infantis, agona, hadar, 
heidelberg and virchow serotypes.
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3. Transmission routes, public health and economic cost associated  
with Salmonella infection

The gastrointestinal tracts of humans and animals are the primary sources of Salmonella. The 
bacteria are carried asymptomatically in the intestines or gall bladder of many animals and 
are continuously or intermittently shed in the faeces. Also, these can be carried latently in the 
mesenteric lymph nodes or tonsils [12], which are not then shed, but can become reactivated 
after stress or immunosuppression [13]. Although most infections cause mild to moderate 
self-limiting disease, serious infections leading to deaths do occur [14]. Its widespread pres-
ence in the environment is considered to be due to the direct or indirect faecal contamination 
[15]. The transmission to humans usually occurs through the consumption of food or water 
contaminated with animal faeces, but it can also happen through direct contact with infected 
animals or their environment and directly between humans. In the same way, animals can 
become infected from contaminated feed (including pastures), drinking water or close contact 
with an infected animal (including humans).

Transovarian (vertical transmission) or trans-shell (horizontal transmission) occurs in 
poultry. In the first case, a contamination of the vitelline membrane, albumen and possi-
bly the yolk of eggs occurs. Following this route, Salmonellae are introduced from infected 
reproductive tissues to eggs prior to shell formation. Salmonella serotypes with high impor-
tance to public health, associated with poultry reproductive tissues, include S. enteritidis, S. 
typhimurium and Salmonella heidelberg. Among all the different serotypes, S. enteritidis may 
be more invasive and, consequently, may be found more frequently in reproductive tissues. 
Faecal contamination of egg shell is the primary cause of horizontal transmission [16]. This 
can also include contamination through environmental vectors, such as farmers, pets and 
rodents, feed, water, fluff, dust, shavings and straw, insects, equipment, and thus, many dif-
ferent serotypes of the genus Salmonella can be involved [17, 18]. Bacteria can contaminate 
egg contents by migration through the egg shell and membranes. Such a route is facilitated 
by factors such as moist egg shells, storage at ambient temperature and shell damage. Faecal 
shedding of S. enteritidis was detected for up to 8-week post-inoculation by hens housed 
in enriched colony cages and 10 weeks by hens housed in conventional cages, which were 
experimentally infected with S. enteritidis [19]. Studies on the survival of S. enteritidis in poul-
try units and food were carried out over a 2-year period and showed that the organism per-
sisted for at least 1 year in an empty trial house at the laboratory in which naturally infected 
broiler breeder birds had previously been housed [20]. In the same study, a similar survival 
period was found in a building which had housed an infected layer breeder flock, although 
infection was not detected in a subsequent pullet flock. Salmonella contamination appeared 
to persist preferentially in association with dust particles swept from the floor and in food 
troughs, and S. enteritidis survived at least 26 months in artificially contaminated poultry 
food [20].

Salmonella spp. can also be transmitted in utero in other mammals. Wild birds, rodents, fomi-
tes and mechanical vectors (insects) can spread Salmonella to livestock. In general, Salmonella 
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serotypes have a broad host range and clinical manifestations that result from the combination 
between serotype and host species involved [21] are prevalent in a whole range of warm-blooded 
animal population [22] but also in snakes [23], and free-living terrestrial and aquatic turtles [24].

Salmonella spp. can survive for long periods in the environment, particularly, where it is wet 
and warm. They can be isolated from many sources including farm effluents, human sewage 
and water. Persistence of Salmonella in acid soils is facilitated by their ability to adapt to low-
pH environments [25]. There is also some evidence that Salmonella may survive in soils in a 
viable but non-culturable state [26], although significance of this state is not yet understood. 
S. choleraesuis has been isolated for up to 450 days from pig meat and for several months from 
faeces or faecal slurries [27]. Salmonella typhimurium and Salmonella dublin have been found for 
over a year in the environment.

Plant origin material can be contaminated through direct deposition of Salmonella-containing 
animal faeces or through deposition of soil or dust previously contaminated with animal 
faecal material. In some circumstances, there has been an increasing evidence that Salmonella 
may be internalized in plant tissues [28]. This, however, was quite uncertain whether it was 
relevant to crops commonly used as components of animal feed.

Person-to-person transmission of Salmonella is well-recognized, and secondary transmission 
of Salmonella in outbreaks has been demonstrated [29]. Carriage in faeces in convalescent 
cases can be quite substantial with numbers approximating 106 to 107 Salmonella/g persist-
ing up to 10 days after initial diagnosis according to the authors. Reduction in numbers with 
time seems to be variable; most people will have count of less than 100 Salmonella/g after 
35–40 days, but a count of 6 × 103/g has been recorded in one patient 48 days post-illness 
[30]. Asymptomatic carriage may also occur, as it was mentioned for a British outbreak of 
hospital-acquired infection [31] and another case where asymptomatic food handlers have 
been responsible for an outbreak in a catering establishment in Jerusalem [32].

Non-typhoidal Salmonella are a leading cause of bacterial diarrhoea worldwide; they are 
estimated to cause 94 million cases of gastroenteritis and 115,000 deaths globally each year 
[2]. Of these, 80.3 million cases were estimated as foodborne origin. In one analysis [33] 
using data from the Foodborne Diseases Active Surveillance Network (FoodNet), the risk of 
Salmonella infection among travellers returning to the USA varied by region of the world vis-
ited. Travellers with salmonellosis were most likely to report visiting the following countries: 
Mexico (38% of travel-associated salmonellosis), India (9%), Jamaica (7%), the Dominican 
Republic (4%), China (3%) and the Bahamas (2%). Travel-associated infections were related 
to Salmonella in 36.7% of the cases reported, of which non-typhoidal Salmonella accounted for 
88.3%, typhoidal Salmonella 7.7%, and paratyphoidal Salmonella 3.9%.

In the latest EFSA’s report, a total of 82,694 confirmed salmonellosis cases were reported by 27 
European Union (EU) member states in 2013, resulting in an EU notification rate of 20.4 cases 
per 100,000 population [11].

A decrease of 7.9% in the EU notification rate compared with 2012 was shown in the above 
report, which supports the declining trend of salmonellosis in the EU/European Economic 
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Area (EEA) in the 5-year period of 2009–2013 (Figure 1). However, the above was not sta-
tistically significant when analysed by month. Nine out of 14 EU member states reported 
a total of 59 fatal cases, which gave an EU case-fatality rate of 0.14% among the 40,976 con-
firmed cases. Some researchers claim that human salmonellosis represents a considerable eco-
nomic impact and the estimated costing can be as €3 billion/year [34]. As in previous years, S. 
enteritidis and S. typhimurium represented 39.5 and 20.2%, respectively, in confirmed human 
cases, and they were the two most commonly reported Salmonella serovars in 2013 [11]. An 
interesting finding in the same report was that in the 2-year period from 2011 to 2013, cases 
of S. typhimurium, including the variant monophasic S. typhimurium 1,4,[5],12:i:-, decreased 
by 11.1%, while cases of S. infantis (which was the fourth most common serovar observed), 
increased by 26.5%. The fifth most common serovar observed in 2013, was S. derby, and this 
could partly be explained by a local outbreak in Berlin, Germany and surrounding areas in 
December 2013/January 2014. The outbreak occurred in hospitals and nursing homes with 
145 elderly patients affected and one fatal case. The suspected vehicle of infection was rawfer-
mented pork spread (‘teewurst’) [11].

In a recent report published by USDA in 2015 [35], a comparison of the economic burden 
showed that Salmonella ranks first among the 15 pathogens included in the study and sixth 
on a per-case basis. It imposes an estimated $3.7 billion in economic burden in a typical year. 
Almost 90% of this burden, thus $3.3 billion, is due to deaths; 8%, $294 million, is due to 

Figure  1. Trend in reported confirmed cases of human non-typhoidal salmonellosis in the EU/EEA, 2009–2013. Source: 
Austria, Belgium, Cyprus, Czech Republic, Denmark, Estonia, Finland, France, Germany, Greece, Hungary, Iceland, 
Ireland, Lithuania, Luxembourg, Malta, Netherlands, Norway, Portugal, Romania, Slovakia, Slovenia, Spain, Sweden 
and United Kingdom. Bulgaria, Croatia, Italy, Latvia, Poland and Romania did not report data over the whole period in 
the level of detail needed for the analysis.
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hospitalization and the remaining 2% is due to non-hospitalized cases (hospitalization rate of 
27.2% and a death rate of 0.5%).

According to Decision No. 2119/98/EC and 2000/96/EC, surveillance of foodborne salmonello-
sis in humans is mandatory in the EU member states as well as setting up a network for the epi-
demiological surveillance and control of communicable diseases in the Community [36, 37]. 
Data on humans, animals and food are compiled and analysed jointly by the European Food 
Safety Agency (EFSA) and the European Centre for Disease Prevention and Control (ECDC) 
and presented annually in the EU Summary Report on trends and sources of zoonoses, zoo-
notic agents and foodborne outbreaks [37].

4. Salmonella spp. in poultry and poultry products

Salmonella species that colonize the intestinal tract of poultry can persist throughout the bird’s 
lifespan in a poultry-producing environment and are shed with faeces [9, 16]. Faecal shed-
ding allows Salmonella to be transmitted among birds in a flock. Salmonella spp. is widespread 
in poultry production in Europe. Prevalence varies considerably depending on country and 
type of production as well as the detection methods applied. Results showed that preva-
lence is at the lowest level at the top of the production pyramid, i.e. the breeding stock. As 
mentioned above poultry meat and eggs represent an important source of human infection 
with Salmonella spp. with S. enteritidis and S. typhimurium been the most commonly reported 
serovars involved.

In the primary production, there are numerous activities that influence the introduction, 
growth or elimination of Salmonella species for poultry and poultry products, and therefore, 
many opportunities are given to Salmonella to enter the food chain, even though other steps 
will prevent growth or inactivate the pathogen. Several studies have studied the risk factors 
[38–40] associated with Salmonella contamination in broiler chickens. The most important 
risk factors included contaminated chicks, size of the farm (>3 poultry sheds—presumably 
related to increased human traffic among multiple sheds) and contaminated feed (the risk 
of Salmonella contamination of the flock was increased when feed trucks were parked near 
the entrance of the workers’ change room and when feed meal, instead of small pellets). A 
systematic review of the risk factors associated with Salmonella in laying hens [41] concluded 
that the presence of previous Salmonella infection, absence of larger flock size (>30,000 hens), 
multi-age management, cage housing systems, rearing pullets on the floor, induced molting 
and in-line egg processing were factors associated with Salmonella infection. Also, cleaning 
and disinfection, presence of rodents, pests with access to feed prior to movement to the feed 
trough, visitors allowed in the layer houses and trucks near farms and air inlets were risks 
identified to be associated with Salmonella contamination of laying hen premises. However, 
high level of manure contamination, middle and late phase of production, high degree of egg-
handling equipment contamination, flock size of >30,000, and egg production rate of >96% 
were identified as the risk factors associated with Salmonella contamination of shell eggs. 
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These were risks which showed strong to moderate evidence of association with Salmonella 
contamination of laying hens and shell eggs. In the same study, eggshells testing positive for 
Salmonella were 59 times higher when faecal samples were positive and nine times higher 
when floor dust samples were positive. Furthermore, the presence of Salmonella enteriditis 
infection in laying hens was associated with risk factors such as flock size, housing system 
and farms with hens of different ages.

The Panel on Biological Hazards [42] recommended that the application of hazard analy-
sis critical control point (HACCP) principles, including good manufacturing practices and 
general hygiene procedures are recognized as important measures for Salmonella control 
in feed production. However, prevalence data for Salmonella in feed ingredients or com-
pounded feed are usually very difficult to compare between different studies due to dif-
ferences in sampling and analytical methods applied. The existing community legislation 
on food hygiene and control of zoonosis [43] constitutes a number of provisions that aim 
to control and prevent the Salmonella contamination of foodstuffs. Targets for Salmonella 
spp. were set progressively in different animal populations: breeding flocks of Gallus gal-
lus, laying hens, broilers and turkeys. As an obligation, member states have developed and 
submitted national control programs to the commission which include recommendation on 
establishing strict biosecurity measures at farm level (including Salmonella-free poultry feed 
and water), vaccination programs in the parent flocks [44] as well as testing and removal of 
positive flocks from production. Except of encouraging immunity or resistance to Salmonella 
infection in birds through the use of antibodies, other strategies to prevent infection include 
the use of feed additives or acidified food. It is expected that acid treatments have a residual 
protective effect on feed, which reduces both the recontamination of feed as well as the con-
tamination of milling and feeding equipment and the general environment [45]. However, 
the efficacy of organic acids against Salmonella depends on the level of bacterial contamina-
tion [46]. The same author recommends that, except feed treatment, water acidification can 
help prevent Salmonella, as the supplementation of acids in drinking water reduces the pH 
level and bacterial counts.

Nowadays, the trend seems to be towards production becoming more integrated, and many 
small farms will be replaced in the future by fewer, bigger farms, which will allow a greater 
integration and consequently to a better control of Salmonella. Furthermore, comparisons of 
Salmonella species contamination of free range or organic production systems with ‘conven-
tional’ systems have produced varied results and more statistically valid surveys are required 
to ascertain if differences do occur [47]. In addition, the transportation of poultry between 
farms and from the farm to the processing plant offers an environment where Salmonella spe-
cies might be spread between birds [48–50]. Shedding of large numbers of pathogens in faecal 
material during transport is believed to be related to increased stress in birds [48, 49].

Sewage and farm effluents, which can contaminate pasture, soil and water with Salmonella, 
tend to be handled more consciously lately, due to the pressure of environmental law require-
ments. However, the breeding stocks used all over the world are produced by a small num-
ber of companies, meaning that these sell to purchasers worldwide and this can lead to the 
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wide-scale spread of Salmonella, if the breeding stocks are infected. One should also take into 
consideration that where the aim is to control specific serotypes, a zero-tolerance policy with 
respect to these organisms may give a false sense of security, because the predominant sero-
types in poultry flocks are likely to change over time.

5. Primary and secondary poultry processing and retail

The most important control measure at primary production, apart from those focusing in 
the elimination of Salmonella in grandparent and parent flocks by vaccination and an all-in-
all-out production at the broiler farm, is to avoid any carry over during processing which is 
achieved by a logistic slaughter planning scheduled to avoid pathogens being transferred 
from contaminated processing equipment to another flock, and finally the satisfactory clean-
ing of transport crates. The operations that are thought to increase the contamination while 
in the processing line are scalding, plucking and evisceration. The most important critical 
control point in the process in relation to contamination is the feather plucker. Also, eviscera-
tion can be considered as an important risk due to a consequence of gut rupture. The eviscera-
tion machinery may play a role in damaging poultry carcasses while these are not entirely 
uniform in size. Most studies so far have shown that the prevalence of Salmonella species is 
usually higher on poultry carcasses at the end of primary processing than at the start [51, 52], 
although the concentrations of organisms on carcasses tend to decrease [17].

To reduce carcass contamination, decontamination measures can be applied. Many countries 
after the adoption of the ‘Code of hygienic practice recommended for poultry processing’ by 
the Codex Alimentarius in 1994, adopted their own code of practices for poultry processing. 
The requirements for cleaning of de-feathering equipment and recommended list of used dis-
infectants and practices of physical separation of de-feathering from later primary processing 
steps, requirements for processors to define acceptable levels of visible faecal contamination 
following evisceration and monitoring requirements for faecal contamination and practices 
of spaying or rinsing/dipping are included in this code. As far as these decontamination mea-
sures is concerned, one should take into consideration that, there are some regional differ-
ences, since chemical treatment is not accepted in the EU at the moment, but is widely used in 
other parts of the world, e.g. in the USA and New Zealand.

Poultry secondary processing includes portioning and processing of carcasses or portions 
into value-added products. During secondary processing, Salmonella prevalence may increase 
due to cross-contamination, while concentrations of Salmonella may increase if temperature 
control is not properly maintained [53]. Both poultry muscle and skin are excellent substrates 
for a wide variety of microorganisms [54], but the potential shelf life of raw poultry is quite 
short (e.g. chicken samples had spoiled after 4 days at 9°C) [55]. Unless frozen, raw poultry 
has a rapid turnover at retail, often 24–48 hours with a best before date of 3–4 days [56].

Salmonella species can survive well at refrigeration temperatures and will grow on fresh 
poultry under warmer, more favourable, temperatures (e.g. during transportation from a 
retail outlet to a consumer’s home). Salmonella numbers are reduced under frozen storage 
conditions but salmonellosis outbreaks from 1998 to 2008 due to consumption of frozen 
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wide-scale spread of Salmonella, if the breeding stocks are infected. One should also take into 
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products showed that bacteria can survive freezing and Salmonella may pose an infection risk 
if the product is improperly cooked [57]. Thus, freezing cannot be considered as an adequate 
control step.

In a New Zealand consumer survey, the times and temperatures of purchased poultry prod-
ucts during transportation by consumers were examined [58]. It showed that thawing poul-
try at room temperature for up to 12 hours was a common practice and that any Salmonella 
present on the surface of the poultry could be able to grow once the surface reached room 
temperature [59]. Other studies have shown that the time required for frozen poultry (–18°C) 
to reach minimum growth temperature (7°C) would be in the range 3–16 hours, depending on 
the freezer temperature and ambient (air) temperatures [60]. As growth is greatly reduced up 
to 15°C (requiring another 3 hours thawing), and not optimal until 35–37°C, normal thawing 
periods before cooking are unlikely to permit much growth, although situations involving 
warm freezer temperatures (–7°C) and high ambient temperatures may increase the amount 
of growth that occurs.

The detection of Salmonella in poultry products leads to rejection of large consignments of 
raw poultry meat, thus affecting poultry trade with huge economic impacts as a consequence. 
Of course, on top of that, the impact on human health and the associated costs, the trade 
disruptions and the cost of implementing effective control measures explains why the Codex 
Alimentarius Commission (CAC) in 2010 [61] agreed that the development of guidelines for 
the control of Salmonella in poultry was a priority. Even though information on the prevalence 
of Salmonella on poultry meat at the end of processing or at retail were available, very few sur-
veys have been undertaken where the number of organisms has been quantified [62] because 
enumeration of Salmonella proved to be very laborious.

Furthermore, interventions at the processing stages are assessed using growth models. These 
take into consideration several factors such as the levels of contamination when carcasses 
leave the processing plant, storage time in retail stores, transport time, storage times in homes 
and the temperatures carcasses were exposed to during each of these periods. It should be 
mentioned that the presence and level of Salmonella in this step is very much country specific, 
since the level of infection when leaving the processing step varies between the countries in 
relation to the methods which are used at the processing plant. In any case, national data must 
be used when estimating levels of contamination therefore [16].

6. Food of animal and plant origin as a source of Salmonella serovars  
for humans

Both plant and animal product-based animal feed ingredients may be contaminated with 
Salmonella. Red and white meat, meat products, milk, cheese and eggs are considered the 
major food sources of human salmonellosis, although a wide variety of other foods have been 
associated with outbreaks [8]. Other researchers reported that lamb's liver was responsible 
for an outbreak of S. typhimurium phage-type 197 in Australia [63]. In Germany, from 2001 to 
2005, microbiological testing, trace-back investigations and epidemiological studies showed 
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that pork and pork products were involved in human salmonellosis outbreaks [64]. In Italy, 
an outbreak of S. typhimurium phage-type DT 104A involving 63 cases suggested that the 
consumption of pork salami was associated with this outbreak, underlining the importance 
of good manufacturing practices for ready-to-eat foods [65]. Many other reports involving 
human salmonellosis outbreaks associated with consumption of red meat have been recorded 
in the literature [66, 67], and in most of cases, the disease was associated with the consump-
tion of contaminated meat or was a result of incorrect or inadequate cooking.

In the European Union (EU), contaminated foodstuffs serving as a source of Salmonella infec-
tion for humans include table eggs closely followed by pig meat, whereas the risks associated 
with broiler and turkey meat are similar and approximately two-fold lower [68]. As far as 
the distribution of serovars is concerned, in the EU, S. enteritidis and S. typhimurium are the 
serovars most commonly associated with human illness. Human cases of S. enteritidis are most 
frequently associated with the consumption of contaminated eggs and poultry meat, while S. 
typhimurium cases are associated with the consumption of contaminated pig meat or bovine 
meat [69]. It is estimated that around 10.6, 17, 56.8 and 2.6% of the human salmonellosis cases 
in the EU are attributable to broilers, laying hens (eggs), pigs and turkeys, respectively [70]. Of 
the broiler-associated human salmonellosis cases, around 82 and 6.5% are estimated to be due 
to the serovars S. enteritidis and S. infantis, respectively [71]. In the EU, approximately 9% of 
turkey carcasses are Salmonella-positive and the top six serovars that contribute to human cases 
are S. enteritidis, S. kentucky, S. typhimurium, S. newport, S. virchow and S. saintpaul [70]. While 
there are few data on the prevalence of pathogens on trimmings and meat cuts used for minced 
meat products, in [71] Salmonella spp. was detected on up to 5.3% of beef trimmings. The high-
est levels of non-compliance with Salmonella criteria generally occurred in foods of meat origin 
that are intended to be cooked before consumption in 2014, as in the last years [11]. Minced 
meat and meat preparations from poultry intended to be eaten cooked showed the highest 
level of non-compliance (category 1.5; 8.7% of single samples and 5.7% of batches). One should 
consider that growth of Salmonella should be absent or very slow in correctly chilled meat 
intended for preparation of mince since the organism show a reported minimum growth tem-
perature of 5°C and an optimum temperature of 35–43°C [72], a pH growth range of 4.5–9.0.

A long list of foods that have been contaminated by Salmonella includes: seafood (shellfish, 
salmon), cereal and cereal products (barley, cereal powder), oilseeds and oilseed products 
(cottonseed, soybean sauce, sesame seeds), nuts and nut products (desiccated coconut, peanut 
butter), spices (white and black pepper, paprika), vegetables (watercress, tomatoes, lettuce, 
potato and other salads and bean sprouts), fruit and fruit products (watermelon, melon and 
cider) and other miscellaneous products (chocolate, cocoa powder, dried yeast and candy). 
Salmonella contaminated tahini (a product made from crushed sesame seeds) has caused a 
number of outbreaks worldwide, including New Zealand and Australia [73]. In 2002, an out-
break of S. montevideo occurred in New South Wales, Australia showing that imported ‘tahini’ 
was rapidly identified as the source of infection.

In foods from vegetable origin, detection of Salmonella serovars is a matter of increasing con-
cern. Recent literature highlights the importance of foods of vegetable origin as potential vehi-
cles of gastrointestinal infection nowadays. Salmonella serovars may contaminate vegetables 
during production, storage or even in retail outlets. Furthermore, fruits and juices, as they are 
usually consumed raw, may also be implicated in human salmonellosis.
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In 2002, tomatoes, grown and packed in Virginia state (USA), contaminated with S. newport, 
caused illness in 510 patients in 26 other states [74]. Later, in July–November 2005, the same 
strain (confirmed by PFGE) caused illness in at least 72 patients in 16 states of the USA. S. 
newport strain was responsible for the outbreak which was isolated from pond water used 
to irrigate tomato fields, suggesting persistent contamination of the fields [75]. Also, during 
2005–2006, in the USA and Canada three more outbreaks of Salmonella infections associated 
with eating tomatoes were detected. These outbreaks resulted in 387 culture-confirmed cases 
of salmonellosis, with isolation of S. newport, S. braenderup and S. typhimurium [76].

Unpasteurized orange juice was responsible for foodborne salmonellosis in 152 people in 
six states in the USA between May and July 2005 [77]. From 1995 to 2005, some researchers 
reviewed fruit juice-associated outbreaks of illness reported to Centres for Disease Control 
and Prevention (CDC), in Atlanta, USA [78]. Twenty-one juice-associated outbreaks were 
reported to CDC; 10 implicated apple juice or cider, eight were linked to orange juice and 
three implicated other types of fruit juice. These outbreaks caused 1366 illnesses, with an aver-
age of 21 cases per outbreak (range, 2–398 cases). Five out of 13 outbreaks of known aetiology, 
were caused by Salmonella serovars.

Human salmonellosis due to S. thompson infection were reported in Norway as a result of the 
consumption of rucola lettuce and mixed salad [79]. Prepared salads were also responsible for 
infectious intestinal disease outbreaks in England and Wales from 1992 to 2006 [80] as a result 
of international trade. Cross-contamination, infected food handler or inappropriate storage 
were the most common factors associated with this vegetable contamination.

7. Antibiotic resistance in Salmonella serovars: a serious problem in 
public health

Since 2003, according to the U.S. Food and Drug Administration, antimicrobial resistance in 
Salmonella spp., as well as in other bacterial species, has been recognized as a global threat and 
an increasing public health matter. Salmonellae have evolved not only virulence mechanisms 
to interact with host defence mechanisms at various tissues in different stages of infection 
resulting in significant host immunopathology, morbidity and mortality [1] but have evolved 
resistance mechanisms against antimicrobial agents, thus triggering host responses.

Individual organisms may transfer mutations that render antibiotics ineffective, passing on a 
survival advantage to the mutated strain, resulting in a normal genetic variation in bacterial 
populations. Advantageous mutations can also be conveyed via plasmid exchange within the 
bacterial colony, in the presence of antibiotics, resulting in proliferation of the resistance trait 
in the bacterial populations. Natural selection leads to an inherent consequence of exposure 
to antibiotic compounds and then antibiotic resistance arises.

On the other hand, the spread of particularly resistant clones and the occurrence of resis-
tance genes within these clones can be exacerbated by the use of antimicrobials in human 
and animal populations and its selective pressure [81]. Many factors may also influence the 
spread of resistant clones, such as foreign travel by humans, international food trade, ani-
mal movements, farming systems, animal husbandry and the pyramidal structure of some 
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types of animal primary production. During the late 1990s and early 2000s, several clones of 
multi-drug-resistant (MDR) Salmonella emerged, and since then, they have expanded world-
wide. Multi-drug-resistant S. enterica serotype typhimurium has been associated with a higher 
risk of invasive infection, higher frequency and duration of hospitalization, longer illness 
and increased risk of death as compared to infections caused by susceptible strains [82]. The 
spread of this resistance in other serotypes is of great concern as well. A very characteristic 
example is the behaviour of S. typhimurium, the genomic element that carries resistance to 
five antimicrobials (ampicillin, chloramphenicol, streptomycin, sulphonamides and tetracy-
cline), which can be spread horizontally among other serotypes and acquire additional resis-
tance determinants. Genes conferring antimicrobial resistance in Salmonella are often carried 
on integrons and plasmids and could be transmitted through conjugation. These are mobile 
DNA elements and play an important role in transmission and dissemination of antimicrobial 
resistance determinants among Salmonella strains [83].

2013/652/EU Commission Decision sets an enhanced monitoring of antibiotic resistance (AMR) 
in bacteria from food and food-producing animals, which has been successfully implemented 
in all reporting and non-reporting member states. In accordance with the above legislation, 
the AMR monitoring started in 2014 and collected data referred on food and food-producing 
animals specifically targeted in different poultry populations and meat derived thereof. Two 
agents are responsible in performing the analyses of the data: EFSA and ECDC. The results are 
published in the first EU Summary Report on AMR [81] derived from 28 member states which 
reported data on AMR in zoonotic bacteria to the EFSA and 21 member states which submit-
ted data to the ECDC. In the above report, the results showed that high proportions of human 
Salmonella isolates were resistant to tetracyclines (30.3%), sulphonamides (28.6%) and ampicillin 
(28.2%) and more than half (54.8%) of all isolates from humans were susceptible to the complete 
range of antimicrobial classes tested. A total of 8.8 and 1.1% of Salmonella isolates were resistant 
to ciprofloxacin to cefotaxime, respectively, which is thought to be an overall relatively low 
proportion of resistance to these clinically important antimicrobials. In the same report, resis-
tance to third-generation cephalosporins was more common in S. infantis and S. kentucky with 
particularly high levels observed in Italy, most likely due to the circulation of a multiresistant 
and ESBL-producing (cefotaximase (CTX-M) type) clone of S. infantis. Also, an extremely high 
proportion (84.0%) of S. kentucky which showed high resistance to ciprofloxacin was mentioned. 
This is consistent with the dissemination of the ciprofloxacin-resistant S. kentucky ST198 strain 
in Europe and elsewhere since 2010 [84]. Overall, MDR in the EU was high (26.0%), with very 
high prevalence in some countries. It must be mentioned that some serovars exhibited very high 
to extremely high MDR. These were S. kentucky (74.6%), monophasic S. typhimurium 1,4,[5],12:i:- 
(69.4%) and S. infantis (61.9%). Another interesting observation derived from this study was the 
resistance to colistin which was commonly detected in S. enteritidis (67.5%, two member states) 
and it is thought that could be due to intrinsic resistance in this serovar.

In another study [85], it was reported that over 80% of strains from both human and animal 
sources that were tested for their antimicrobial resistance, showed that resistance patterns 
were similar among strains from humans and animals: the commonest phenotype comprised 
resistance to ampicillin, sulphonamides, streptomycin, chloramphenicol, and tetracycline and 
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was found in 76% of human and 73% of animal strains. Between 1972 and 1974, almost 50,000 
Salmonella isolates from several sources (humans, animals, animal products, sewage, etc.) 
were tested for resistance to ampicillin, chloramphenicol, kanamycin and tetracycline in the 
Netherlands. The incidence of resistance to at least one of the above drugs ranged from 39.2 
to 45.6%. An interesting finding was that multidrug-resistant strains of S. typhimurium and 
S. dublin were isolated from calves and cattle. A total of 64.4% of all strains of S. typhimurium 
from these animals appeared to be resistant to ampicillin, tetracycline, chloramphenicol and 
kanamycin, and 25.5% of S. dublin were found to be resistant to chloramphenicol and tetra-
cycline in the latest year of the study [86]. In NARMS’s last report which presents data for 
2013 in the USA [87], Salmonella, antimicrobial resistance varies by serotype: 3% (61/2178) of 
non-typhoidal Salmonella isolates were resistant to nalidixic acid. The most common serotypes 
among the 55 ceftriaxone-resistant isolates were S. newport, dublin, typhimurium, heidelberg and 
infantis.

Overall, antimicrobial resistance varies among different serotypes of non-typhoidal Salmonella, 
and in some of them is considerably significant. It is well-recognized that the emergence of 
antimicrobial resistance in bacteria, which can be transferred to humans, is attributable to 
antimicrobial use in animals; therefore the effectiveness of antimicrobial drugs for treat-
ing human disease has been reduced extensively. The resistance to certain antimicrobials, 
especially fluoroquinolones and cephalosporins, are of particular concern with major con-
sequences, since therapy of human systemic bacterial infections are critically dependent on 
their effectiveness. In face of this public health concern, it is highly recommended to follow 
a very careful prescription of antimicrobial agents during veterinary practice, regardless of 
the purpose of this prescription (prophylaxis or therapy) and a prudent use of antimicrobial 
agents after microbiological identification of the causative pathogen. Last but not least, it is 
very important to highlight that good hygiene practices and, wherever possible, alternative 
management methods should be sought and used and should not be substituted by the use 
of any antimicrobial agent.
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Abstract

Objectives: Salmonella is a major public health concern particularly in areas of low socio-
economic status (SES) and high temperature. In this chapter, we examined several socio-
economic and environmental factors that may increase the spread of Salmonella in the 
southern states of the USA.

Methods: In our recent studies, relevant US-southern states data of foodborne illnesses, 
from 2002 to 2011, were collected and used in various analytical models. The associations 
among low socioeconomic status, climatic variables and Salmonella infections were deter-
mined using several software packages.

Results: Our studies showed a significant increase in Salmonella outbreaks in Mississippi 
during the observed periods with regional and district variations. Regression and neural 
network models revealed a moderate correlation between Salmonella infection rates and 
low socioeconomic factors. A seasonal trend was observed for Salmonella infections. In 
one of our study, an increase of 1°F (0.556°C) was shown to result in four new cases of 
Salmonella infection in Mississippi.

Conclusions: Geographic location besides socioeconomic status may contribute to the 
high rates of Salmonella outbreaks. There are consistent evidence that gastrointestinal 
infections with bacterial pathogens are positively correlated with ambient temperature. 
Warming trends in the USA may further increase rates of Salmonella infections.

Keywords: Salmonella infection, socioeconomic status, climate change, global warming
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1. Introduction

Salmonella is a serious foodborne pathogen with an estimated 94 million human cases of gas-
troenteritis and 155,000 deaths around the world each year [1]. It causes around 1.4 million 
human cases with 15,000 hospitalizations and more than 400 deaths in the USA annually [2].

Contaminated eggs and poultry meat are common source of human salmonellosis. Wide range 
of domestic and wild animals, such as poultry and swine, can act as reservoirs for Salmonella. 
Institutions such as schools and nursing homes have often been linked to Salmonella outbreaks 
with devastating effects [3].

Salmonella rates in USA fluctuate considerably by geographic regions, with particularly higher 
rates in the Mid-Atlantic and New England States. This variation may be partly attributed to 
reporting differences. Salmonellosis rates between geographically and socio-economically 
similar to USA have been documented with as much as 200% differences between neighbour-
ing states [1]. Southern USA, due to its socioeconomic status (SES), climatic changes and agri-
cultural practices, is more vulnerable to increased outbreaks of foodborne illnesses compared 
to other parts of the country.

Emergence or resurgence of numerous infectious diseases is strongly influenced by environ-
mental factors, such as climate or land use change [4]. Climate, weather, topology, hydrology 
and other geographical characteristics of the crop-growing site may influence the magnitude 
and frequency of transfer of pathogenic microorganisms from environmental sources [5].

2. Geographical variation and socioeconomic status effects

Socioeconomic status (SES) is an important predictor of diseases. SES is frequently measured 
based on individual and community-level education, income, wealth, employment and family  
background when compared with other individuals or groups. Low SES is generally associ-
ated with greater morbidity and mortality of diseases [6]. Socioeconomic and demographic 
indicators can be used to predict the individuals and communities that are at an increased 
risk of acquiring infections. Generally, low socioeconomic status is an important predictor 
of several poor health outcomes including chronic diseases, mental illnesses and mortality.

In our previous study [7], we examined the extent of Salmonella infections in Mississippi and 
compared it with other southern states and with two referenced northern states of the USA 
(Figure 1) to determine the infections’ correlation with socioeconomic status. Several ana-
lytical modelling approaches including geographical information system (GIS) and neural 
network (NN) were employed. Laboratory confirmed data of Salmonella cases, from 2002 to 
2011, were collected for Mississippi, Alabama, Tennessee, Louisiana, Montana and Michigan. 
Southern states including Alabama, Tennessee and Louisiana were selected as neighbouring 
states of Mississippi, while Montana and MI were selected as reference states based on their 
geographical and climatic conditions. Monthly Salmonella outbreak cases were grouped by 
year and  districts. Data sources for this study included the US Centers for Disease Control and 
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Prevention (CDC) and the respective States Department of health and Epidemiology [8–11]. 
Data were adjusted to 100,000 of population [12]. In addition to Salmonella infections, data for 
Mississippi, socioeconomic variables for its various counties, categorised by public health dis-
tricts, for the year 2010–2011, were also retrieved [13]. The selected variables included poverty, 
uninsured, unemployment and primary care providers’ rates.

Results of the study showed mostly positive correlation between low socioeconomic variables 
and increased rates of Salmonella infections; however, poverty rates were negatively corre-
lated with Salmonella outbreaks.

Results of this study also revealed Salmonella rates in Mississippi to be twice than the average 
US Salmonella rates (36 cases/100,000 vs. 16.42 cases/100,000, respectively) [14]. Substantial 
regional differences in the incidence of Salmonella infections have also been reported previ-
ously [15]. A significant variation was observed in Salmonella outbreaks among the Mississippi 
districts through GIS mapping, regression analysis and NN models.

2.1. Poverty, education and unemployment

Underreporting of enteric infections is a critical issue in disease surveillance systems. Generally, 
patients with severe symptoms tend to visit the doctor and are subsequently notified to health 
authorities. As of 2011, almost 23% of Mississippi populations are living under poverty with 
average per-capita income of $32,000, although rural per-capita income lagged at $29,550, 
according to the USDA Economic Research Service. There are 96 hospitals in Mississippi, 163 
Rural Health Clinics, and 21 Federally Qualified Health Canters that provide services at 170 
sites in the state. An average of 19% of Mississippi residents lacks health insurance [12, 13].

The west-central region of Mississippi showed higher rates of Salmonella infections and lower 
poverty rates (36%), when compared to the Delta region of high poverty. However, more 
medical facilities are available in west-central region, resulting in higher identification and 

Figure 1. Salmonella Rates in Selected US States. MS-Mississippi; LA-Louisiana; TN-Tennessee; MI-Michigan; 
MT-Montana; AL-Alabama.
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reporting of diseases. In 2011, 20% of the populations in west-central region were college 
graduate, with 10% unemployment rate, while only 14% of populations in Delta region were 
college graduate and 13% were unemployed. Lower rates of shigellosis and salmonellosis in 
communities with high rates of unemployment were identified. It was speculated that the 
reduced access to health care due to lack of employment may lead to under-detection of a 
disease among the unemployed individuals [16].

Geographical variations in poverty rates were also observed in different districts of the state 
(Figure 2). In the Delta region of Mississippi, the poverty rate was 44.2%. The lowest Salmonella 

Figure 2. Geographical variations in Salmonella rates and socioeconomic factors in Mississippi.
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rates were observed in this region as well. With high rates of poverty, many individuals can-
not afford to seek medical care, which suggested underreporting of the disease.

The northern region of the state including northeast, northwest, Tombigbee and Delta district 
had the highest rates of unemployment. An average of 42% increase in unemployment rate 
was observed in the region in 2011. Primary care provider rate was the lowest in the north-
west and east-central regions of Mississippi. An average of 17% decrease in primary care 
provider rates was observed in these regions. On the other hand, highest rates of primary 
care providers were found in west-central and southeast regions of the state, with 2% increase 
from 2010 to 2011.

Our results are different from reported individual level epidemiologic studies that had found 
higher levels of foodborne infections among low education and low-income groups. Studies 
suggested that high socioeconomic status (HSES) groups may be overrepresented in inci-
dence statistics. It is possible that lower socioeconomic status (LSES) groups tend not to have 
health insurance or do not seek medical care when needed due to financial constraints. Access 
to health care may be an important influence on rates of reported bacterial infections. In an 
economy without universal health care coverage, tendency to seek care for GI infection has 
been associated with having health insurance [17, 18]. However, the Affordable Care Act 
(ACA) is expected to expand insurance coverage to millions of people in the USA. As a result, 
rates of reported cases of diseases and infections are expected to increase. In future projects, 
we will try to understand the impact of Affordable Care Act of 2010 on diseases reporting, 
especially among minority and LSES groups.

It is quite possible that various SES groups have different exposures because of dietary dif-
ferences, or differences in food safety behaviours [8]. Behavioural studies have revealed that 
high SES groups are more likely to eat undercooked foods, such as raw oysters and rare beef 
[9, 12]; while low SES groups are less likely to have adequately cool refrigerators [4].

Other studies had similarly utilised GIS to examine the relationships between area-based 
socioeconomic measures and incidence of salmonellosis [18, 19]. The results showed higher 
incidences of salmonellosis in groups with high education compared to the less educated 
groups suggesting the role of education in health-seeking behaviour and the predisposition 
for Salmonella infections at the population level [19].

Neural network modelling was shown to be a useful tool in this study to predict the cor-
relation between socioeconomic factors and Salmonella outbreaks. A moderate correlation 
between actual and network predicted output was observed at 41%, a reasonable level 
considering the biological system. Artificial neural networks (ANNs) are non-linear map-
ping structures comparable to human brain. They have been shown to be universal and 
highly flexible function to approximate any data. ANNs were developed initially to model 
biological functions [20–23]. Neural network melding has been used previously for predic-
tion of T-Cell epitopes [24], prediction of cancer using gene expression profiling [25], tem-
perature prediction [26], diabetes prediction [21], poultry growth modelling [27], egg price 
forecasting [28], in addition to predicting the relation between obesity and high blood 
pressure [23].
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In the USA, Mississippi ranked 50th among all the states for health care, according to the 
Commonwealth Fund, a non-profit foundation working to advance performance of the health 
care system. For the past 3 years, obese populations were accounted for more than 30% of 
Mississippi's residents and 22.8 % of the state’s children. On top of obesity, Mississippi had 
the highest rates in the nation for high blood pressure, diabetes and adult inactivity [24].

Social and economic conditions underpin poverty and can directly or indirectly affect health 
status and health outcomes. Major epidemics emerge and chronic conditions cluster persist 
wherever poverty is widespread [5].

3. Effects of climatic variables

3.1. Temperature

Diseases associated with climate change are estimated to comprise 4.6% of all environmental 
risks and hazards. Climate change, in the year 2000, contributed to about 2.4% of all diarrhoea 
outbreaks in the world, 6% of malaria outbreaks in certain developing countries and 7% of the 
episodes of dengue fever in some industrial countries. In total, the estimates showed that cli-
mate change related mortalities were 0.3%, whereas the related burden of disease was 0.4% [29].

Global average temperature, from 1906 to 2005, has warmed by 0.74°C; and since 1961, sea 
level has risen on average by 2 mm per year. On the other hand, Arctic sea ice has declined 
by 7.4% per decade while snow cover and glaciers have diminished in both hemispheres [4]. 
The climate change rate is faster now than in any other period during the last 1000 years. 
According to the United Nations Intergovernmental Panel on Climate Change, average global 
temperatures will increase between 1.8 and 4.0°C in next 90 years along with sea level rise of 
18–59 cm [30, 31].

Changes in expected weather patterns can lead to the transfer of microbial contaminants to 
leafy vegetables and herbs. Dry periods can cause dust storms that settle dust particles on 
leafy vegetables. The rate of microbial growth was shown to increase with rise in tempera-
ture. It influences the population of insects and pests found in and around farms that transfer 
human pathogens to leafy vegetables as well. Relative humidity has been shown to have an 
effect on survival of human pathogens [32]. Climate change scenarios predict a change distri-
bution of infectious diseases with warming temperature and changes in outbreaks associated 
with weather extremes, such as flooding and droughts.

Several infectious agents, vector organisms, non-human reservoir species, and rate of patho-
gen replication are sensitive to climatic conditions. Both Salmonella and Vibrio cholera, for 
example, proliferate more rapidly at higher temperatures, Salmonella in animal gut and food, 
cholera in water. In regions where low temperature, low rainfall, or absence of vector habitat 
restrict transmission of vector-borne disease, climatic changes could tip the ecological balance 
and trigger epidemics [31]. Furthermore, strong linear associations have been noted between 
temperature and notifications of Salmonellosis in European countries and Australia [31]. 
The USA is likely to experience increases in extreme heat, extreme cold, hurricanes, floods, 
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 wildfires, droughts, tornadoes and severe storms [33]. The health impacts of global climate 
change are expected to be widespread, geographically myriad and profoundly influenced by 
pre-existing social and economic disparities [34].

The southern states, including Mississippi’s climate, has been fluctuating with extreme pat-
terns. The average temperatures in Mississippi have varied significantly over the past cen-
tury, with an average of 1°F increase, since the late 1960s. Extreme rainfall events, primarily 
thunderstorms, have increased as well. While rainfall totals have changed little, seasonal 
trends are apparent, summers have become slightly drier and winters slightly wetter [33]. 
On an average, 29 tornadoes are reported annually in Mississippi; the highest number was 
in 2008 with 109 tornadoes. In addition, during the past decade, Mississippi had experienced 
multiple hits by hurricanes including the devastating Katrina in 2005 [33].

Global warming and the climate change have contributed to the spread of several foodborne 
pathogens [5, 30]. In our previous research, we determined the extent of Salmonella infections 
in Mississippi along with its correlation to climate variations [35]. Monthly data of Salmonella 
outbreaks from 2001 to 2011 were obtained from Mississippi State Department of Health and 
Department of Epidemiology. In addition, meteorological data, including average air tem-
peratures, minimum and maximum, and total precipitation for the selected station across the 
state were collected from the Southeast Regional Climate Center, available at: http://www.
sercc.com/climateinfo/monthly_seasonal.html.

Analysis of variance was performed to determine the seasonal change in Salmonella outbreaks 
during the study period. Time series analysis, including the Mann-Kendall test and a Seasonal 
trend test, was applied to quantify the relationships between the temperature and the number 
of notified cases of Salmonella.

Our results indicated an increase in temperature is positively correlated with Salmonella infec-
tions. A seasonal trend was also observed in this study with the highest outbreaks during the 
summer to early fall (Figure 3).

The positive relationship between temperature and Salmonella infections, observed in our 
study, using regression and NN models, was similar to recent findings from Australia, 
Europe, North America and Asia with similar trends [36–38]. Endemic regions for Salmonella 
outbreaks include developing countries in South Central and South East Asia; and many 
parts of Africa, Middle East and Latin America. In the same study, we found that an 
increase of 1°F (0.556°C) in Mississippi was shown to result in four new cases of Salmonella 
(Figure 4). Studies also found that weekly counts of enteric bacterial disease cases gener-
ally increased with weekly temperature after adjusting for seasonal and long-term trends 
[37, 39]. Another study [40] had suggested that a potential 1°C rise in mean weekly maxi-
mum temperature may be associated with an 8.8% increase in the weekly number of cases, 
and a 1°C rise in mean weekly minimum temperature may lead to a 5.8% increase in the 
weekly number of cases.

The US-southern states climate is generally warm and wet, with mild and humid winters. The 
average annual temperatures in the region have increased by about 2°F since 1970, and the 
average annual temperatures in the region are projected to increase by 4 to 9°F by 2080 [41]. 
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Climate change and extreme events may increase the spread of foodborne diseases in this 
region, particularly in the disadvantaged states, such as Mississippi.

Increased growth of Salmonella at higher temperatures leads to higher concentration of 
Salmonella in the food supply, particularly during the warmer months. Poor cooking practices 
are also more common during these summer months (picnics, barbecues, etc.). Temperature 

Figure 3. Seasonal trend in Salmonella cases.

Figure 4. Correlation between Salmonella outbreaks and increase in temperature.
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may affect the transmission of Salmonella infections via several causal pathways, such as 
direct effects on bacterial proliferation and indirect effects on eating habits during hot days. 
The optimum temperature for the growth of Salmonellae is between 35 and 37°C. The growth 
is greatly decreased at less than 15°C. Ambient temperature influences the development of 
Salmonella at various stages in the food chain, including bacterial loads on raw food produc-
tion, transport and inappropriate storage [37, 42].

Studies showed that an increase in the ambient temperature correlated positively with an 
increase in human Salmonella with a delay of approximately five weeks. Salmonella has the 
ability to multiply itself within 20 min at ambient temperatures; this growth rate however, is 
increased at 30°C or higher temperature. Additionally, cross-contamination and undercooking  
of meat during barbecuing is more likely to occur during summer months [43].

There is consistent evidence that gastrointestinal infection with bacterial pathogens is posi-
tively correlated with ambient temperature, as warmer temperatures enable rapid replications 
of pathogens. Salmonella notifications peak in summer and the rate of notifications has been 
shown to be positively and linearly correlated with the mean temperature of the previous 
month or week [44, 45]. Some of this increase in summer months may be due to changed eating  
behaviours (more ‘eating out’ while on holidays and attending outdoor functions such as 
 barbecues). Ambient temperatures contribute directly to pathogen multiplication in foods and 
thus the likelihood of infection. Furthermore, it was noted that enteric diseases in temperate  
latitudes have a seasonal pattern, with the highest incidence of illnesses during the summer 
months. A study of foodborne illnesses in the UK found a relationship between the incidence 
of disease and the temperature in the month preceding the illness [46]. It is believed that the 
survival and growth of certain enteric pathogens are, within limits, positively correlated with 
ambient temperature [39].

Rates of Salmonella are expected to increase in the future as climate change causes ambient 
temperatures to rise above the average, contributing to around 1000 extra cases annually. 
This links to an annual difference of approximately 1200 lost workdays and $120,000 in the 
cost of health care and surveillance by 2050 [44]. By considering a suite of future climate 
scenarios, the UN-Intergovernmental Panel on Climate Change projected global surface tem-
perature increases between 1.1 and 6.4°C over the next century. Studies had shown that the 
main health risks caused by climate change include health impacts of weather disasters, 
health impacts of temperature extremes, including heat waves, mosquito-borne infectious 
diseases, foodborne infectious diseases (including those due to Salmonella, Campylobacter 
and many other microbes), water-borne infectious diseases and other health risks from poor 
water quality. In addition, diminished food availability, costs/affordability, nutritional con-
sequences, and increases in urban air pollution are also reported as health risks from climate 
change [44, 47, 48].

Higher ambient temperatures are main concerns on farm and during food processing and 
should be considered as an early warning for increased numbers of foodborne infections 
with 4–6-week lag time. Heightened surveillance during such times may act as a mitigation 
and enhance the preventive measures. Proper hygiene during slaughter, processing, whole-
sale and retail sale should be carefully implemented and monitored for further safeguards. 
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More importantly, active consumer education through mass media and other sources regard-
ing the potential danger of consuming contaminated food with Salmonella or Campylobacter, 
especially during the summer months should be properly disseminated to mitigate the 
increased infection rates of Salmonella.

3.2. Precipitation effect

In our previous study [35], no correlation between monthly average precipitation rate and 
Salmonella was observed. A better association with Salmonella outbreaks was noted in studies 
using daily or weekly rates of precipitation. Other studies, however, indicated that maximum 
and minimum temperatures, relative humidity and rainfall were positively correlated with 
the number of cases of Salmonella with a lag time of 2–8 weeks. It was reported that rainfall, 
especially heavy rainfall events, may affect the frequency and level of contamination of drink-
ing water, and consequently enteric infection. A strong association between drinking water 
quality, precipitation and gastroenteritis was reported [49].

A study by Jiang et al. [50] suggested that extreme temperature and precipitation events are 
associated with salmonellosis. It was shown that the frequency and intensity of such extreme 
events are increasing and will continue to do so in the coming decades as a result of changing 
climate [50]. The influence of precipitation on salmonellosis is not always immediate but most 
often delayed by 2–4 weeks [51]. Precipitation likely increases salmonellosis incidence shortly 
after a rainfall event by increasing pathogen loads in household rainwater tanks through run-
off. The delayed effect of rainfall on salmonellosis is also likely to be through increased patho-
gen loads in surface water which is then used to irrigate or process fresh produce that later 
may be consumed raw [51].

Climatic changes impact the emergence or re-emergence of infectious disease agents. There 
are some general principles of pathogen emergence, which are associated with changes in 
ecology and agriculture, technology and industry, globalization, human behaviour and 
demographics, epidemiological surveillance and microbial adaptation [52, 53]. It is important 
to recognise that pathogen emergence usually occurs as a consequence of a combination of 
two or more specific factors [54].

4. Modelling approaches

4.1. Regression analysis

Multiple regression analysis were carried out to test the relationship between Salmonella rates 
and socioeconomic factors, including poverty, uninsured, unemployment and primary care 
providers’ rates. Socioeconomic factors were used as classification variables and Salmonella 
infection rate as a response variable. Regression analysis was also performed for climate fac-
tors, where temperature and precipitation were used as independent (classification) variables 
and Salmonella outbreaks as dependent (response) variable.
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4.2. Neural network modelling of Salmonella and temperature

Neural network models for temperature effects on Salmonella outbreaks were developed 
using @RISK and NeuroShell2 software packages. NeuroShell2 is a program that mimics 
the human brain’s ability to classify patterns or to make predictions or decisions based 
upon past experience. The network is exposed to the problem being predicted or classi-
fied, and the software will ‘learn’ the patterns from training data and will make its own 
classifications, predictions or decisions when presented with new data. NN models are 
particularly useful when there are implicit interactions and complex relationships in 
the data.

Over the last few years, artificial neural networks, as nonlinear modelling techniques, had 
been proposed for use in predictive microbiology [55–61]. In our study, two neural network 
models, General Regression Neural Network (GRNN) model and Polynomial Net model, 
were used to predict the effects of temperature on Salmonella outbreaks in Mississippi. Several 
architectures of neural network models were developed to establish the best fitting mod-
els. Both of the reported models showed a significant correlation between temperature and 
Salmonella outbreak. GRNN model and Monte Carlo simulation for predicting survival and 
growth of Salmonella on raw chicken skin, as a function of serotype, temperature and time, 
were used in previous studies as well [62].

Monthly data for temperature and Salmonella data in Mississippi from 2001 to 2011 were used 
to build these models. Temperature was used as an input while Salmonella outbreaks as out-
put variables (Figure 5). A General Regression Neural Network Model and Polynomial Net 
Models were selected from the software design architecture. Twenty per cent of the data were 
extracted for testing, and 80% were used for training the NN models. A test data file was 
applied to previously saved trained NN models and outputs were generated. Results were 
exported to Excel, and graphs were created to show the association between actual data and 
the predicted model.

Salmonella outbreaks and socioeconomic data for Mississippi districts were used for NN mod-
els. Mean and Standard deviation were calculated for each variable, including Salmonella, 
poverty, uninsured and unemployment and primary care providers’ rates. Those means and 
SD were subsequently used to generate data with 500 iterations using @RISK in Risk Normal 
distribution. The simulated data were then used as training examples for the NN models, 
while the original data were used for testing with NeuroShell2 software.

Advanced NNs were selected and the simulated data files were imported. The network 
was built by defining input variables as poverty, uninsured, unemployment and primary 
care providers’ rates, while Salmonella outbreaks as output. A General Regression Neural 
Network (GRNN) model was selected from the software design architecture. This model 
was trained with the simulated data. The test file containing the original data was imported 
to the system and applied to previously saved trained NN models. Results were exported 
to Excel where graphs were created to show the association between actual data and the 
predicted model.
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4.3. GIS mapping

A GIS incorporates hardware, software and data for capturing, managing, analysing and dis-
playing all forms of geographically referenced information.

Study area for GIS map: Mississippi (32.9906° N, 89.5261° W) is located in the southern USA. 
It is bordered by TN on the north, Gulf of Mexico on the south, AL on the east and Arkansas 
and LA on the west. It covers a total area of 47,689 square miles. GIS allows for the integration 
and analysis of geographic data, such as coordinates and area perimeters, and tabular data 
(i.e., attributes of geographic data points). Data are imported into mapping software in layers, 
where each layer represents a different visual component of the map. Shape files are layers 
which provide visual output of coordinates and area perimeters on the map.

Figure 5. Neural network models for Salmonella and temperature correlation.
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Mississippi counties’ data were grouped by public health districts. Background map was 
obtained from ESRI ArcGIS online resources. Maps’ layers for Salmonella, unemployment and 
primary care providers’ rates were created for the years 2010 and 2011, to visually analyse 
areas with higher disease rates and socioeconomic status (Figure 2).

5. Conclusions

Human foodborne illnesses are significant public health concerns. Socioeconomic status 
and climate changes contribute to the increased rates of Salmonella. A significant correlation 
between increase in outbreaks of Salmonella and the lower socioeconomic status was observed 
in several studies. Understanding the geographical and economic relation with infectious dis-
eases will help to determine effective methods to reduce outbreaks within these communities. 
Climate changes in the USA are likely to increase the severity, frequency,  timing and duration 
of extreme weather events, which consecutively will increase the associated health risks. The 
transmission of Salmonella to humans is a complex ecological process; warmer temperatures 
in combination with differences in eating pattern, may contribute to enteric infections.

Modelling approaches, such as neural network were shown to be a useful tool to model and 
predict outbreaks. Neural network models accounting for non-linearity may predict better 
association than regression models. Geographical information system mapping was also 
shown to be a very useful instrument to map and visualise the areas and districts of highest 
Salmonella outbreaks in addition to socioeconomic status.

Regression and neural network models were used to determine the correlation between 
increase in temperature and increase in Salmonella outbreaks. Considering the seasonal variation, 
neural network models turned out to be better predictor models.
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Abstract

Ionizing radiation (gamma rays from the radionuclides cobalt-60 or cesium-137, 
e-beams) is an effective, nonthermal method to reduce or eliminate food-borne patho-
gens, including Salmonella spp. both in raw and in cooked meats, poultry, fish, and shell-
fish. Irradiation treatment, applied as the final processing step, seems to be particularly 
promising in the case of packed food products, including ready-to-eat food. Final pack-
aged food products can be contaminated from post-lethality exposure, that is, after heat 
treatment and before packaging. The application of ionizing radiation after packaging 
can eliminate or considerably reduce both saprophytic and pathogenic microflora in final 
products. It is of particular importance in the case of ready-to-eat food which is not sub-
jected to heat treatment before consumption. According to hurdle concept technology, 
the combination of existing and novel preservation methods can ensure safety of food 
by applying all treatments as mild as possible. Irradiation treatment can be combined 
with the use of natural antibacterial compounds, such as extracts of spices and herbs, 
or various packaging systems. Doses of ionizing radiation required for the inactivation 
of Salmonella spp. in fish and seafood are lower than those used for meats and poultry.

Keywords: Salmonella, radiation, meat, poultry, fish

1. Introduction

In the last years, the great consumer interest in “natural” or “fresh” foods, nonprocessed 
or only minimally processed, has caused an increasing interest in nonthermal preservation 
methods, that is, ionizing radiation, ultraviolet radiation, high-pressure processing (HPP), 
pulsed electric field (PEF), high-pressure carbon dioxide (HPCD), the use of natural antibacte-
rial compounds, such as extracts of spices and herbs, or the application of various packaging 
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systems. However, at the same time consumer demand for ensuring food safety has to be met. 
Those two ideas are very often tough to reconcile in practice.

A great number of studies have shown that ionizing radiation improve the safety of various 
foods of animal as well as plant origin. Food irradiation is a process which can be used to inac-
tivate both food-borne pathogens and microorganisms causing spoilage of food, thus extending 
storage of foods such as red meats, poultry, fish, and so on. It can also extend the storage of veg-
etables by prevention of sprouting (potatoes, onions, and garlic) or fruits by the delay of ripen-
ing. At present time, this technology may be used not only to raw foods but also as post-lethality 
treatment. The product may be exposed to the post-lethality processing environment into which 
the product is routed after having been subjected to an initial lethality treatment. The foodstuffs 
may be exposed to the environment in the area of establishment as a result of, for example, 
slicing, peeling, and re-bagging, or other procedures. Hotdog products are examples of ready-
to-eat (RTE) meat and poultry products that receive a lethality treatment to eliminate pathogens 
(core temperatures of +70° to +72°C must be reached due to cooking) and they are subsequently 
exposed to the environment during peeling, slicing, and repackaging operations. Then, the tech-
nology of irradiation, used as an intervention step, can be applied to the final product or sealed 
package of product in order to reduce or eliminate the level of pathogens resulting from contam-
ination from post-lethality exposure. Thus, for example, vacuum-packaged ready-to-eat (RTE) 
meat products may be subjected to irradiation to reduce or eliminate dangerous food-borne 
pathogens such as Salmonella spp. and Listeria monocytogenes in a final food product. According 
to hurdle concept technology, the combination of existing and novel preservation methods can 
ensure safety of food by applying all treatments as mild as possible [1, 2].

A good example of such combination of preservation methods (low-dose irradiation and 
modified atmosphere packaging (MAP)) is the work of Chouliara et al. [3] who investigated 
the combined effect of gamma irradiation (2 and 4 kGy) and modified atmosphere (MA) pack-
aging (30% CO2/70% N2 and 70% CO2/30% N2) on shelf-life extension of fresh chicken meat 
stored under refrigeration. The authors noted the reduction of the number of various groups 
of bacteria (from 1 to 5 logs), including Enterobacteriaceae family. Sensory evaluation showed 
that the combination of irradiation at 4 kGy and MAP (70% CO2/30% N2) resulted in the high-
est shelf-life extension by 12 days compared to the air-packaged samples. A study of Grant 
and Patterson [4] is another good example of hurdle concept technology: mild heating com-
bined with low-dose irradiation. In this study, thermal treatment (70, 65, or 60°C) was applied 
alone, directly post 0.8 kGy irradiation or post irradiation combined with refrigerated storage 
on inactivation of L. monocytogenes and Salmonella typhimurium inoculated into beef and gravy. 
The researchers observed heat sensitization of S. typhimurium at 60°C, but not at either 65 or 
70°C like in the case of L. monocytogenes. In another study [5], the influence of heating and 
low-dose irradiation S. typhimurium in MDCM (mechanically deboned chicken meat) was 
examined. The researchers noted that salmonellae irradiated with 0.9 kGy were more heat 
sensitive; this effect was maintained during 6 weeks of refrigerated storage.

Those readers who want to deepen their knowledge of the subject can find an extensive descrip-
tion of microbiological issues associated with all muscle foods, their specific spoilage, safety 
issues, and their control for meat, poultry, and seafood in the work provided by Sofos et al. [6].
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Thermal treatment is a very effective method for eliminating Salmonella spp. in foods. This 
organism is rather sensitive to pasteurization temperatures used in meat processing. Properly 
conducted heat treatment in industrial food processing should cause complete inactivation 
of these bacteria in meat and meat products; however, recontamination of ready-to-eat meat 
products with Salmonella spp. after cooking, as well as subsequent storage at abuse tempera-
tures at food establishments or at a consumer’s home, can cause a significant risk to human 
health. Szczawińska et al. [7] inoculated commercial, smoked, cured, and cooked ham with 
Salmonella enteritidis and stored the samples at abused temperature (15°C). Lag time for S. 
enteritidis was at that temperature only 139.08 h, that is, less than 6 days [7]. Usually, the 
length of time for storage of such product recommended by the food manufacturer is much 
longer than the time mentioned above. It means that a consumer can contract food-borne 
salmonellosis during the recommended length of storage time for such ready-to-eat meat 
product if it was recontaminated with Salmonella. Thus, due to beneficial effects of ionizing 
radiation treatment of final packaged food product (RTE), we can expect that Salmonella (and 
other vegetative bacterial pathogens which show similar radiation resistance, e.g., L. monocy-
togenes) will be significantly reduced or eliminated.

2. The use of ionizing radiation

According to the Codex General Standard for Irradiated Foods [8], the following sources of 
ionizing radiation can be used:

(a) Radionuclides, such as Cobalt-60 and Cesium-137, which emit gamma rays (γ-rays)

(b) Machines that produced high-energy electron beams (an energy level up to 10 MeV)

(c) X-rays machines (an energy level up to 5 MeV).

Compared to γ-rays, e-beams are characterized by a low penetrative capacity; therefore, 
e-beam irradiation is particularly useful for products which can be processed in thin layers or 
surface-contaminated products.

The dose of radiation received is commonly measured in grays. One gray is a derived unit of 
ionizing radiation. It is defined as the absorption of one joule of radiation energy in a mass of 
one kilogram (1 Gy = 1 J/kg). The gray has superseded the older unit—the rad (1 Gy = 100 rad). 
The gray (symbol: Gy) is used as a measure of absorbed dose.

According to several objectives for food (fresh or processed meats, poultry, and seafood) irra-
diation, the following terms are used [9]:

(a) Radicidation is the elimination of bacterial pathogens, non-spore formers; doses range 
2.5–10 kGy.

(b) Radurization is the significant reduction of the number of saprophytic microorganisms 
ensuring shelf-life extension of foods; doses range 0.75–2.5 kGy.
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(c) Radappertization is based on a similar concept (“botulinum cook”) like in canning indus-
try. It should ensure complete elimination of spore formers in foods, thus significant shelf-
life extension (years) and botulism food safety; doses range 30–40 kGy. The term was estab-
lished to honor Nicolas Appert who invented the method of preserving food from spoilage 
by placing it in hermetically sealed containers and then sterilized by heat treatment.

In this review, special attention will be paid to radicidation. In case of this technology, one of 
the most important pathogens, Salmonella spp., public health problem, has been the main target 
for control, particularly in meat and poultry products (i.e., for example, see Ref. [10]). The most 
recent European Food Safety Authority (EFSA) summary report has informed us that the total 
number of food-borne outbreaks in Europe was 5251, including water-borne outbreaks [11]. 
Salmonella caused 20.0% of all reported food-borne outbreaks in European Union (EU) and it 
was the second most frequent cause of outbreaks; the largest number of reported food-borne 
outbreaks was caused by viruses (20.4% of all outbreaks) [11]. High level of noncompliance 
was noted for poultry meat [11]. Monitoring activities and control programs for Salmonella in 
fresh broiler meat are based on sampling at the slaughterhouse and/or at processing or cutting 
plants and at retail. In 2014, Salmonella was found in 0.6% of the 2263 units of RTE broiler meat 
products tested at retail or at processing (0.4% of single samples and 1.7% of batches) [11].

As in previous years, the two most commonly reported Salmonella serovars in 2014 were S. enter-
itidis and S. typhimurium, representing 44.4% and 17.4%, respectively, of all reported serovars 
in confirmed human cases [11]. Generally, there was no major change as regards Salmonella-
contaminated foodstuffs compared with previous years. Salmonella was most frequently 
detected in fresh turkey meat (3.5%), fresh broiler (2.2%), pig (0.5%), and bovine meat (0.1%) 
[11]. It should be emphasized that according to the European legislation on microbiological cri-
teria for foodstuffs [12] Salmonella spp. is currently included both in food safety as well as food 
hygiene criteria.

The main reason for the use of food irradiation is the ability of ionizing radiation to inacti-
vate populations of microorganisms including pathogenic bacteria, parasites, and viruses. 
Depending on irradiation dose, food-borne pathogens can be injured or killed due to DNA 
damage. Radiation sensitivity depends on many factors such as species of microorganisms, 
age of cells, and their number. It is also affected by the environment (buffer solution, lab-
oratory medium, or real food product). Thus, the effect of radiation on microorganisms is 
dependent on intrinsic and extrinsic factors which include temperature, water activity, pH, 
chemical composition, and structure of food and gaseous environment. Radiation resistance 
of bacteria is much higher at freezing temperatures than at chill temperatures; however, irra-
diation of frozen food offers much better results in some foods because it significantly reduces 
or eliminates some negative sensory changes caused by, for example, lipid oxidation. D10 val-
ues (D10 value is defined as decimal reduction dose or the dose of ionizing radiation required 
for a 90% inactivation of viable colony-forming unit (CFU) or by one logarithmic cycle) are 
higher in foods with a low water activity because the lack of water means that there are less 
OH radicals available to cause DNA damage. Hence, higher doses of ionizing radiation have 
to be used to ensure the elimination of pathogenic bacteria in dry foods such as spices [13].

Some authors observed different effects of meat irradiation depending on radiation source. 
Rajkowski et al. [14] discovered in their study that D10 values for S. typhimurium DT 104 
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 irradiated in ground pork with gamma rays were 0.56–0.62 kGy, whereas D10 values for the 
same organism treated with e-beams ranged from 0.42 to 0.43 kGy.

However, Miyahara and Miyahara [15] concluded that both gamma rays and e-beams were 
similarly effective while irradiating ground beef patties inoculated with S. enteritidis.

The use of ionizing radiation as a means of reducing the risk to human health from food-
borne pathogens, including Salmonella spp., is being extensively researched. It seems that 
the application of ionizing radiation to preserve food or eliminate pathogenic bacteria from 
food has been so intensively studied like not any other scientific field, because of consumer 
concerns, particularly associated with fear of nuclear energy and very often occurring confu-
sion between terms, for example, radiation, radioactive contamination, or radioactivity. In 
general, consumer is rather reluctant to this technology due to well-known nuclear accidents 
(e.g., Chernobyl and Fukushima) believing that the process of food irradiation can make food 
radioactive, thus unsafe. Interestingly, there is much less consumer resistance to the high-
pressure-processing technology which is used to treat wide range of foods including those 
of animal origin, for example, RTE products. To date, health and safety authorities in over 
60 countries worldwide, for example, the United States, France, Belgium, the Netherlands, 
Canada, Australia, and New Zealand, granted clearances for irradiation of more than 60 dif-
ferent foods [16]. Frog legs are the most often irradiated food items [17].

Currently, the International Atomic Energy Agency (IAEA) is responsible for updating and 
maintaining various irradiation databases as resources for researchers, government officials, and 
the general public. European Food Safety Authority [18] summarized and evaluated an opinion 
on the efficacy and microbiological safety of irradiation of food taking into consideration recom-
mendations from the two panels: BIOHAZ (the EFSA Panel on Biological Hazards) and CEF (the 
EFSA Panel on Food Contact Materials, Enzymes, Flavourings and Processing Aids).

EFSA emphasizes its standpoint that food irradiation should only be used in conjunction with 
an integrated food safety management program. With regard to efficacy and microbiological 
safety, the BIOHAZ Panel recommended that the application of food irradiation should be 
based on risk assessment and on the desired risk reduction rather than on predefined food 
classes/commodities and doses [18]). Concerning the safety assessment of irradiation of food, 
according to the BIOHAZ Panel, there are no microbiological risks for the consumer linked 
to the use of food irradiation and its consequences on the food microflora. EFSA’s experts 
conclude that the irradiation dose needed to inactivate food-borne pathogens depends on the 
targeted pathogen, on the reduction required, and on the physical state of the food, regardless 
of the food classes as previously proposed [18].

2.1. Reducing Salmonella spp. in red meats and poultry

Vegetative food-borne bacteria, such as Salmonella spp. and L. monocytogenes, are moderately 
sensitive to ionizing radiation. The medium-dose irradiation processes reduce their popula-
tions by several logs. As previously mentioned, various factors influence radiation sensitivity 
of bacterial cells. The presence of proteins can exert a protective effect on microorganisms 
subjected to radiation treatment. Maxcy and Tiwari [19] studied the effect of fat content in 
beef on radioresistance of S. enteritidis. They found D10 value higher in beef with lower level 
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of fat (0.70 kGy) compared to lower D10 value obtained for salmonellae irradiated in beef 
with higher content of fat (0.49 kGy). Assuming that the low fat level in the meat is correlated 
with a higher protein content and because the proteins have the properties of free radicals 
scavenging, it can be suggested that the higher content of protein in meat protects more the 
bacteria against the damaging effects of radiation treatment.

There have been frequently voiced concerns that the reduction of the competitive microflora 
by radiation treatment could facilitate growth of pathogens contaminating the food after irra-
diation or that food pathogens which survived irradiation can grow better than the indig-
enous, competitive microflora. Dickson and Olson [20] studied the first problem; ground beef 
was irradiated at 0, 2, or 4 kGy, thus reducing the number of saprophytic microorganisms 
which cause food spoilage, and then inoculated with a mixture of four serotypes of salmonel-
lae. The meat was stored at 4°C, temperature proper for storage, and at two abused tempera-
tures 15 and 25°C. Bacterial growth was monitored during storage. The authors observed that 
there was no significant difference in lag-phase duration or generation time, irrespective of the 
dose to which the ground beef had previously been exposed. This suggests that, although irra-
diation eliminates a significant portion of the spoilage microflora in ground beef, the absence 
of this microflora provides no competitive advantage to the growth of salmonellae in ground 
beef [20]. Szczawińska [21] studied the effect of irradiation on the survival rate of non-sporing 
bacteria (Staphylococcus aureus, S. typhimurium, Escherichia coli, Pseudomonas fluorescens) dur-
ing conventional methods of meat preservation (heating, chilling, freezing, salting, curing, 
and smoking). On the basis of the conducted experiments, it can be concluded that irradiated 
bacteria stored under conditions preventing their growth die faster compared to unirradi-
ated bacteria or their survival rate is almost identical like unirradiated ones; those organisms 
which are stored under conditions that allow their growth show a worse adaptability to the 
environment and begin to grow after a certain delay [21]. In another work, Szczawińska et 
al. [22] studied the growth of salmonellae in mechanically deboned chicken meat (MDCM), 
which was irradiated at 0, 1.25, and 2.5 kGy and inoculated with S. dublin, S. enteritidis, and S. 
typhimurium. Subsequently, the inoculated MDCM was stored at 5, 10, or 20°C and bacterial 
numbers were determined over storage time. The results of the study suggested that there 
was no greater risk from the same number of Salmonella cells contaminating irradiated MDCM 
compared to unirradiated one. In the same study, irradiated indigenous microflora had dose-
related increased lag phases and decreased rates of multiplication compared with that of the 
indigenous microflora in the unirradiated control [22]. Kim and Thayer [23] discovered that 
the gamma-injured S. typhimurium cells on mechanically deboned chicken meat were much 
more sensitive to heat than the nonirradiated cells, which implies that any cells surviving the 
irradiation process were unlikely to survive cooking. This increased sensitivity of the salmo-
nellae to gamma radiation was retained during refrigerated storage of the irradiated chicken. 
Kim and Thayer [23] explained the mechanism of the heat sensitivity of S. typhimurium sub-
jected to ionizing radiation. The results proved that combined effects of irradiation and heat-
ing were always beneficial in regard to food safety due to synergistic (when heating is applied 
after irradiation) or additive (when heating is applied before irradiation) effects depending on 
the order of both treatments. Therefore, on the basis of these studies it can be concluded that 
any microorganisms which survive irradiation are more sensitive to intrinsic or extrinsic fac-
tors, such as temperature, water activity, pH, and so on, compared to unirradiated organisms.
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Irradiation of fresh meat up to an overall average dose of 2 kGy was proposed by the SCF in 
1986 [24]. Implication of meat in food-borne salmonellosis still remains a concern, particularly 
in the countries or regions where traditional dishes are served and consumed as raw and cold. 
In the Netherlands, Belgium, such meat product is “filet américain” composed of raw beef meat, 
and often raw egg. Kampelmacher [25] reported that a dose of only 1 kGy decreased Salmonella 
number in such a product by two log cycles. Rajkowski et al. [14] examined the effect of e-beam 
and gamma rays irradiation on the mixture of S. typhimurium DT104 strains inoculated into 
three ground pork products containing various fat contents and obtained D10 values for sal-
monellae from 0.42 to 0.62 kGy. The data prove that the content of fat had no effect on radiation 
resistance of salmonellae. The D10 values are similar to the values reported by Szczawińska 
[26] for S. typhimurium strains inoculated into poultry meat. Clavero et al. [27] subjected raw 
ground beef patties inoculated with mixture of serovars of S. dublin, S. typhimurium, and S. 
enteritidis to gamma irradiation (60°C) treatment. The influence of two levels of fat (8–14% (low 
fat) and 27–28% (high fat)) and temperature (frozen (−17 to −15°C) and refrigerated (3–5°C)) 
on the inactivation of pathogens by irradiation was investigated. D10 values for salmonellae in 
beef patties ranged from 0.618 to 0.800 kGy. The authors discovered that temperature did not 
have a significant effect when salmonellae were irradiated in high-fat ground beef.

D10 values for Salmonella spp. have been reported [28] to range from 0.38 to 0.77 kGy at 2°C 
in mechanically deboned chicken; sensitivity of Salmonella spp. to ionizing radiation has 
been found to be highly dependent on serovars. Similarly, the D10 values were reported by 
Szczawińska [26] for S. typhimurium strains inoculated into poultry meat, whereas a D10 value 
of 0.57 kGy has been observed for the pathogen in ground beef treated at 18–20°C [29].

In another work by Thayer et al. [30], Musculus longissimus dorsi from beef, pork, and lamb and 
turkey breast and leg meats were inoculated with Salmonella spp., and the gamma radiation 
resistance of the pathogens was determined at 5°C under identical conditions. The authors 
concluded that the D-value for a mixture of Salmonella spp. was significantly lower on pork 
than on beef, lamb, turkey breast, and turkey leg meats; however, all D-values were within 
expected ranges. Thayer et al. [31] studied the survival of salmonellae in vacuum-canned, 
commercial MDCM. The MDCM was challenged with S. enteritidis (ca 104 CFU/g of meat) 
followed by irradiation to 0, 1.5, and 3.0 kGy and storage at 5°C for 0, 2, and 4 weeks. The 
researchers reported that the number of salmonellae in unirradiated MDCM decreased about 
one log cycle after 1 month of storage; however, in meat irradiated with 3.0 kGy dose the pres-
ence of this pathogen was not detected at the very beginning of storage. Thayer and Boyd also 
found that S. typhimurium was more resistant to gamma radiation when vacuum packaged 
than when air was present during irradiation [32]. The final equations predict a reduction in 
the number of surviving Salmonella in mechanically deboned chicken meat. If MDCM is irra-
diated at −20°C with a dose of 1.50 kGy in air then the expected reduction of this pathogen is 
2.53 and 2.12 logs in vacuum. After 3.0 kGy dose, at −20°C in air the level of bacteria will be 
lower by 4.78 and 4.29 logs in vacuum [32].

Bacteria are more resistant when irradiated at frozen temperatures compared to chill or ambi-
ent temperatures; Szczawińska [26] reported that the mean D10 value for 13 Salmonella strains 
irradiated in chicken meat using gamma rays at 4°C amounted to 0.575 kGy, whereas for 
samples irradiated in a frozen state (at −18°C) the mean D10 value amounted to 0.687 kGy. 
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Gamma-irradiated broiler halves packed in polyethylene pouches with the dose of 2.5 kGy 
should ensure Salmonella reduction adequate to eliminate naturally occurring contamination. 
In frozen poultry meat, similar effects can be expected after a dose of 3.5 kGy [26]. In the same 
work, Szczawińska [26] discovered that the packaging material exerted a very strong effect 
on radiation resistance of S. typhimurium. Two strains of S. typhimurium were irradiated in 
ground chicken meat at temperatures +4 and −18°C. D10 values obtained for salmonellae irra-
diated at +4 and packed in PE pouches were 0.194 and 0.210 kGy, whereas D10 values obtained 
for salmonellae packed in PA/PE laminate pouches at the same temperature were 0.424 and 
0.533 kGy. D10 values obtained for salmonellae irradiated at -18°C and packed in PE pouches 
were 0.412 and 0.633 kGy, whereas D10 values obtained for salmonellae packed in PA/PE 
laminate pouches at the same temperature were 0.538 and 0.721 kGy. Thus, the contribution 
of food-packaging material and packaging system is a very important issue in this technology. 
Irradiation was also combined with curing salts. The combined effects of 1-kGy irradiation 
dose and curing salts (NaNO2 and NaCl) on the survival of S. typhimurium, S. agona, and S. chol-
erasuis in pork meat were studied by Szczawiński et al. [33]. Salmonellae were inoculated in 
ground M. longissimus dorsi, and irradiated at 1 kGy dose. The three experimental groups were 
designed. The meat was treated with 100 mg NaNO2, 200 mg NaNO2, and 200 mg NaNO2 plus 
3% NaCl. Meat samples were stored at 0–2°C for 3 weeks or at 20°C for 7 days. The authors 
reported that irradiation at 1 kGy dose reduced Salmonella number by 1.2–2 logs and that an 
additive effect of curing salts and irradiation was observed at low temperature of storage, and 
that synergistic effect of irradiation and curing salts was observed at temperature abuse [33].

Poultry, as already mentioned, as regards the radicidation, has been recognized as one of the 
best candidates for irradiation aiming a reduction or elimination of food-borne pathogenic 
bacteria such as Salmonella spp. and Campylobacter spp. Irradiation of poultry up to an overall 
average dose of 7 kGy was proposed by the Scientific Committee on Food [24] with the pur-
pose to improve microbiological safety.

Salmonella caused 38.18%, the highest number of outbreaks and human cases among all caus-
ative agents according to data of EFSA for 2014 [34]. Raw poultry meat and poultry products 
are vehicles of those two food-borne pathogenic bacteria. In the EU, in 2013 [34], Salmonella 
was detected in 3.5% of the broiler meat. At retail, the overall proportion of Salmonella-positive 
samples was 7.5%, higher than at slaughterhouse (4.9%) and at the processing plant (2.6%) 
level [34]. Since December 2011, a Salmonella criterion for S. enteritidis and S. typhimurium in 
raw poultry entered into force [35].

In 2013, EFSA [34] reported that Salmonella was found in 0.3% of the 4776 samples of RTE 
broiler meat products tested at retail or at processing (0.1% of single samples and 1.9% of 
batches). Of the 2100 tested units of RTE products from turkey meat, only 0.1% in total were 
found to be Salmonella-positive [34].

Kudra et al. [36] studied the survival of S. typhimurium subjected to irradiation combined with 
high-CO2 + CO MAP in chicken meat product. The authors did not find significant difference 
between D10 values for bacteria irradiated in vacuum (0.55 kGy) or in high-CO2 + CO MAP 
(0.54 kGy). The dose of 1.5 kGy decreased the number of salmonellae by three logs. Salmonella 
presence was detected in both packaging systems during cold storage. During storage of this 
meat product at temperature abuse (25°C), Salmonella was able to grow in both packaging 
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systems. The authors concluded that low-dose irradiation is a suitable method for destruction 
of this pathogen; however, packaging system did not exert significant influence on Salmonella 
number during storage at low temperature. The authors concluded that if the initial contami-
nation of these pathogens is high, cross-contamination of ready-to-eat food at temperature 
abuse of the product is likely to continue to be a food safety concern regardless of irradiation 
treatment doses or packaging treatments.

Szczawińska [26] reported that the mean D10 value for 13 Salmonella strains irradiated in chicken 
meat using gamma rays at 4°C amounted to 0.575 kGy, whereas for samples irradiated in a 
frozen state (at −18° C) the mean D10 value amounted to 0.687 kGy. Gamma-irradiated broiler 
halves packed in polyethylene pouches with the dose of 2.5 kGy should ensure Salmonella 
reduction adequate to eliminate naturally occurring contamination; in frozen poultry meat, 
similar effects can be expected after a dose of 3.5 kGy [26].

Nassar et al. [37] evaluated the survival of Salmonella virchow inoculated into raw chicken 
carcasses as a result of radiation treatment (dose range of 2–7 kGy) or disinfection with three 
chemical substances. The presence of salmonellae in chicken meat was not detected after 7 
kGy dose; however, after chemical disinfection this pathogen was still present.

On the basis of the various published data, it seems that the dose up to 7 kGy for frozen poul-
try and about 3.5 kGy for unfrozen meat can be recommended to reduce the most radioresis-
tant vegetative pathogenic bacteria by five logs [18].

Thayer et al. [38] compared gamma radiation resistance of a mixture of salmonellae (S. 
dublin, S. enteritidis, S. newport, S. senftenberg, and S. typhimurium) in the so-called “exotic” 
meats such as ground bison, ostrich, alligator, and caiman meats at 5°C. The type of meat 
did not significantly alter the radiation resistance of salmonellae, and the D-value of 0.53 
± 0.02 kGy for Salmonella spp. was obtained. In the conclusions, authors emphasized that 
the efficacy of the radiation treatment in elimination of Salmonella spp. in exotic meats and 
non-exotic meats (e.g., poultry) is similar, thus similar control measures can be applied to 
ensure exotic meat safety. When considering cooked chilled and other ready-to-eat poultry 
meat products, the food-borne pathogens of higher concern are represented by L. monocyto-
genes and Salmonella spp. Hence, stricter microbiological criteria for poultry meat products 
intended to be eaten cooked, as amended by the Commission Regulation (EU) No 365/2010, 
which enhance food safety, must be respected by EU members [39]. Another (EC) regula-
tion [40], which lays down general rules for food business operators on the hygiene of 
foodstuffs, requires food business operators to comply with microbiological criteria for 
foodstuffs. Regulation (EC) No 853/2005 [41], which sets specific hygiene rules for foods of 
animal origin, also requires that food business operators ensure compliance with microbio-
logical criteria.

Radiation sensitivity of L. monocytogenes was determined by many authors (i.e., for example, 
see Ref. [42]). Reported D10 values for L. monocytogenes in cooked turkey nuggets were about 
0.70 kGy, making L. monocytogenes generally more radiation-resistant than Campylobacter and 
Salmonella. Taking into consideration similar radiation sensitivity of L. monocytogenes and 
Salmonella spp., it can be assumed that doses of ionizing radiation effective for the inactiva-
tion of L. monocytogenes will be sufficient to inactivate salmonellae.
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2.2. Reducing of Salmonella spp. in ready-to-eat foods

Ready-to-eat foods deserve special interest. Very often, they contain not only cooked poul-
try or other meats and cooked seafoods but also raw meats which are consumed without 
heat treatment (e.g., “filet américain” composed of raw beef meat). Thus, those complex 
RTE foods may represent an individual specific hazard to consumers since they are often 
composed of a mixture of several types of ingredients. RTE foods vary by country and may 
include, for example, dried meat (beef jerky), uncooked and fermented minced meat prod-
ucts (salami), cooked offal or minced meat products (chicken liver pâté or luncheon sau-
sage), and cooked whole meat products (ham) [43]. Gormley et al. [44] conducted a wide 
study on microbiological quality of ready-to-eat specialty meats (2359 samples of continental 
sausages, cured/fermented, and dried meats) and reported that 0.4% were unacceptable due 
to the presence of Salmonella spp. or L. monocytogenes (>10(2) CFU/g). These unacceptable 
meats were all prepacked prior to supply to retail premises indicating that contamination 
with bacterial pathogens occurred earlier in the production chain; the authors emphasize 
how important it is to prevent food contamination before final packaging and to control 
conditions of storage.

Song et al. [45] investigated the efficacy of radiation treatment and fumaric acid on the reduc-
tion of L. monocytogenes and S. typhimurium inoculated into sliced ham. The authors noted 
the decrease of number of listeriae and salmonellae by 2.42 and 3.78 logs, respectively, after 
irradiation of this ready-to-eat product while the decrease of only one log for both organisms 
was found after acid treatment.

The US Food and Drug Administration (FDA) is currently evaluating a petition to allow irra-
diation of RTE meats in the United States including deli turkey, ham, pastrami, beef bolo-
gna, bacon bits, and pepperoni. The basis for the petition is data reported by Sommers and 
Mackay [46].

The authors observed in their study that irradiation of food-borne pathogenic bacteria with 
a dose of 3.75 kGy on ready-to-eat meats caused reduction of bacteria comparable to that 
obtained due to pasteurization, that is, minimum of five logs.

Sommers and Boyd [47] discovered that doses in the range of 2–4 kGy eliminate Salmonella 
spp. in many RTE foods.

The ability of ionizing radiation to inactivate E. coli O157:H7, Salmonella, L. monocytogenes, and 
S. aureus inoculated onto a frankfurter on a roll product containing the antimicrobials sodium 
diacetate and potassium lactate in the presence of an MA (100% N2, 50% N2 plus 50% CO2, or 
100% CO2) was investigated. The authors reported that the radiation resistance (D10 values) 
for Salmonella in frankfurter on a roll product was from 0.61 to 0.71 kGy. MA had no effect on 
the radiation resistance of the pathogens. During a 2-week storage period under mild temper-
ature abuse (10°C), both salmonellae and other pathogens were not able to proliferate on the 
frankfurter on a roll product, regardless of the MA used. Although the pathogens were unable 
to proliferate on the frankfurter on a roll product during the storage period, the application 
of a postpackaging intervention step was needed to actually inactivate the food-borne patho-
gens. The authors concluded that, when applied as a terminal intervention as part of a HACCP 
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plan, food irradiation could reduce the risk of food-borne pathogens on complex ready-to-eat 
foods such as sandwiches. It seems that intervention technologies including ionizing radia-
tion, antimicrobials, and modified atmospheres (MAs) can be used to inhibit the growth of or 
inactivate food-borne pathogens on complex ready-to-eat foods such as sandwiches. Cárcel 
et al. [48] in their study elaborated mathematical model for the most efficient elimination of 
Salmonella spp. from two poultry products taking into consideration shelf life and sensory 
attributes. It was concluded that in the case of hamburgers, the optimum calculated dose was 
2.04 kGy, which guaranteed the safety of the product and provided the best combination of 
sensory and instrumental attributes. As regards the steaks, the optimum assessed dose was 
1.11 kGy, significantly lower than for hamburgers.

According to the data of a research project of a joint Food and Agriculture Organization/
International Academy of Engineering (FAO/IAE), the application of ionizing radiation com-
bined with other methods used for food preservation offers improved safety of many various 
prepared meals and longer shelf life [49].

Kang et al. [50] studied the efficacy of radiation treatment combined with leek (Allium 
tuberosum R.) extract on the survival of several food-borne pathogens inoculated in pork jerky. 
The authors used doses in the range of 0.5–4 kGy. The D10-value for S. typhimurium irradiated 
with leek extract was 0.32 kGy and without this extract 0.39 kGy. The results prove that this 
combination strengthens both microbiological safety and shelf life of this meat.

2.3. Reducing Salmonella spp. in fish and shellfish

Raw fish and shellfish can be contaminated with pathogenic bacteria such as Salmonella, 
Shigella, Vibrio parahaemolyticus, vulnificus, Vibrio cholerae, S. aureus, and viruses.

According to the data delivered by the United States Department of Agriculture (USDA) [51], 
Salmonella was found in 21% of 153 aquaculture catfish collected from aquaculture ponds and 
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The monthly data on import refusal published in the USA prove that 1/10 of the refused 
products are seafood products and that second in terms of rejection reason is the detection of 
Salmonella spp. [54]. Risk analysis conducted in New Zealand by Reed [55] for fillet meat of 
Pangasius spp. fish from Vietnam considered that contamination of fillets with water not of 
a suitable purity could result in the presence of exotic strains of Corynebacterium diphtheriae, 
E. coli, Salmonella spp., V. cholerae, and Cryptosporidia spp., which is a risk to human health. 
Shabarinath et al. [56] studied the prevalence of Salmonella in seafood samples by conven-
tional culture and by a DNA-based molecular technique, polymerase chain reaction (PCR). 
Using PCR, which was considered to be better method, they isolated Salmonella spp. from 
over 50% of seafood samples collected from the southwest coast of India; 14 of 19 isolates 
belonged to serovar Salmonella enterica Weltevreden.

The FAO experts in their report, after thorough evaluation of Salmonella spp. problem related 
to seafood, concluded that good hygienic practices during aquaculture production and bios-
ecurity measures can minimize but not eliminate Salmonella in products of aquaculture [57].

Among various seafood, shrimp as the largest single seafood commodity in value terms (at 
around 15% of the total value of internationally traded fishery products in 2012) mainly pro-
duced in developing countries such as South and East Asia and Latin America deserves spe-
cial attention [58] particularly that the consumption of this commodity consumption has been 
trending upward.

Norhana et al. [59] in their comprehensive review paper on prevalence, persistence, and con-
trol of Salmonella and Listeria in shrimp and shrimp products indicated that the continued 
reporting of the presence of these bacteria in fresh and frozen shrimps, and even in the lightly 
preserved and ready-to-eat products, shows that the existing hygienic practices in fishery 
industry are insufficient to eliminate these pathogens which have been isolated from shrimps 
and shrimp products on a regular basis since the 1980s. Shrimp is frequently imported from 
tropical and subtropical areas and reports indicate that the product does not always meet the 
microbiological standards set for EU-producing countries or USA, because of either contami-
nated production sites or unhygienic processing conditions.

Salmonella bacteria are associated with pond water, sediment, and shrimp throughout the cul-
ture cycle, including the pre-stocking period, farming phase, and harvest. Untreated chicken 
manure used to fertilize ponds and droppings from aquatic birds are significant sources of 
Salmonella. The survival rate of the microorganism is enhanced by nutrients, manure, and feed 
present in the pond system and by the favorable interaction of various biological and physi-
cal factors [60]. Shrimps are usually eaten fully cooked. The major health hazards with these 
products are contamination during or after processing.

Pinu et al. [61] evaluated the microbiological condition of the frozen shrimps found in the 
local markets and departmental chain shops of Dhaka city. Pathogenic bacterial load was 
found greater in the samples of departmental shops rather than that of local markets. The 
researchers found Salmonella spp., Vibrio spp., and Shigella spp. in shrimps’ samples and dis-
covered that the samples collected from local markets and departmental shops were heavily 
contaminated and were of special concern for human consumption.
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Asai et al. [62] reported that the examination of 353 samples of 29 types of seafood revealed 
that S. enterica serotype Weltevreden was isolated from two of 47 black tiger prawn samples. 
The contamination levels of Salmonella were in a range of <30–40 most probable number per 
100 g. Asai concluded that these results indicate the possibility that shrimp and prawns con-
tribute to food-borne infections.

In recent years, safety risks are associated to the consumption of raw or subjected to mild 
heat treatment fish and shellfish; molluscan shellfish (oysters, clams, mussels, and scallops) 
are often consumed whole and raw. Huss et al. [54] and Olgunoglu [63] in his comprehensive 
review on Salmonella in fish and fishery products show that the pathogens of concern in this 
seafood include both bacteria (e.g., Vibrio spp., Salmonella spp., L. monocytogenes, Shigella spp., 
C. jejuni), viruses (e.g., hepatitis A virus and norovirus), and parasites. Molluscan shellfish 
feed on phytoplankton and zooplankton. They are passive feeders that filter and concentrate 
pathogens present in harvest area. Their environment, particularly near-shore harvest water, 
is contaminated from sewage, which may contain pathogens from both human and animal 
fecal sources (e.g., V. cholerae O1 and O139, Salmonella spp.). Also, poor sanitary practices on 
the harvest vessel, poor aquacultural practices, and transportation can cause contamination 
of fishery products.

As observed in previous years, the food category with the highest level of non-compliance at 
processing was RTE fishery products (4.7% of single samples and 10.8% of batches), mainly 
in smoked fish [34].

Distribution of strong-evidence outbreaks by food vehicle in the EU in 2014 indicated that crus-
taceans, shellfish, molluscs, and products thereof were responsible for 8.1% of outbreaks with 
strong evidence (data from 592 outbreaks with strong evidence) [34]. Taking the above-mentioned 
data into consideration, health authorities in many countries including European Community 
emphasized that the increasing trend in raw fish consumption (sushi, sashimi, salmon, etc.) has 
been identified as a risk to human health. Oysters and mussels can cause food-borne illness. 
Consumer can contract food-borne salmonellosis due to consumption of raw oysters.

It is generally known that the best method of controlling pathogens is to use a postharvest 
treatment. Some treatments, such as thermal treatment, ionizing radiation, and high hydro-
static pressure processing, reduce the number of pathogenic microorganisms (bacteria and 
viruses) while the long-term freezing most widely used method of food preservation is 
mainly effective in controlling parasites.

Brands et al. [64] reported that Salmonella was isolated from oysters from each coast of the 
United States, and 7.4% of all oysters tested contained Salmonella. Isolation tended to be bay 
specific. The vast majority (78/101) of Salmonella isolates from oysters were S. enterica serovar 
Newport, a major human pathogen, confirming the human health hazard of raw oyster con-
sumption. Bakr et al. [65] showed that out of the 150 seafood samples examined, collected 
from 11 localities in Alexandria, Egypt, Salmonella was isolated from 10% of samples (shrimp, 
oyster, and mussel). In 1986, the Scientific Committee for Foods [24] recommended that fish 
and shellfish could be irradiated at doses up to 3 kGy. In the United States, FDA has approved 
the use of ionizing radiation for the control of V. parahaemolyticus and V. vulnificus and other 
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food-borne pathogens in fresh or frozen molluscan shellfish. Irradiation of fresh and frozen 
molluscan shellfish may not exceed an absorbed dose of 5.5 kGy [53]. Also, FDA proposes 
radiation treatment for the control of food-borne bacteria in crustaceans with a dose of 6.0 
kGy. The D10 values cited in the published literature for several Salmonella serotypes in grass 
prawns and shrimp homogenate ranged from 0.30 to 0.59 kGy. Thus, irradiation of crusta-
ceans at a maximum absorbed dose of 6.0 kGy would be effective at controlling pertinent 
pathogens. The petitioner requested a maximum absorbed dose of 6.0 kGy to achieve a six-log 
reduction of L. monocytogenes. It can be expected that this dose should also eliminate majority 
of non-sporing pathogenic bacteria including Salmonella. Irradiation of fish and shellfish is 
intended, similarly like in the case of other foods to extend shelf life, reduce pathogen load, 
and inactivate parasites. Irradiation has been applied to fresh, frozen, as well as dried fish, fish 
products, and shellfish [18]. As for other foods, pathogenic bacteria are more resistant to irra-
diation in frozen state compared to chilled one. Most studies indicate that irradiation at doses 
recommended by the SCF (3 kGy) should yield two to five logs reduction of pathogenic, non-
spore-forming bacteria for the majority of fish and fish products. Sommers and Rajkowski [66] 
determined the radiation D10 values for Salmonella inoculated onto seafood samples (scallops, 
lobster meat, blue crab, swordfish, octopus, and squid). The samples were frozen and irradi-
ated in the frozen state (−20°C); D10 values for Salmonella ranged from 0.47 to 0.70 kGy. By 
contrast, the radiation D10 value for Salmonella suspended on frozen pork was 1.18 kGy. They 
concluded that radiation dose needed to inactivate these food-borne pathogens on frozen 
seafood is significantly lower than that for frozen meat or frozen vegetables. Salmonella spp. 
and other primary pathogens of concern can also be introduced after pasteurization. Some 
fishery products are cooked before they are packaged; therefore, they are at risk for recon-
tamination between cooking and packaging (e.g., vacuum packaging, modified atmosphere 
packaging). Kamat and Thomas [67] evaluated the effect of fat content in fish on radiation 
sensitivity of L. monocytogenes, Bacillus cereus, S. typhimurium, and Yersinia enterocolitica. The 
radiation response of all those pathogens was examined in sardine with high fat and golden 
anchovy with low fat. The results clearly suggest that regardless of the level of lipid in fish, 
the application of a 3 kGy dose at refrigeration temperature would effectively decontaminate 
approximately 105 CFU g−1 of all the organisms tested, except spores of B. cereus. The authors 
concluded that the studies revealed a lack of influence of lipid levels in fish on radiation resis-
tance of four food-borne bacterial pathogens.

Jakabi et al. [68] studied the survival of S. enteritidis and S. infantis inoculated into oysters and 
sensory properties as the result of irradiation with doses in the dose range of 0.5–3.0 kGy. The 
number of those both Salmonella populations decreased after a 3.0 kGy dose by five to six logs. 
The authors also discovered that oysters irradiated with the highest dose were still alive and 
concluded that a dose of 3.0 kGy could be considered effective in inactivating Salmonella in 
oysters without changing their odor, flavor, or appearance.

The SCF [24] recommended that shrimps could be irradiated at doses of 5 kGy which is con-
sidered to be an effective decontamination method. Ito et al. [69] reported that the dose of 
gamma irradiation necessary to reduce both S. typhimurium and L. monocytogenes in frozen 
shrimps at a level of below 10−4 per gram was about 3.5 kGy. Sinanoglou et al. [70] irradiated 
using a cobalt-60 gamma source frozen molluscs (squid, octopuses, and cuttlefish) and crusta-
ceans (shrimp) with different doses. The authors noted the substantial decrease of mesophiles 
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number in shrimp irradiated with the dose of 2.5 kGy, whereas after the dose of 4.7 kGy the 
presence of those bacteria in squid was not detected. Shrimp is considered separately from 
fish and shellfish given that certain pathogens (i.e., L. monocytogenes) require doses about 3 
kGy for several log10 reduction. Sommers et al. [71] evaluated the effect of cryogenic freez-
ing (−82°C, 3 min), and gamma irradiation on the survival of mixture of Salmonella spp. (S. 
schwarzengrund, S. bahrenfeld, S. weltevreden, and S. panama isolated from seafood, including 
shrimp), on raw frozen shrimp. D10 values for salmonellae irradiated in shrimp were about 
0.56 kGy. The authors observed the decrease of Salmonella spp. number after cryogenic freez-
ing and irradiation with a dose of 2.25 kGy by over five logs and that this effect persisted dur-
ing 3 months storage at −20°C. The authors conclude that radiation treatment combined with 
cryogenic freezing offers big benefits in regard to frozen shrimp.

Nerkar and Bandekar [72] studied radiation resistance of S. typhimurium and S. enteritidis 
inoculated at 1 × 108 cells/ml in shrimp homogenate and they determined that the D10 value 
was in the range from 0.30 to 0.40 kGy. Finally, they concluded that a dose of 4.0 kGy could be 
used to completely eliminate Salmonella in frozen prepackaged shrimp.

Luo et al. [73] studied radioresistance of non-spore-forming and spore-forming pathogenic 
microorganisms inoculated into shelf-stable foods, semi-dried pork, and fish which have been 
vacuum-packaged. The water activity (aw) of semi-dried food products ranged between 0.930 
and 0.940 for pork, and 0.852 and 0.895 for fish. The authors observed that S. enteritidis was 
eliminated at a dose of 2.5 kGy in semi-dried fish, and the minimum irradiation dose required 
to inactivate this pathogen in pork was 5 kGy.

2.4. Reducing Salmonella spp. in frog’s legs

The skin of frogs and their internal organs are often contaminated with Salmonella spp. and 
other pathogens, such as E. coli and S. aureus. Although frog’s legs are cooked before con-
sumption, there is a risk for cross-contamination.

The highest radiation dose for frog’s legs suggested by the Scientific Committee for Foods is 5 kGy 
[18]. The most important hazard arises from contamination with Salmonella and other fecal patho-
gens occurring in frog’s legs at the time of deep-freezing. E. coli and S. aureus have been also found 
in frog’s legs. Tambunan’s [74] studies showed that irradiating frog legs artificially contaminated 
with Salmonella up to 106/g before freezing a dose of 3 kGy and above resulted in no detection 
of the bacteria. If irradiation was carried out after freezing, a dose of 4 kGy and above has to be 
used. The latter procedure appears to be more feasible commercially than the former one. It was 
concluded that a combination of chlorination, freezing, and irradiation with a dose ranging from 
3 to 6 kGy should provide sufficient conditions for the elimination of Salmonella in the product.

3. Concluding remarks

Ionizing radiation in industry can be used to reduce the level of Salmonella spp. in both raw and 
cooked meats, poultry, and seafood. This intervention technology can be regarded as a Critical 
Control Point in the HACCP plan. Irradiation treatment, applied as the final processing step, 
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seems to be of particular importance in the case of packed food products, including ready-to-
eat food. In the USA, FDA [75] proposes radiation treatment with the maximum dose of 4.5 
kGy for a variety of raw meats and meat products for the improvement of microbial safety 
and for shelf-life extension.

The data from literature prove that the D-values for L. monocytogenes are similar to those 
reported for Salmonella spp. irradiated under similar conditions. Thus, Salmonella spp. in 
meats, poultry, and fish and shellfish including ready-to-eat foods may be controlled by the 
same dose required for L. monocytogenes.

It should be noted, however, that dose range used for radicidation (2.5–10 kGy) is not suf-
ficient to sterilize foods. Thus, all additional control measures (e.g., an unbroken cold chain, 
appropriate handling of raw meat, and procedures for cleaning disinfection and waste dis-
posal, etc.) should maintain or even increase the beneficial effects of radiation treatment.

Referring to irradiation facilities, electron beams are much more useful for packs of relatively 
thin cooked, sliced meats, and other ready-to-eat products while gamma radiation is more 
suited for treating whole carcasses [76].
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