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1. Introduction

Since the divergence from Escherichia coli, more than 100 million years ago, Salmonella has
acquired by lateral gene transfer a repertoire of genes that confers a set of physiological
features that define its particular ecological niche (Ochman and Groisman 1994; Ochman et
al., 2000). Some of these chromosomally-encoded genes can be considered as part of the
“core genome” of Salmonella (i. e. genes present in all the strains), whereas some other
chromosomally-encoded genes are part of the “accessory genome” (i. e. genes present in
some of the strains) along with mobile genetic elements such as plasmids, bacteriophages,
transposons and integrons. In this chapter we review the role that mobile genetic elements
have played in Salmonella evolution, particularly in pathogenicity attributes, antibiotic
resistance and host adaptation.

2. Pathogenicity islands

Pathogenicity islands are large genomic regions that are present in pathogenic variants but
less frequently present in closely related non-pathogenic bacteria. They often carry
virulence-associated genes, have a G+C content that differs from that of the rest of the
chromosome, are frequently associated with tRNA genes and are flanked by repeated
sequences (Dobrindt et al., 2004). Salmonella pathogenicity islands (SPIs) are large gene
cassettes within the Salmonella chromosome that encode determinants responsible for
establishing specific interactions with the host, and are required for bacterial virulence in a
given animal. Like other pathogenicity islands, SPIs generally have a G+C content lower
(between 37 and 47%) than the rest of the bacterial chromosome (about 52%), and are often
inserted into tRNA genes. Therefore, SPIs have likely been acquired by horizontal transfer
from bacteriophage or plasmids of unknown origin, and they are highly conserved between
the different Salmonella serovars. It is sometimes unclear how certain DNA regions are
designated as pathogenicity islands. Small DNA regions (often single genes), which are
acquired horizontally, are numerous and their distinction from pathogenicity islands is in
some cases arbitrary (Marcus et al., 2000). More than twenty SPIs have been described
(Sabbagh et al., 2010). Most SPIs have become part of the core set of genes of S. enterica and
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encode species-specific traits. A smaller subset of SPIs is limited to certain subspecies or
serovars. These SPIs harbor genes associated with DNA mobility and are likely to represent
more recent acquisitions (Hensel 2004). SPI1 and SPI2 both encode type III secretion systems
(TTSS), which mediate the respective virulence phenotype by translocating bacterially-
encoded proteins into the host cell cytoplasm (Hansen-Wester and Hensel 2001). TTSS are
used by many bacterial pathogens to deliver virulence factors to the host cell and interfere
with or subvert normal host cell signaling pathways. They consist of many components,
including more than twenty proteins, some of which are homologous to those involved in
flagellar assembly. Effector proteins generally require specific chaperones which prevent
incorrect folding, degradation and premature association, and may even aid delivery of the
effector into host cells. These systems are highly regulated, and proteins are only secreted
when the bacteria sense specific environmental cues (Marcus et al., 2000; Cornelis 2006). A
remarkable observation is the functional interaction of SPI1 and SPI2 with further loci
encoding effector proteins, including SPI5 and some mobile DNA elements (Hensel 2004).

3. Salmonella genomic island

A chromosomal island called Salmonella genomic island 1 (SGI1) was initially described in
the epidemic multiple-drug-resistant (MDR) Salmonella enterica serovar Typhimurium
phage-type DT104 (Boyd et al., 2001). In this respect, phage-typing is carried out by infecting
a Salmonella isolate with a number of phages listed in the phage-typing scheme for a specific
serovar (Kropinski et al., 2007). The present phage-typing scheme for Typhimurium consists
of 34 phages and identifies 207 phage types, referred to as definitive types (DT) (Anderson
et al., 1977). Since the original identification of SGI1 in Typhimurium DT104, variants of
SGI1 have been described in a wide variety of Salmonella serovars (Levings et al., 2005). The
43 kb SGI1 contains 44 open reading frames (ORFs), many of them without homology to
known gene sequences. In all the serovars, SGI1 showed the same chromosomal location. In
the first part of the island, a number of ORFs showing homology to plasmid-related genes
are present. The 13 kb-antibiotic resistance gene cluster is located near the 3" end of SGI1
(Levings et al, 2005). The MDR cluster confers resistance to streptomycin and
spectinomycin, sulfonamides, chloramphenicol and florfenicol, tetracyclines, and beta-
lactam antibiotics. The G+C content for the MDR cluster is 59%, while for the rest of the
SGI1 it is 49%, as compared with 52% for the Typhimurium chromosome, suggesting a
mosaic structure (Boyd et al., 2001). SGI1 is an integrative mobilizable element which
contains a complex class 1 integron (see below) named In104, located within the antibiotic
resistance cluster located at the 3" end of the island (Boyd et al., 2001; Doublet et al., 2005;
Mulvey et al.,, 2006). In 2005, Doublet et al. reported that SGI1 could be conjugally
transferred from an S. enterica donor to E. coli recipient strains where it integrated into the
recipient chromosome in a site-specific manner (Doublet et al., 2005). First, an extra-
chromosomal circle of SGI1 was formed, and this circular intermediate was transferred in
the presence of an IncC helper plasmid, which provided the mating apparatus. This study
demonstrated that the mobilization of SGI1 probably contributes to the spread of antibiotic
resistance genes between S. enterica serovars and possibly to other bacterial pathogens
(Doublet et al., 2005). As predicted by Doublet et al. (2005), a variant of SGI1 has been
reported in Proteus mirabilis (Boyd et al., 2008). Moreover, a recent report showing the ability
of IncA/C plasmids to mobilize SGI1 has implications for the worldwide spread of these
MDR elements (Douard et al., 2010).
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4. Antimicrobial resistance and virulence plasmids

A substantial amount of the variation in bacteria is due to the presence of plasmids (Levin
and Bergstrom 2000). Plasmids are part of the flexible genome, which is defined by the high
plasticity and modularity of its genetic elements and high rates of gene acquisition and loss
(Heuer et al., 2008). They are typically composed of conserved backbone modules coding for
replication, maintenance and transfer functions as well as variable accessory modules. The
capture of genetic modules by plasmid backbones can increase phenotypic diversity and
thereby increment the chances of responding to uncertain environmental changes or exploit
an opportunity for niche expansion (Souza and Eguiarte 1997; Frost et al., 2005; Heuer et al.,
2008; Norman et al., 2009). Often, antimicrobial or heavy metal resistance, or virulence
factors that allow their bacterial host to adapt to changing environments are encoded by
plasmids. Plasmids are classified according to incompatibility (Inc) groups, that are based
on the inability of plasmids with the same replication or segregation mechanisms to co-exist
in the same cell (Couturier et al., 1988). Plasmids of Salmonella enterica vary in size from 2 to
more than 200 kb. The best described plasmids are the so-called virulence plasmids present
in some serovars. Another group of high molecular weight plasmids are responsible for
antibiotic resistance, which are in most of the cases conjugative, contributing to the spread
of genes in bacterial populations (Rychlik et al., 2006). The low molecular weight multi-copy
plasmids are widespread in Salmonella, but are less studied and are referred as cryptic,
although some of them have been shown to increase resistance to bacteriophage infection
due to the presence of modification systems (Rychlik et al., 2006).

Eight Salmonella enterica serovars harbour a large (50-285 kb) plasmid named the Salmonella
virulence plasmid, containing the spv operon, which is a major determinant of virulence in
their specific hosts (Gulig et al., 1993; Chiu et al., 2000; Fierer and Guiney 2001). In addition
to the spv operon, other plasmid genes are involved in virulence. The rsk and rck genes are
required for serum resistance, and traT, a surface exclusion protein for plasmid transfer, is
also responsible for serum resistance (Chu and Chiu 2006). Within a single serovar some
strains can carry the virulence plasmid while others not (Olsen et al., 2004). Despite many
common properties shared by these plasmids, each virulence plasmid seems to be specific to
its serovar, but the outcome of the infection in different animal hosts may be variable. For
example, Typhimurium strains that harbour the virulence plasmid are highly virulent to
mouse, but there is lack of evidence of an association between the carriage of virulence
plasmid and the bacteremia caused in humans (Chiu et al., 2000). Whether the virulence
plasmid is necessary to produce systemic infections in humans has been subject of intense
debate. Some authors claim that there is lack of evidence of an association between the
carriage of the virulence plasmid and human bacteremia (Chiu et al., 2000). Other authors
suggest that spv genes promote the dissemination of Typhimurium from the intestine (Fierer
2001). In recent reports contrasting results have been found. We studied more than 100
Typhimurium strains isolated from human and food-animal sources in Mexico, and found
that only 30% of the strains harboured the plasmid (Wiesner et al., 2009). The presence of the
virulence plasmid was significantly associated with human isolates, but only one of the six
isolates recovered from patients with systemic infection had the virulence plasmid. Our data
support the notion that the virulence plasmid has a role in host adaptation (Baumler et al.,
1998); however, it was not consistent with the view that it is associated with systemic
infection in humans (Wiesner et al., 2009). In a recent study, Litrup et al. (2010) analyzed 21
Typhimurium strains isolated from patients with mild and sever infections with the aim of
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correlate genomic content with the outcome of disease. They used a DNA microarray
targeting 281 known virulence factors, and found that the presence or absence of the
virulence plasmid did not correspond to disease symptoms (Litrup et al., 2010). On the other
hand, Heithoff et al. (2008) found that all the Typhimurium strains isolated from animals or
humans with bacteremia possessed the virulence plasmid, while 34% of the strains isolated
from human gastroenteritis lacked the plasmid (Heithoff et al., 2008). These contrasting
results highlight the complex nature of specific host-pathogen interactions, and call to avoid
making generalizations since the diversity of environmental (biotic and abiotic), host, and
bacterial genetic conditions may produce different outcomes.

Large antimicrobial resistance plasmids are of public health concern. The global scene is that
the therapeutic options for MDR microbes are reduced, periods of hospital care are more
extended and costly and, in some cases, the strains have also acquired increased virulence
and enhanced transmissibility. Realistically, antibiotic resistance can be considered a
virulence factor (Davies and Davies 2010). Resistance mechanisms are pandemic and create
an enormous clinical and financial burden on health care systems worldwide (Davies and
Davies 2010). The resistance genes found in Salmonella are closely related to, or are
indistinguishable from, those found in other bacteria, including not only members of the
Enterobacteriaceae but also distantly related bacteria. It is most likely that Salmonella acquired
these genes from other bacteria, and probably Salmonella strains also play a role in the
further dissemination of these resistance genes to other bacteria (Michael et al., 2006).
Frequencies of conjugative transmission in nature are probably several orders of magnitude
higher that those observed under laboratory conditions, and occur readily in networks of
multi-host interactions (Dionisio et al., 2002; Sorensen et al., 2005; Davies and Davies 2010).

The IncA/C plasmids exemplify the problematic of resistance plasmids in Salmonella. They
have attracted the attention of the research community due to their ability to acquire
antimicrobial resistance traits and to mobilize across geographical and taxonomical borders
(Fricke et al., 2009). Recent comparative studies have addressed the evolutionary relationships
among the IncA/C plasmids from Salmonella enterica, Escherichia coli, Yersinia pestis, Yersinia
ruckeri, Vibrio cholera, Photobacterium damselae and Aeromonas salmonicida (Welch et al., 2007;
Kim et al., 2008; McIntosh et al., 2008; Pan et al., 2008; Fricke et al., 2009; Call et al., 2010). The
genomic comparison of seven IncA/C plasmids showed that these plasmids share a common
backbone, including the origin of replication and a conjugative plasmid transfer system (Welch
et al., 2007; Fricke et al., 2009). Several loci containing antimicrobial resistance determinants are
distributed along the plasmids, and are integrated at few sites within the conserved plasmid
backbone; they are generally located as resistance gene arrays, composed of resistance genes
and mobile genetic elements such as insertion sequences, transposons or integrons (Fricke et
al., 2009). For example, in the IncA/C plasmids of Yersinia pestis and Salmonella Newport, a
Tn21 transposon is inserted in a similar location but some nucleotide divergence is evident and
its orientation is reversed (Welch et al., 2007; Fricke et al., 2009). These studies suggest an
evolutionary model in which each IncA/C plasmid diverged from a common ancestor,
through processes of stepwise integration events of horizontally-acquired resistance genes
arrays (Welch et al., 2007; Fricke et al., 2009).

Over the last decade, increasing attention has been focused on plasmids that harbour the
antimicrobial resistance gene blacmy2, which encodes an AmpC-type beta-lactamase that
hydrolyzes third-generation cephalosporins (Bauernfeind et al., 1996, Zhao et al., 2001;
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Carattoli et al., 2002; Wiesner et al., 2009; Wiesner et al., 2011). In Salmonella enterica, blacmy-» is
frequently carried by IncA/C or Incll plasmids (Bauernfeind et al., 1996; Carattoli et al., 2002;
Hopkins et al., 2006; Lindsey et al., 2009). In a recent study, Call et al. (2010) analyzed five E.
coli and Salmonella Newport IncA/C plasmids carrying blacmy2, and showed that although
they share a common ancestor with the Yersinia and Photobacterium plasmids, they are
genetically distinct (Call et al., 2010). In a population study we found that IncA/C plasmids
were associated to the Mexican Typhimurium ST213 genotype. We determined that the blacwmy.-
» gene was carried in IncA/C plasmids, and genetic variability was observed using a plasmid
typing scheme, targeting ten conserved regions in IncA/C plasmids (Wiesner et al., 2009;
Wiesner et al., 2011). The Typhimurium blacwmy.2>-bearing IncA/C plasmids possessed most of
the accessory elements found in other Salmonella and E. coli plasmids (Call et al., 2010), but also
more than half contained a class 1 integron (dfrA12-orfF-aadA2). The screening of the total
Mexican Typhimurium population showed the presence of another IncA/C plasmid
harboured by ST213 strains, yet lacking blacmy-2. These plasmids also carried antibiotic
resistance determinants, but they shared only three of the ten genetic markers used to study
the IncA/C plasmids, and were smaller than the blacmy-2-bearing IncA/C plasmids (100 vs.
150-160 kb). Nevertheless, the nucleotide sequences of the regions shared with the blacyy-o-
bearing IncA/C plasmids were identical, suggesting that the blacyy.o-bearing plasmids could
be the result of the insertion of DNA modules into this smaller precursor plasmid (Wiesner et
al., 2009; Wiesner et al., 2011). The general agreement from the analysis of the genetic structure
of the IncA/C group,is that plasmid evolution progresses faster through the insertion/deletion
of DNA stretches rather than by point mutations (Welch et al., 2007; Kim et al., 2008; Fricke et
al., 2009; Call et al., 2010; Wiesner et al., 2011).

Large resistance plasmids circulate among microbial populations in distinct environmental
niches, even in the absence of antibiotic selective pressure. In other environments the target
of the selective pressure could be, for example, mercury resistance carried by many
transposons, such as Tn21 (Liebert et al., 1999; McIntosh et al., 2008). Regardless of the
primary selective agent, the complete battery of resistance determinants will be maintained,
imposing a global health risk (Liebert et al., 1999; Frost et al., 2005, Welch et al., 2007;
MclIntosh et al., 2008; Pan et al., 2008; Davies and Davies 2010). Another worrisome situation
is the emergence of Salmonella virulence-(antibiotic) resistance plasmids. Several studies had
reported large hybrid virulence-resistance plasmids in serovars Typhimurium, Choleraesuis
and Enteritidis, isolated from Spain, Italy, Czech Republic, Taiwan and the United Kingdom
(Chu et al., 2001; Guerra et al., 2001; Guerra et al.,, 2002; Guerra et al., 2004; Villa and
Carattoli 2005; Chu and Chiu 2006; Herrero et al., 2008a; Herrero et al., 2008b; Hradecka et
al., 2008; Herrero et al., 2009; Rodriguez et al., 2011). In some of the studies it was
demonstrated that the hybrid plasmids were conjugative, which may lead to their spread to
new recipients and allow the co-selection of the antibiotic and virulence genes, representing
a hazard to human and animal health (Fluit 2005).

5. Integrons

Integrons are assembly platforms that incorporate genes by site-specific recombination and
convert them to functional genes by ensuring their correct expression. They are composed of
three key elements: a gene encoding an integrase, a primary recombination site, and a
promoter that directs the transcription of the captured genes. The integrase can recombine
discrete units of circularized DNA known as “gene cassettes”; they are transcribed only
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when captured into an integron, since most of them lack a promoter. Integration occurs
downstream of the resident promoter, at the primary recombination site, allowing the
expression of the genes in the cassette (Figure 1). The integron inserted gene cassettes share
specific structural characteristics and contain an imperfect inverted repeat at the 3’ end,
called the “59-base element”. This site functions as a secondary recognition site for the site-
specific integrase, and can further integrate gene cassettes. The ability to capture disparate
individual genes and to physically link them in arrays suitable for co-expression is a trait
unique to integrons, and theoretically facilities the rapid evolution of new phenotypes
(Stokes and Hall 1989; Recchia and Hall 1995; Fluit and Schmitz 1999; Holmes et al., 2003;
Fluit and Schmitz 2004; Mazel 2006; Boucher et al., 2007; Joss et al., 2009).

Primary integration site Gene cassette
} Pc 59-be 59-be
integrase or or]
grasepe  °7 ‘ ! ‘

Secondary integration sites 59-be

Fig. 1. Diagrammatic representation of the basic features of an integron. Integrons consist of
the gene for the integrase, the promoters for the expression of the integrase (Pint) and the
gene cassettes (Pc), and the primary recombination site, where the cassettes are integrated.
Gene cassettes consist of a single promoter-less gene and a recombination site known as a
59-base element (59-be), which functions as a secondary recognition site for the site-specific
integrase, and can further integrate gene cassettes (Stokes and Hall 1989; Hall and Collis
1995; Levesque et al., 1995). An integron carrying an array of two inserted cassettes, and a
free circularized gene cassette is shown.

Analyses on the diversity of gene cassettes in environmental samples have shown a great
diversity of predicted genes, suggesting that essentially any DNA-encoded function may be
contained within a gene cassette (Stokes et al., 2001; Holmes et al., 2003). However, the main
part of the gene cassettes found in mobile integrons from cultured bacteria contain
antibiotic-resistance determinants (Levesque et al., 1995; Fluit and Schmitz 1999, 2004).
Class 1 integrons are found extensively in clinical isolates, and most of the known antibiotic
resistance gene cassettes belong to this class (Fluit and Schmitz 2004). Although gene
cassettes conferring resistance to nearly every major class of antibiotics have been identified,
there are some antibiotic resistance determinants that are preferentially associated to
integrons, such as streptomycin, trimethoprim, sulfafurazole, and the early aminoglycosides
(White et al., 2001; Fluit and Schmitz 2004). Moreover, it has been reported that MDR is
associated significantly with the presence of integrons (Leverstein-van Hall et al., 2003; Fluit
2005; Wiesner et al., 2009). Integrons themselves are not mobile although they can be part of
transposons, which are capable of moving from one carrier replicon to another (Fluit and
Schmitz 1999; Liebert et al., 1999). A well-known example are the integrons found in Tn21
and related transposons. These transposons generally are located on plasmids, which
further enhances the spread of gene cassettes (Fluit and Schmitz 1999; Liebert et al., 1999).
The association of integrons with mobile elements and resistance genes has led to their rapid
dispersal among various bacteria found in environments exposed to antibiotics (Martinez-
Freijo et al., 1999; White et al., 2001; Boucher et al., 2007).
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Since the discovery of the importance of integrons in the dissemination of antibiotic resistance,
many studies have addressed the presence of integrons in Salmonella. At the moment of
writing there were more than 300 research papers regarding integrons in Salmonella
(http:/ /www.ncbi.nlm.nih.gov/pubmed). An overview of these studies shows that integrons
have been detected in many different Salmonella serovars (i. e. Agona, Albany, Anatum,
Braenderup, Branderburg, Bredeny, Brikama, Derby, Dublin, Emek, Enteritidis, Eppendorf,
Goldcoast, Grumpensis, Hadar, Haifa, Heildelberg, Infantis, Javiana, Kedougou, Kentucky,
Kingston, Krefekd, Mbandaka, Muenster, Newport, Panama, Paratyphi B, Rissen, Rough,
Saintpaul, Schwarzengrund, Stanley, Senftenberg, Tees, Tshiongwe, Typhimurium, Virchow,
Weltevreden, Wien and Worthington), that were isolated from diverse sources (i. e. animal
feed, beef, chicken, camel, environment, feline, foodstuff, goat, horse, human, milk, pork and
turkey), and from countries all around the world (i. e. Albania, Algeria, Brazil, China, Chile,
England, Ethiopia, Germany, Great Britain, Iran, Ireland, Italy, Japan, Lithuania, Mexico,
Portugal, Slovak Republic, Spain, Thailand, The Netherlands, United States and Vietnam).
Among the most studied cases are the chromosomally-located integrons present in the SGI1.
There is a great diversity of integron cassettes detected in Salmonella, most of them encoding
antibiotic resistance genes, carried in a wide variety of cassette arrays. It is noteworthy that
similar cassette arrays are found in different Salmonella serovars isolated from different sources
and distant countries, and even in other bacterial species. For example, in the study of the
integrons present in a Mexican Typhimurium population (Wiesner et al., 2009), we found that
the two most abundant integrons (dfrA12-orfF-aadA2 and dfrA17-aadA5) were reported for
other Salmonella serovars (Anatum, Branderup, Brikama, Enteritidis, Mbandaka, Rissen and
Saintpaul) and in other Enterobacteriaceae (Lindstedt et al., 2003; Antunes et al., 2006; Su et al.,
2006; Molla et al., 2007; Zhao et al., 2007). More surprising was that these integrons were also
found in different species of the Gram-positive genera Staphylococcus isolated in China (Xu et
al., 2008), providing evidence of the successful spread of these integrons around the world and
across bacterial phyla (Wiesner et al., 2009).

6. Bacteriophages

Although bacteriophages carrying antibiotic resistance genes have rarely been identified
(Davies and Davies 2010), their role in the dissemination of virulence factors has been
widely documented (Boyd and Brussow 2002). Bacteriophage-encoded virulence factors can
convert their bacterial host, in a process known as phage conversion, from a non-pathogenic
strain to a virulent strain or a strain with increased virulence. The phage-encoded proteins
involved in lysogenic conversion provide mechanisms to invade host tissues, avoid host
immune defenses, and damage host cells (Boyd and Brussow 2002). The extra genes present
in prophage genomes which do not have a phage function, but may act as fitness factors for
the bacteria, are termed “morons”. The moron-encoded genes are not required for the phage
life cycle. Their expression is controlled by an autonomous promoter and, thus, can be
expressed while the rest of the prophage genes remain silent (Hendrix et al., 2000). Morons
enhance phage replication indirectly since moron-encoded functions enhance fitness of the
lysogen. This hypothesis provides the theoretical framework for phage-mediated horizontal
transfer of fitness factors between bacteria (Hendrix et al., 2000). The ecological success of a
lysogenic bacterium contributes to the dissemination of phage genes, providing a case of co-
evolution of viruses and bacteria. It has been hypothesized that the driving force behind the
emergence of new epidemic clones is the phage-mediated re-assortment of virulence and
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fitness factors, optimizing the Salmonella-host interaction (Mirold et al., 1999; Figueroa-Bossi
et al., 2001; Brussow et al., 2004). The contribution of phages to Salmonella evolution is one of
the best documented cases, and many phage-encoded virulence factors have been
documented (Table 1). In particular, the functional biology of many phage-encoded genes
has been studied in detail for Typhimurium strains.

Phage Gene Protein Function in virulence
Fels-1 sodC-111 Superoxide dismutase Intracellular survival
Fels-1 nanH Neuraminidase Intracellular survival
Involved in invasion
Gifsy-1 gqu Type HI efector Critical for survival in
gipA IS-like .
Peyer’s patches
ssel (gtgB) Type III efector Involved in invasion
Gifsy-2 sodC-I Superoxide dismutase Intracellular survival
gteE Type III efector Required for full virulence
Gifsy-3 sspH1 Type III efector Involved in invasion
pag] phoPQ-activated gene Bacterial envelope for invasion
giz;,l_ 2and groA Antivirulence gene glic;iiies the pathogenicity in
P22 gtrB Glucosyl transferase O-antigen conversion
gtrA Flippase O-antigen conversion
SopE® sopE Type III efector Involved in invasion
€34 rfb Glucosyl transferase Altering antigenicity

Table 1. Bacteriophage-encoded virulence factors of Salmonella enterica (Figueroa-Bossi et al.,
2001; Boyd and Brussow 2002; Porwollik and McClelland 2003; Ehrbar and Hardt 2005;
Kropinski et al., 2007).

Prophages contribute significantly to the diversity among Salmonella strains (Boyd and
Brussow 2002), and different Typhimurium strains harbor distinct sets of prophages
(Figueroa-Bossi et al., 2001; Mirold et al., 2001; Mmolawa et al., 2002). Most of them belong
to the P2 family (SopE®, Fels-1, and Fels-2) or the lambda family (GIFSY-1, GIFSY-2, GIFSY-
3 and P22). Several of the Typhiumurium prophages encode the so-called type three effector
proteins, which are injected by the bacterium into animal cells via a type three secretion
system (TTSS) (Ehrbar and Hardt 2005). These effector proteins manipulate signal
transduction pathways of the cells, which provoke a strong intestinal inflammation and
diarrhea. The SopE effector, encoded by SopE®, is one of the better studied cases. It is
injected into the intestinal cells by the TTSS encoded by SPI-1, and its expression is co-
regulated with other genes. The proper timing of SopE expression and delivery into the host
cell depends on the regulatory circuits of SPI-1 (Mirold et al., 1999; Brussow et al., 2004;
Ehrbar and Hardt 2005). Since the earlier studies, Mirold et al. (1999) demonstrated that
SopE® is capable of infecting a range of Typhimurium strains (Mirold et al., 1999). In an
experimental study, it was demonstrated that the lysogenic conversion of the laboratory
Typhimurium strain ATCC14028 with SopE® provided increased enteropathogenicity
compared with the wild-type strain (Zhang et al., 2002). Thus, it was shown that the
horizontal transfer of phage-mediated genes may contribute to the emergence of more
pathogenic epidemic clones. Moreover, Mirold et al. (2001) provided evidence for the

www.intechopen.com



The Importance of Mobile Genetic Elements in the Evolution
of Salmonella: Pathogenesis, Antibiotic Resistance and Host Adaptation 239

transfer of the SopE cassette between lambda and P2-like phages families (Mirold et al.,
2001). They proposed that the transfer of virulence factors between phages increases the
flexibility of the re-assortment of effector protein repertories, by circumventing restrictions
imposed by immunity functions or the occupancy of the attachment sites by resident
prophages (Mirold et al., 2001). By this mean, phages would contribute a great deal to the
evolution of bacterial pathogens, and might explain the rapid emergence of new epidemic
clones and the ability of Salmonella to adapt to a broad range of hosts.

The development of genome-based methods such as microarrays, and the tools to compare
complete genome sequences, has opened a new era in the study of Salmonella evolution.
Several studies have addressed the importance of bacteriophages in the evolution of
Salmonella, and the role of prophage-encoded virulence factors in pathogenicity.
Comparison of complete genomes have pointed out that the prophage content is one of the
most important differences between genomes of Salmonella serovars, and specially among
strains within a single serovar (McClelland et al., 2001; Parkhill et al., 2001; Porwollik et al.,
2002; Porwollik et al., 2004; Thomson et al., 2004; Hermans et al., 2005; Cooke et al., 2007;
Vernikos et al., 2007; Litrup et al., 2010). The detection of prophage sequences has been
recently developed and proposed as a tool for the subtyping of strains (Hermans et al., 2006;
Cooke et al., 2007). Recent population studies are supporting the notion that the prophage
content is one the most dynamic part of the genome, indicating that phage
integration/excision are frequent events shaping Salmonella genome evolution (Hermans et
al., 2006; Cooke et al., 2007; Drahovska et al., 2007, Matiasovicova et al., 2007; Cooke et al.,
2008; Litrup et al., 2010). These observations are in agreement with the phage remnants
found in the genomes of Salmonella (McClelland et al., 2001; Parkhill et al., 2001; Porwollik et
al., 2002; Chan et al., 2003; Porwollik and McClelland 2003; Matiasovicova et al., 2007).

7. Host adaptation

More than a decade ago, Baumler (1998) postulated that the genus Salmonella evolved in
three phases (Baumler 1997; Baumler et al., 1998). The first phase involved acquisition of
SPI1 by an ancestral lineage to all Salmonella, since it is present in all phylogenetic lineages of
the genus Salmonella but absent from E. coli and other enterobacteria. In the second phase,
the split of S. enterica from S. bongori involved the acquisition of SPI2, which is not present in
S. bongori serovars (Ochman and Groisman 1996). Finally, the lineage of S. enterica branched
into several phylogenetic groups. The formation of S. enterica subspecies enterica (I) involved
a dramatic expansion in host range: while S. bongori and S. enterica subspecies II, Illa, IIIb,
IV, VI and VII are mainly associated with cold-blooded vertebrates, members of S. enterica
subspecies I are most frequently isolated from avian and mammalian hosts. The host
adaptation of S. enterica subspecies I to warm-blooded vertebrates, characterized the third
phase in the evolution of virulence in the genus Salmonella. The immune system of higher
vertebrates is more developed and organized than that of cold-blooded vertebrates. The
common ancestor of subspecies I, II, IlIb and VI acquired mechanisms of flagellar antigen
shifting (diphasic condition), which is thought to play a role in adaptation to warm-blooded
hosts (Li et al., 1995; Baumler et al., 1998; Porwollik and McClelland 2003). The mechanism
of phase shifting is amazing and involved the acquisition of the fljBA operon, which
contains hin, encoding for a recombinase that catalyzes the reversible inversion of a segment
of the chromosome containing the promoter for the fljBA operon. In one orientation, the
promoter directs the transcription of the fljA (repressor of fliC) and fIjB (phase 2 flagellin)
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genes, inducing the repression of fliC (phase 1 flagellin). In the other orientation, hin, fIjB and
fliA are not expressed and fliC is expressed (Zieg et al., 1977). A schematic representation of
Salmonella evolution is presented in Figure 2 (Silva and Wiesner 2009).

~50,000yr
— ~

~10 myr Typhi

J/

2*6 Paratyphi A
fljAB, hin Typhimurium
l ParayphiB
.enteri VI

105 S.entericassp

SH1-2 S.entericassp. |1
SPI -1 l S.entericassp. Il1b <

~120myr\ 111 S.entericassp. llla
513 S.entericassp. |V

S.entericassp. VII

S. bongori _
Escherichia coli
Klebsidla pneumoniae
Yersisnia pestis

S.entericassp. |

diphasic

monophasic

Fig. 2. Schematic representation of Salmonella evolution. The cladogram shown is a modified
version of that proposed by Porwollik & McClelland (2003), and published by Silva &
Wiesner (2009). The number of genes acquired at crucial steps in Salmonella evolution is
indicated on the nodes along with prominent examples (Porwollik et al., 2002). During the
divergence of E. coli and Salmonella, about 120 million years (myr) ago (Ochman and Wilson
1987), more than 500 genes were acquired, including Salmonella pathogenicity island 1 (SPI-
1). In the divergence between S. bongori and S. enterica more than 100 genes were acquired in
the S. enterica lineage, including those of the SPI-2 (Ochman and Groisman 1996). Along the
diversification of the S. enterica lineage, about 100 genes were acquired by the common
ancestor of subspecies IIIb, II, IV and I, among them were the phase shifting genes (f[ijBA
and hin), required to confer the diphasic condition to Salmonella. During the evolution of
subspecies I, which is the most diverse of the subspecies and adapted to warm-blooded
vertebrates, more than 200 genes were acquired. Kidgell et al. (2002) estimated that the time
of divergence among serovars was around 10 myr, and that the last common ancestor of
serovar Typhi existed about 50,000 yr (Kidgell et al., 2002).

However, not everything is said about Salmonella evolution. The report of serovar
Senftenberg human clinical isolates lacking SPI-1 (Hu et al., 2008) is an example of
subsequent loss of genetic determinants during the diversification of Salmonella. Another
example is the loss of the diphasic trait in some of the serovars of subspecies I (e. g. Typhi)
and II. They have reverted to the monophasic condition, usually by loss of expression of
phase 2 flagella. In Enteritidis and serovar 4,5,12:i:- the phase 2 flagellin gene (fIjB) has been
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deleted rather than merely silenced (Selander et al., 1996; Echeita et al., 2001). Likewise, in a
study analyzing E. coli and Salmonella genomes, Retcheless and Lawrence (2007) found that
their chromosomes diverged over a 70 million year period, and that the regions flanking
SPI1 and SPI2 diverged more recently, suggesting that they did not promote the separation
of E. coli and Salmonella (Retchless and Lawrence 2007).

The distribution of pathogenicity islands, fimbrial operons, and capsular biosynthesis genes
among S. enterica suggests that during evolution, new combinations of virulence
determinants arose through multiple horizontal transfer events, a process which may have
driven the development of host adaptation. In addition, deletion events and sequence
divergence by point mutations were likely among the events which contributed to changes
in the host range of S. enterica serovars (Baumler et al., 1998; Porwollik and McClelland
2003). The S. enterica subspecies I serovars form a group of pathogens that differ widely in
their spectrum of host range within mammals and birds. For classification purposes, they
can be categorized into three different groups: broad-host range, host-adapted, and host-
restricted serovars. For example, serovars Typhi, Gallinarum, and Abortusovis are host-
restricted serovars that are associated with systemic disease in humans, fowl and ovine
hosts, respectively. Serovars Dublin and Cholerasuis are host-adapted serovars that are
often associated with systemic disease in cattle and pigs, respectively, but can cause disease
in other animals. Typhimurium and Enteritidis are broad-host range serovars capable of
causing systemic disease in a wide range of animals, but are usually associated with
gastroenteritis in a broad range of phylogenetically unrelated host species (Baumler et al.,
1998; Kingsley and Baumler 2000; Rabsch et al., 2002). However, even within a single
serovar there are differences in host range. For example, Rabsch et al. (2002) showed that
two Typhimurium variants (DT2 and DT99) were almost exclusively associated with
pigeons during decades, over a wide geographic range, indicative of a narrow host range;
while other Typhimurium variants, such as DT104, are truly broad-host-range, thus
circulating in cattle, swine, poultry and humans. Therefore, it may be more accurate to
describe serovar Typhimurium as a collection of variants that vary significantly in their host
range and degree of host adaptation. One possible mechanism by which such variants arise
is through phage-mediated transfer, of a small number of host-specific virulence factors
(Rabsch et al., 2002; Porwollik and McClelland 2003; Brussow et al., 2004; Porwollik et al.,
2004; Ehrbar and Hardt 2005; Vernikos et al., 2007). There is currently no genetic explanation
for the phenotype of host adaptation; it is unlikely that a single locus will be found to be
responsible for this complex biological trait. Instead, a combination of multiple genes is
likely to contribute to the overall virulence phenotype (Fierer and Guiney 2001).

8. How much lateral transfer occurs in natural populations?

In this chapter, we have provided extensive evidence on the importance of lateral transfer of
genetic information in the evolution of Salmonella. Compiling evidence on the role of gene
loss and acquisition in the origin of the genus Salmonella has been presented in several
evolutionary studies (Groisman and Ochman 1997; Lawrence 1999; Porwollik et al., 2002;
Lerat et al., 2005; Retchless and Lawrence 2007; Vernikos et al., 2007), exemplified by the
acquisition of pathogenicity islands (Ochman and Groisman 1996; Porwollik and
McClelland 2003; Hensel 2004). Likewise, the evolutionary processes shaping the genetic
structure within serovars and host-adapted ecotypes involve in many cases lateral transfer
events, such as prophage insertions (Porwollik and McClelland 2003; Thomson et al., 2004;
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Hermans et al., 2006; Cooke et al., 2007; Vernikos et al., 2007). The selective pressure that
antimicrobial drugs have imposed on the survival of Salmonella probably has increased the
acquisition of resistance determinants, often carried by mobile genetic elements that are
acquired by lateral transfer. These processes are the result of a long evolutionary history of
adaptation to changing environments and hosts. However, we do not want to leave the
misconception that the amount of lateral transfer is so rampant that there are no limits to
genetic exchange in Salmonella populations.

Since more than two decades ago, the clonal nature of Salmonella species was documented
by several studies based on multilocus enzyme electrophoresis analysis (Beltran et al., 1988;
Reeves et al., 1989; Selander et al., 1990; Boyd et al., 1996; Spratt and Maiden 1999).
Evidences for the clonal structure of Salmonella include the global distribution of certain
genotypes, the congruent relationships between isolates derived from several housekeeping
genes, and the robust subspecies structure (Reeves et al., 1989; Boyd et al., 1996; Selander et
al., 1996; Falush et al., 2006). In the past decade, multi-locus sequence typing (MLST)
studies, analyzing Salmonella populations for epidemiological purposes, showed concordant
results with the studies based on enzyme electrophoresis, which support the view that
Salmonella has a clonal population structure. Among these results are the almost strict
association between multilocus genotype and serovar, the low genetic diversity within
serovars, and the maintenance of old globally-distributed clones (Sukhnanand et al., 2005;
Harbottle et al., 2006; Tankouo-Sandjong et al., 2007; Wiesner et al., 2009). The clonal nature
of Salmonella populations was observed in our study based on a survey of more than 100
Mexican Typhimurium strains. MLST and macrorestriction fingerprints by pulsed-field gel
electrophoresis were used to address the core genetic variation, and genes involved in
pathogenesis and antibiotic resistance were selected to evaluate the accessory genome. SGI1
was found in a defined subset (16%) of the strains. They were in a compact cluster
conformed by strains belonging to the second most abundant genotype (ST19), and in most
of the cases they also carried the Salmonella virulence plasmid (Figure 3). On the other hand,
the strains with the most abundant genotype (ST213) lacked Salmonella virulence plasmid or
SGI1, but in most of the cases carried a multiple-drug resistant (MDR) IncA/C plasmid. The
ST19 isolates carrying the virulence plasmid were significantly associated with the human
host, whereas ST213 isolates were more frequently isolated from animal sources, indicating
that the distinct accessory genes carried by these genotypes are probably involved in the
interaction with the host (Wiesner et al.,, 2009). No strain carrying both the Salmonella
virulence plasmid and the MDR IncA/C plasmid, nor hybrid virulence-resistance plasmids,
was detected. We concluded that, in the Mexican Typhimurium population, the association
between distinct core and accessory genes creates a structure of genetic subgroups within
the population, which could be due to the existence of barriers to genetic exchange among
subgroups (Wiesner et al., 2009).

It is intriguing why if Salmonella evolution is marked by lateral transfer events and genome
rearrangements, the genetic structure of populations seems to be extremely clonal. It is
possible that in an evolutionary time scale (millions of years) there were several occasions
where the mismatch repair system was impaired and large scale recombination events
occurred and marked the genomes of diverse Salmonella lineages (Taddei et al., 1997; Matic
et al., 2000; Didelot et al., 2007). However, in the ecological time scales (thousands of years to
decades) the recombination events are rare.
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Fig. 3. Dedrogram depicting the genetic relationships between 65 representative Mexican
Typhimurium strains, and the associations among core and accessory genes. The data were
obtained from Wiesner et al. (2009) and Wiesner et al. (2011). The Xbal restriction fingerprints
were clustered by the UPGMA algorithm using Dice coefficients. The first column contains the
strain designation. The second column displays the multi-locus sequence type (ST) for each
strain. The plasmid column indicates if the strains harbored the Salmonella virulence plasmid
(STV), the blacmy-2-bearing IncA/C plasmid (A/C+cmy) or the smaller blacyy-2-lacking IncA/C
plasmid (A/C). The last column shows the integrons carried by the strains. The horizontal
dashed line separates the ST213 strains from the remaining STs. SGI1 indicates the cluster
containing the strains with the Salmonella genomic island.
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9. Concluding remarks

Mobile genetic elements are key to understanding Salmonella evolution and ecology.
Actually there is a wealth of information regarding the record of horizontal gene transfer in
Salmonella; for a revision we recommend the review of Porwollik & McClelland (2003) and
the paper of Vernikos et al. (2007). In Salmonella many of the virulence factors are present as
part of pathogenicity islands on the chromosome, yet some virulence factors are encoded on
plasmids or bacteriophages. Their composition, presence or absence determines at large
differences in pathogenicity and host range between serovars and strains (Fluit 2005). We
certainly need to expand our vision, in order to integrate the knowledge about the great
variety of genetic virulence determinants in Salmonella and the antibiotic-resistance “tool
kit”. A vision is emerging regarding different molecular routes that determine the plasticity
of the accessory genome, which are subject to intricate interactions that we still do not
completely understand. Complex interactions among pathogenicity islands, bacteriophages,
plasmids and other mobile elements, such as transposons and integrons, are increasingly
being evidenced. For example, the transfer of the resistance phenotypes associated with
Typhimurium DT104 SGI1, by phage-transduction experiments, suggest the involvement of
phages in the mobilization of SGI1 (Lawson et al., 2002b; Fluit 2005). In another example,
derivatives of the original Typhimurium DT104 clone have emerged over the more than 20
years after the first report. Different phage-types, such as DT12 or DT120, are
indistinguishable from the DT104 clone by genotyping, suggesting that they arose from
DT104 through changes that led to different phage susceptibility patterns (Fluit 2005). These
shifts in phage-type are probably due to the gain or loss of prophages. More than three
decades ago, Threlfall et al. (1978) showed that changes in phage-types can be the result of
the loss or acquisition of plasmids (Threlfall et al., 1978). Likewise, in another study related
to Typhimurium DT104 and SGI1, some strains showed to be phage-untypeable or DT104B,
and it was found that these strains carried a larger plasmid (140 kb) resulting from the
recombination between a resistance and virulence plasmid (Guerra et al., 2002). In these
latter cases, the changes in the plasmid content could be associated with the loss of
determinants required by phages (Fluit 2005), such as surface lipopolysaccharides (Lawson
et al., 2002a). Of particular concern is the increasing number of reports of co-integrates of
resistance and virulence plasmids, envisioning that new Salmonella strains will arise posing
a threat to public health (Fluit 2005).

10. References

Anderson, E. S, L. R. Ward, M. J. Saxe, and J. D. de Sa. 1977. Bacteriophage-typing
designations of Salmonella typhimurium. ]. Hyg. (Lond) 78:297-300.

Antunes, P., ]. Machado, and L. Peixe. 2006. Characterization of antimicrobial resistance and
class 1 and 2 integrons in Salmonella enterica isolates from different sources in
Portugal. ]. Antimicrob. Chemother. 58:297-304.

Bauernfeind, A., I. Stemplinger, R. Jungwirth, and H. Giamarellou. 1996. Characterization of
the plasmidic beta-lactamase CMY-2, which is responsible for cephamycin
resistance. Antimicrob. Agents. Chemother. 40:221-224.

Baumler, A. J. 1997. The record of horizontal gene transfer in Salmonella. Trends Microbiol.
5:318-322.

www.intechopen.com



The Importance of Mobile Genetic Elements in the Evolution
of Salmonella: Pathogenesis, Antibiotic Resistance and Host Adaptation 245

Baumler, A. J., R. M. Tsolis, T. A. Ficht, and L. G. Adams. 1998. Evolution of host adaptation
in Salmonella enterica. Infect. Immun. 66:4579-4587.

Beltran, P., J. M. Musser, R. Helmuth, J. J. Farmer, 3rd, W. M. Frerichs, I. K. Wachsmuth, K.
Ferris, A. C. McWhorter, J. G. Wells, A. Cravioto, and et al. 1988. Toward a
population genetic analysis of Salmonella: genetic diversity and relationships
among strains of serotypes S. choleraesuis, S. derby, S. dublin, S. enteritidis, S.
heidelberg, S. infantis, S. newport, and S. typhimurium. Proc. Natl. Acad. Sci. USA
85:7753-7757.

Boucher, Y., M. Labbate, J. E. Koenig, and H. W. Stokes. 2007. Integrons: mobilizable
platforms that promote genetic diversity in bacteria. Trends Microbiol. 15:301-309.

Boyd, D., G. A. Peters, A. Cloeckaert, K. S. Boumedine, E. Chaslus-Dancla, H. Imberechts,
and M. R. Mulvey. 2001. Complete nucleotide sequence of a 43-kilobase genomic
island associated with the multidrug resistance region of Salmonella enterica serovar
Typhimurium DT104 and its identification in phage type DT120 and serovar
Agona. J. Bacteriol. 183:5725-5732.

Boyd, D. A., X. Shi, Q. H. Hu, L. K. Ng, B. Doublet, A. Cloeckaert, and M. R. Mulvey. 2008.
Salmonella genomic island 1 (SGI1), variant SGI1-I, and new variant SGI1-O in
Proteus mirabilis clinical and food isolates from China. Antimicrob. Agents Chemother.
52:340-344.

Boyd, E. F, and H. Brussow. 2002. Common themes among bacteriophage-encoded
virulence factors and diversity among the bacteriophages involved. Trends
Microbiol. 10:521-529.

Boyd, E. F.,, F. S. Wang, T. S. Whittam, and R. K. Selander. 1996. Molecular genetic
relationships of the salmonellae. Appl. Environ. Microbiol. 62:804-808.

Brussow, H., C. Canchaya, and W. D. Hardt. 2004. Phages and the evolution of bacterial
pathogens: from genomic rearrangements to lysogenic conversion. Microbiol. Mol.
Biol. Rev. 68:560-602.

Call, D. R,, R. S. Singer, D. Meng, S. L. Broschat, L. H. Orfe, J]. M. Anderson, D. R. Herndon,
L. S. Kappmeyer, J. B. Daniels, and T. E. Besser. 2010. blaCMY-2-positive IncA/C
plasmids from Escherichia coli and Salmonella enterica are a distinct component of a
larger lineage of plasmids. Antimicrob. Agents Chemother. 54:590-596.

Carattoli, A., F. Tosini, W. P. Giles, M. E. Rupp, S. H. Hinrichs, F. J. Angulo, T. J. Barrett, and
P. D. Fey. 2002. Characterization of plasmids carrying CMY-2 from expanded-
spectrum cephalosporin-resistant Salmonella strains isolated in the United States
between 1996 and 1998. Antimicrob. Agents Chemother. 46:1269-1272.

Cooke, F. J.,, D. J. Brown, M. Fookes, D. Pickard, A. Ivens, J. Wain, M. Roberts, R. A.
Kingsley, N. R. Thomson, and G. Dougan. 2008. Characterization of the genomes of
a diverse collection of Salmonella enterica serovar Typhimurium definitive phage
type 104. J. Bacteriol. 190:8155-8162.

Cooke, F. J., J. Wain, M. Fookes, A. Ivens, N. Thomson, D. J. Brown, E. J. Threlfall, G. Gunn,
G. Foster, and G. Dougan. 2007. Prophage sequences defining hot spots of genome
variation in Salmonella enterica serovar Typhimurium can be used to discriminate
between field isolates. | Clin Microbiol 45:2590-2598.

Cornelis, G. R. 2006. The type III secretion injectisome. Nat. Rev. Microbiol. 4:811-825.

www.intechopen.com



246 Salmonella — A Diversified Superbug

Couturier, M., F. Bex, P. Bergquist, and W. K. Maas. 1988. Identification and classification of
bacterial plasmids. Microbiol. Rev. 52:375-395.

Chan, K., S. Baker, C. C. Kim, C. S. Detweiler, G. Dougan, and S. Falkow. 2003. Genomic
comparison of Salmonella enterica serovars and Salmonella bongori by use of an S.
enterica serovar typhimurium DNA microarray. J. Bacteriol. 185:553-563.

Chiu, C. H., C. Chu, and J. T. Ou. 2000. Lack of evidence of an association between the
carriage of virulence plasmid and the bacteremia of Salmonella typhimurium in
humans. Microbiol. Immunol. 44:741-748.

Chu, C,, and C. H. Chiu. 2006. Evolution of the virulence plasmids of non-typhoid Salmonella
and its association with antimicrobial resistance. Microbes. Infect. 8:1931-1936.

Chu, C,, C. H. Chiu, W. Y. Wu, C. H. Chu, T. P. Liu, and ]. T. Ou. 2001. Large drug resistance
virulence plasmids of clinical isolates of Salmonella enterica serovar Choleraesuis.
Antimicrob. Agents Chemother. 45:2299-2303.

Davies, J., and D. Davies. 2010. Origins and evolution of antibiotic resistance. Microbiol. Mol.
Biol. Rev. 74:417-433.

Didelot, X., M. Achtman, J. Parkhill, N. R. Thomson, and D. Falush. 2007. A bimodal pattern
of relatedness between the Salmonella Paratyphi A and Typhi genomes:
convergence or divergence by homologous recombination? Genome Res. 17:61-68.

Dionisio, F., I. Matic, M. Radman, O. R. Rodrigues, and F. Taddei. 2002. Plasmids spread
very fast in heterogeneous bacterial communities. Genetics 162:1525-1532.

Dobrindt, U., B. Hochhut, U. Hentschel, and J. Hacker. 2004. Genomic islands in pathogenic
and environmental microorganisms. Nat. Rev. Microbiol. 2:414-424.

Douard, G., K. Praud, A. Cloeckaert, and B. Doublet. 2010. The Salmonella genomic island 1
is specifically mobilized in trans by the IncA/C multidrug resistance plasmid
family. PLoS One 5:€15302.

Doublet, B., D. Boyd, M. R. Mulvey, and A. Cloeckaert. 2005. The Salmonella genomic island
1 is an integrative mobilizable element. Mol. Microbiol. 55:1911-1924.

Drahovska, H., E. Mikasova, T. Szemes, A. Ficek, M. Sasik, V. Majtan, and ]. Turna. 2007.
Variability in occurrence of multiple prophage genes in Salmonella Typhimurium
strains isolated in Slovak Republic. FEMS Microbiol. Lett. 270:237-244.

Echeita, M. A., S. Herrera, and M. A. Usera. 2001. Atypical, fljB-negative Salmonella enterica
subsp. enterica strain of serovar 4,5,12:i:- appears to be a monophasic variant of
serovar Typhimurium. J. Clin. Microbiol. 39:2981-2983.

Ehrbar, K., and W. D. Hardt. 2005. Bacteriophage-encoded type III effectors in Salmonella
enterica subspecies 1 serovar Typhimurium. Infect. Genet. Evol. 5:1-9.

Falush, D., M. Torpdahl, X. Didelot, D. F. Conrad, D. ]J. Wilson, and M. Achtman. 2006.
Mismatch induced speciation in Salmonella: model and data. Philos. Trans. R. Soc.
Lond. B 361:2045-2053.

Fierer, ]J. 2001. Extra-intestinal Salmonella infections: the significance of spv genes. Clin. Infect.
Dis. 32:519-520.

Fierer, J., and D. G. Guiney. 2001. Diverse virulence traits underlying different clinical
outcomes of Salmonella infection. J. Clin. Invest. 107:775-780.

www.intechopen.com



The Importance of Mobile Genetic Elements in the Evolution
of Salmonella: Pathogenesis, Antibiotic Resistance and Host Adaptation 247

Figueroa-Bossi, N., S. Uzzau, D. Maloriol, and L. Bossi. 2001. Variable assortment of
prophages provides a transferable repertoire of pathogenic determinants in
Salmonella. Mol. Microbiol. 39:260-271.

Fluit, A. C. 2005. Towards more virulent and antibiotic-resistant Salmonella? FEMS Immunol.
Med. Microbiol. 43:1-11.

Fluit, A. C, and F. J. Schmitz. 1999. Class 1 integrons, gene cassettes, mobility, and
epidemiology. Eur. ]. Clin. Microbiol. Infect. Dis. 18:761-770.

Fluit, A. C., and F. J. Schmitz. 2004. Resistance integrons and super-integrons. Clin. Microbiol.
Infect. 10:272-288.

Fricke, W. F., T. J. Welch, P. F. McDermott, M. K. Mammel, J. E. LeClerc, D. G. White, T. A.
Cebula, and J. Ravel. 2009. Comparative genomics of the IncA/C multidrug
resistance plasmid family. ]. Bacteriol. 191:4750-4757.

Frost, L. S., R. Leplae, A. O. Summers, and A. Toussaint. 2005. Mobile genetic elements: the
agents of open source evolution. Nat. Rev. Microbiol. 3:722-732.

Groisman, E. A., and H. Ochman. 1997. How Salmonella became a pathogen. Trends
Microbiol. 5:343-349.

Guerra, B., E. Junker, A. Miko, R. Helmuth, and M. C. Mendoza. 2004. Characterization and
localization of drug resistance determinants in multidrug-resistant, integron-
carrying Salmonella enterica serotype Typhimurium strains. Microb. Drug Resist.
10:83-91.

Guerra, B., S. Soto, R. Helmuth, and M. C. Mendoza. 2002. Characterization of a self-
transferable plasmid from Salmonella enterica serotype Typhimurium clinical
isolates carrying two integron-borne gene cassettes together with virulence and
drug resistance genes. Antimicrob. Agents Chemother. 46:2977-2981.

Guerra, B., S. M. Soto, J. M. Arguelles, and M. C. Mendoza. 2001. Multidrug resistance is
mediated by large plasmids carrying a class 1 integron in the emergent Salmonella
enterica serotype [4,5,12:i:-]. Antimicrob. Agents Chemother. 45:1305-1308.

Gulig, P. A., H. Danbara, D. G. Guiney, A. ]J. Lax, F. Norel, and M. Rhen. 1993. Molecular
analysis of spv virulence genes of the Salmonella virulence plasmids. Mol. Microbiol.
7:825-830.

Hall, R. M., and C. M. Collis. 1995. Mobile gene cassettes and integrons: capture and spread
of genes by site-specific recombination. Mol. Microbiol. 15:593-600.

Hansen-Wester, 1., and M. Hensel. 2001. Salmonella pathogenicity islands encoding type III
secretion systems. Microbes Infect. 3:549-559.

Harbottle, H., D. G. White, P. F. McDermott, R. D. Walker, and S. Zhao. 2006. Comparison of
multilocus sequence typing, pulsed-field gel electrophoresis, and antimicrobial
susceptibility typing for characterization of Salmonella enterica serotype Newport
isolates. |. Clin. Microbiol. 44:2449-2457.

Heithoff, D. M., W. R. Shimp, P. W. Lau, G. Badie, E. Y. Enioutina, R. A. Daynes, B. A. Byrne,
J. K. House, and M. J. Mahan. 2008. Human Salmonella clinical isolates distinct from
those of animal origin. Appl. Environ. Microbiol. 74:1757-1766.

Hendrix, R. W., J. G. Lawrence, G. F. Hatfull, and S. Casjens. 2000. The origins and ongoing
evolution of viruses. Trends Microbiol. 8:504-508.

www.intechopen.com



248 Salmonella — A Diversified Superbug

Hensel, M. 2004. Evolution of pathogenicity islands of Salmonella enterica. Int. ]. Med.
Microbiol. 294:95-102.

Hermans, A. P., T. Abee, M. H. Zwietering, and H. ]. Aarts. 2005. Identification of novel
Salmonella  enterica serovar Typhimurium DT104-specific prophage and
nonprophage chromosomal sequences among serovar Typhimurium isolates by
genomic subtractive hybridization. Appl. Environ. Microbiol. 71:4979-4985.

Hermans, A. P.,, A. M. Beuling, A. H. van Hoek, H. ]J. Aarts, T. Abee, and M. H.
Zwietering. 2006. Distribution of prophages and SGI-1 antibiotic-resistance genes
among different Salmonella enterica serovar Typhimurium isolates. Microbiology
152:2137-2147.

Herrero, A., M. C. Mendoza, R. Rodicio, and M. R. Rodicio. 2008a. Characterization of
pUO-StVR2, a virulence-resistance plasmid evolved from the pSLT virulence
plasmid of Salmonella enterica serovar Typhimurium. Antimicrob. Agents
Chemother. 52:4514-4517.

Herrero, A., M. C. Mendoza, E. ]J. Threlfall, and M. R. Rodicio. 2009. Detection of
Salmonella enterica serovar Typhimurium with pUO-StVR2-like virulence-
resistance hybrid plasmids in the United Kingdom. Eur. J. Clin. Microbiol. Infect.
Dis. 28:1087-1093.

Herrero, A., M. R. Rodicio, M. A. Echeita, and M. C. Mendoza. 2008b. Salmonella enterica
serotype Typhimurium carrying hybrid virulence-resistance plasmids (pUO-
StVR): a new multidrug-resistant group endemic in Spain. Int. |. Med. Microbiol.
298:253-261.

Heuer, H., Z. Abdo, and K. Smalla. 2008. Patchy distribution of flexible genetic elements in
bacterial populations mediates robustness to environmental uncertainty. FEMS
Microbiol. Ecol. 65:361-371.

Holmes, A. J., M. R. Gillings, B. S. Nield, B. C. Mabbutt, K. M. Nevalainen, and H. W. Stokes.
2003. The gene cassette metagenome is a basic resource for bacterial genome
evolution. Environ. Microbiol. 5:383-394.

Hopkins, K. L., E. Liebana, L. Villa, M. Batchelor, E. ]J. Threlfall, and A. Carattoli. 2006.
Replicon typing of plasmids carrying CTX-M or CMY beta-lactamases circulating
among Salmonella and Escherichia coli isolates. Antimicrob. Agents Chemother. 50:3203-
3206.

Hradecka, H., D. Karasova, and I. Rychlik. 2008. Characterization of Salmonella enterica
serovar Typhimurium conjugative plasmids transferring resistance to antibiotics
and their interaction with the virulence plasmid. J. Antimicrob. Chemother. 62:938-
941.

Hu, Q., B. Coburn, W. Deng, Y. Li, X. Shi, Q. Lan, B. Wang, B. K. Coombes, and B. B. Finlay.
2008. Salmonella enterica serovar Senftenberg human clinical isolates lacking SPI-1. J.
Clin. Microbiol. 46:1330-1336.

Joss, M. ]., J. E. Koenig, M. Labbate, M. F. Polz, M. R. Gillings, H. W. Stokes, W. F. Doolittle,
and Y. Boucher. 2009. ACID: annotation of cassette and integron data. BMC
Bioinformatics 10:118.

www.intechopen.com



The Importance of Mobile Genetic Elements in the Evolution
of Salmonella: Pathogenesis, Antibiotic Resistance and Host Adaptation 249

Kidgell, C., U. Reichard, J. Wain, B. Linz, M. Torpdahl, G. Dougan, and M. Achtman. 2002.
Salmonella Typhi, the causative agent of typhoid fever, is approximately 50,000
years old. Infect. Genet. Evol. 2:39-45.

Kim, M. J., I. Hirono, K. Kurokawa, T. Maki, J. Hawke, H. Kondo, M. D. Santos, and T. Aoki.
2008. Complete DNA sequence and analysis of the transferable multiple-drug
resistance plasmids (R Plasmids) from Photobacterium damselae subsp. piscicida
isolates collected in Japan and the United States. Antimicrob. Agents Chemother.
52:606-611.

Kingsley, R. A., and A. J. Baumler. 2000. Host adaptation and the emergence of infectious
disease: the Salmonella paradigm. Mol. Microbiol. 36:1006-1014.

Kropinski, A. M., A. Sulakvelidze, P. Konczy, and C. Poppe. 2007. Salmonella phages and
prophages--genomics and practical aspects. Methods Mol. Biol. 394:133-175.
Lawrence, J. G. 1999. Gene transfer, speciation, and the evolution of bacterial genomes. Curr.

Opin. Microbiol. 2:519-523.

Lawson, A. J., H. Chart, M. U. Dassama, and E. ]. Threlfall. 2002a. Heterogeneity in
expression of lipopolysaccharide by strains of Salmonella enterica serotype
Typhimurium definitive phage type 104 and related phage types. Lett Appl
Microbiol 34:428-432.

Lawson, A. J.,, M. U. Dassama, L. R. Ward, and E. J. Threlfall. 2002b. Multiply resistant (MR)
Salmonella enterica serotype Typhimurium DT 12 and DT 120: a case of MR DT 104
in disguise? Emerg. Infect. Dis. 8:434-436.

Lerat, E., V. Daubin, H. Ochman, and N. A. Moran. 2005. Evolutionary origins of genomic
repertoires in bacteria. PLoS Biol. 3:e130.

Leverstein-van Hall, M. A.,, M. B. HE, T. D. AR, A. Paauw, A. C. Fluit, and J. Verhoef. 2003.
Multidrug resistance among Enterobacteriaceae is strongly associated with the
presence of integrons and is independent of species or isolate origin. |. Infect. Dis.
187:251-259.

Levesque, C., L. Piche, C. Larose, and P. H. Roy. 1995. PCR mapping of integrons reveals
several novel combinations of resistance genes. Antimicrob. Agents Chemother.
39:185-191.

Levin, B. R, and C. T. Bergstrom. 2000. Bacteria are different: observations, interpretations,
speculations, and opinions about the mechanisms of adaptive evolution in
prokaryotes. Proc. Natl. Acad. Sci. USA 97:6981-6985.

Levings, R. S., D. Lightfoot, S. R. Partridge, R. M. Hall, and S. P. Djordjevic. 2005. The
genomic island SGI1, containing the multiple antibiotic resistance region of
Salmonella enterica serovar Typhimurium DT104 or variants of it, is widely
distributed in other S. enterica serovars. | Bacteriol 187:4401-4409.

Li, J.,, H. Ochman, E. A. Groisman, E. F. Boyd, F. Solomon, K. Nelson, and R. K. Selander.
1995. Relationship between evolutionary rate and cellular location among the
Inv/Spa invasion proteins of Salmonella enterica. Proc. Natl. Acad. Sci. USA 92:7252-
7256.

Liebert, C. A., R. M. Hall, and A. O. Summers. 1999. Transposon Tn21, flagship of the
floating genome. Microbiol. Mol. Biol. Rev. 63:507-522.

www.intechopen.com



250 Salmonella — A Diversified Superbug

Lindsey, R. L., P. J. Fedorka-Cray, J. G. Frye, and R. ]. Meinersmann. 2009. Inc A/C plasmids
are prevalent in multidrug-resistant Salmonella enterica isolates. Appl. Environ.
Microbiol. 75:1908-1915.

Lindstedt, B. A., E. Heir, I. Nygard, and G. Kapperud. 2003. Characterization of class I
integrons in clinical strains of Salmonella enterica subsp. enterica serovars
Typhimurium and Enteritidis from Norwegian hospitals. ]. Med. Microbiol.
52:141-149.

Litrup, E., M. Torpdahl, B. Malorny, S. Huehn, M. Helms, H. Christensen, and E. M. Nielsen.
2010. DNA microarray analysis of Salmonella serotype Typhimurium strains
causing different symptoms of disease. BMC Microbiol. 10:96.

Marcus, S. L., J. H. Brumell, C. G. Pfeifer, and B. B. Finlay. 2000. Salmonella pathogenicity
islands: big virulence in small packages. Microbes Infect. 2:145-156.

Martinez-Freijo, P., A. C. Fluit, F. J. Schmitz, J. Verhoef, and M. E. Jones. 1999. Many class I
integrons comprise distinct stable structures occurring in different species of
Enterobacteriaceae isolated from widespread geographic regions in Europe.
Antimicrob. Agents Chemother. 43:686-689.

Matiasovicova, J., P. Adams, P. A. Barrow, H. Hradecka, M. Malcova, R. Karpiskova, E.
Budinska, L. Pilousova, and I. Rychlik. 2007. Identification of putative ancestors of
the multidrug-resistant Salmonella enterica serovar typhimurium DT104 clone
harboring the Salmonella genomic island 1. Arch. Microbiol. 187:415-424.

Matic, I., F. Taddei, and M. Radman. 2000. No genetic barriers between Salmonella enterica
serovar typhimurium and Escherichia coli in SOS-induced mismatch repair-deficient
cells. J. Bacteriol. 182:5922-5924.

Mazel, D. 2006. Integrons: agents of bacterial evolution. Nat. Rev. Microbiol. 4:608-620.

McClelland, M., K. E. Sanderson, J. Spieth, S. W. Clifton, P. Latreille, L. Courtney, S.
Porwollik, J. Ali, M. Dante, F. Du, S. Hou, D. Layman, S. Leonard, C. Nguyen, K.
Scott, A. Holmes, N. Grewal, E. Mulvaney, E. Ryan, H. Sun, L. Florea, W. Miller, T.
Stoneking, M. Nhan, R. Waterston, and R. K. Wilson. 2001. Complete genome
sequence of Salmonella enterica serovar Typhimurium LT2. Nature 413:852-856.

Mclntosh, D., M. Cunningham, B. Ji, F. A. Fekete, E. M. Parry, S. E. Clark, Z. B. Zalinger, I. C.
Gilg, G. R. Danner, K. A. Johnson, M. Beattie, and R. Ritchie. 2008. Transferable,
multiple antibiotic and mercury resistance in Atlantic Canadian isolates of
Aeromonas salmonicida subsp. salmonicida is associated with carriage of an IncA/C
plasmid similar to the Salmonella enterica plasmid pSN254. ]. Antimicrob. Chemother.
61:1221-1228.

Michael, G. B., P. Butaye, A. Cloeckaert, and S. Schwarz. 2006. Genes and mutations
conferring antimicrobial resistance in Salmonella: an update. Microbes. Infect.
8:1898-1914.

Mirold, S., W. Rabsch, M. Rohde, S. Stender, H. Tschape, H. Russmann, E. Igwe, and W. D.
Hardt. 1999. Isolation of a temperate bacteriophage encoding the type III effector
protein SopE from an epidemic Salmonella typhimurium strain. Proc. Natl. Acad. Sci.
USA 96:9845-9850.

Mirold, S., W. Rabsch, H. Tschape, and W. D. Hardt. 2001. Transfer of the Salmonella type III
effector sopE between unrelated phage families. J. Mol. Biol. 312:7-16.

www.intechopen.com



The Importance of Mobile Genetic Elements in the Evolution
of Salmonella: Pathogenesis, Antibiotic Resistance and Host Adaptation 251

Mmolawa, P. T., R. Willmore, C. J. Thomas, and M. W. Heuzenroeder. 2002. Temperate
phages in Salmonella enterica serovar Typhimurium: implications for epidemiology.
Int. J. Med. Microbiol. 291:633-644.

Molla, B., A. Miko, K. Pries, G. Hildebrandt, J. Kleer, A. Schroeter, and R. Helmuth. 2007.
Class 1 integrons and resistance gene cassettes among multidrug resistant
Salmonella serovars isolated from slaughter animals and foods of animal origin in
Ethiopia. Acta Trop. 103:142-149.

Mulvey, M. R, D. A. Boyd, A. B. Olson, B. Doublet, and A. Cloeckaert. 2006. The genetics of
Salmonella genomic island 1. Microbes Infect. 8:1915-1922.

Norman, A., L. H. Hansen, and S. J. Sorensen. 2009. Conjugative plasmids: vessels of the
communal gene pool. Philos. Trans. R. Soc. Lond. B Biol. Sci. 364:2275-2289.

Ochman, H., and E. A. Groisman. 1994. The origin and evolution of species differences in
Escherichia coli and Salmonella typhimurium. EXS 69:479-493.

Ochman, H., and E. A. Groisman. 1996. Distribution of pathogenicity islands in Salmonella
spp. Infect. Immun. 64:5410-5412.

Ochman, H., J. G. Lawrence, and E. A. Groisman. 2000. Lateral gene transfer and the nature
of bacterial innovation. Nature 405:299-304.

Ochman, H.,, and A. C. Wilson. 1987. Evolution in bacteria: evidence for a universal
substitution rate in cellular genomes. J. Mol. Evol. 26:74-86.

Olsen, J. E., D. J. Brown, L. E. Thomsen, D. J. Platt, and M. S. Chadfield. 2004. Differences in
the carriage and the ability to utilize the serotype associated virulence plasmid in
strains of Salmonella enterica serotype Typhimurium investigated by use of a self-
transferable virulence plasmid, pOG669. Microb. Pathog. 36:337-347.

Pan, J. C, R. Ye, H. Q. Wang, H. Q. Xiang, W. Zhang, X. F. Yu, D. M. Meng, and Z. S. He.
2008. Vibrio cholerae O139 multiple-drug resistance mediated by Yersinia pestis
pIP1202-like conjugative plasmids. Antimicrob. Agents Chemother. 52:3829-3836.

Parkhill, J., G. Dougan, K. D. James, N. R. Thomson, D. Pickard, J. Wain, C. Churcher, K. L.
Mungall, S. D. Bentley, M. T. Holden, M. Sebaihia, S. Baker, D. Basham, K. Brooks,
T. Chillingworth, P. Connerton, A. Cronin, P. Davis, R. M. Davies, L. Dowd, N.
White, J. Farrar, T. Feltwell, N. Hamlin, A. Haque, T. T. Hien, S. Holroyd, K. Jagels,
A. Krogh, T. S. Larsen, S. Leather, S. Moule, P. O'Gaora, C. Parry, M. Quail, K.
Rutherford, M. Simmonds, J. Skelton, K. Stevens, S. Whitehead, and B. G. Barrell.
2001. Complete genome sequence of a multiple drug resistant Salmonella enterica
serovar Typhi CT18. Nature 413:848-852.

Porwollik, S., E. F. Boyd, C. Choy, P. Cheng, L. Florea, E. Proctor, and M. McClelland. 2004.
Characterization of Salmonella enterica subspecies I genovars by use of microarrays.
J. Bacteriol. 186:5883-5898.

Porwollik, S., and M. McClelland. 2003. Lateral gene transfer in Salmonella. Microbes Infect.
5:977-989.

Porwollik, S., R. M. Wong, and M. McClelland. 2002. Evolutionary genomics of Salmonella:
gene acquisitions revealed by microarray analysis. Proc. Natl. Acad. Sci. USA
99:8956-8961.

www.intechopen.com



252 Salmonella — A Diversified Superbug

Rabsch, W., H. L. Andrews, R. A. Kingsley, R. Prager, H. Tschape, L. G. Adams, and A. J.
Baumler. 2002. Salmonella enterica serotype Typhimurium and its host-adapted
variants. Infect. Immun. 70:2249-2255.

Recchia, G. D., and R. M. Hall. 1995. Gene cassettes: a new class of mobile element.
Microbiology 141 ( Pt 12):3015-3027.

Reeves, M. W., G. M. Evins, A. A. Heiba, B. D. Plikaytis, and J. J. Farmer, 3rd. 1989. Clonal
nature of Salmonella typhi and its genetic relatedness to other salmonellae as
shown by multilocus enzyme electrophoresis, and proposal of Salmonella bongori
comb. nov. J. Clin. Microbiol. 27:313-320.

Retchless, A. C., and ]J. G. Lawrence. 2007. Temporal fragmentation of speciation in bacteria.
Science 317:1093-1096.

Rodriguez, 1., B. Guerra, M. C. Mendoza, and M. R. Rodicio. 2011. pUO-SeVR1 is an
emergent virulence-resistance complex plasmid of Salmonella enterica serovar
Enteritidis. |. Antimicrob. Chemother. 66:218-220.

Rychlik, I., D. Gregorova, and H. Hradecka. 2006. Distribution and function of plasmids in
Salmonella enterica. Vet. Microbiol. 112:1-10.

Sabbagh, S. C., C. G. Forest, C. Lepage, ]. M. Leclerc, and F. Daigle. 2010. So similar, yet so
different: uncovering distinctive features in the genomes of Salmonella enterica
serovars Typhimurium and Typhi. FEMS Microbiol. Lett. 305:1-13.

Selander, R. K., P. Beltran, N. H. Smith, R. Helmuth, F. A. Rubin, D. J. Kopecko, K. Ferris, B.
D. Tall, A. Cravioto, and J. M. Musser. 1990. Evolutionary genetic relationships of
clones of Salmonella serovars that cause human typhoid and other enteric fevers.
Infect. Immun. 58:2262-2275.

Selander, R. K., J. Li, and K. Nelson. 1996. Evolutionary genetics of Salmonella enterica. Pp.
2691-2707 in F. C. Neidhardt, R. Curtiss 111, J. L. Ingraham, E. C. C. Lin, K. B. Low,
B. Magasanik, W. S. Reznikoff, M. Riley, M. Schaechter, and H. E. Umbarger, eds.
Escherichia coli and Salmonella: Celular and Molecular Biology. American Society of
Microbiology, Washington, DC.

Silva, C., and M. Wiesner. 2009. An introduction to systematics, natural history and
population genetics of Salmonella. Pp. 1-17 in C. ]J. J., and C. E., eds. Molecular
biology and molecular epidemiology of Salmonella infections. Research Signpost,
Singapur.

Sorensen, S. J., M. Bailey, L. H. Hansen, N. Kroer, and S. Wuertz. 2005. Studying plasmid
horizontal transfer in situ: a critical review. Nat. Rev. Microbiol. 3:700-710.

Souza, V., and L. E. Eguiarte. 1997. Bacteria gone native vs. bacteria gone awry?: plasmidic
transfer and bacterial evolution. Proc. Natl. Acad. Sci. USA 94:5501-5503.

Spratt, B. G.,, and M. C. Maiden. 1999. Bacterial population genetics, evolution and
epidemiology. Philos. Trans. R. Soc. Lond. B. Biol. Sci. 354:701-710.

Stokes, H. W., and R. M. Hall. 1989. A novel family of potentially mobile DNA elements
encoding site-specific gene-integration functions: integrons. Mol. Microbiol. 3:1669-
1683.

Stokes, H. W., A. ]. Holmes, B. S. Nield, M. P. Holley, K. M. Nevalainen, B. C. Mabbutt, and
M. R. Gillings. 2001. Gene cassette PCR: sequence-independent recovery of entire
genes from environmental DNA. Appl. Environ. Microbiol. 67:5240-5246.

www.intechopen.com



The Importance of Mobile Genetic Elements in the Evolution
of Salmonella: Pathogenesis, Antibiotic Resistance and Host Adaptation 253

Su, J., L. Shi, L. Yang, Z. Xiao, X. Li, and S. Yamasaki. 2006. Analysis of integrons in clinical
isolates of Escherichia coli in China during the last six years. FEMS Microbiol. Lett.
254:75-80.

Sukhnanand, S., S. Alcaine, L. D. Warnick, W. L. Su, J. Hof, M. P. Craver, P. McDonough,
K. J. Boor, and M. Wiedmann. 2005. DNA sequence-based subtyping and
evolutionary analysis of selected Salmonella enterica serotypes. J. Clin. Microbiol.
43:3688-3698.

Taddei, F., I. Matic, B. Godelle, and M. Radman. 1997. To be a mutator, or how pathogenic
and commensal bacteria can evolve rapidly. Trends Microbiol. 5:427-428.

Tankouo-Sandjong, B., A. Sessitsch, E. Liebana, C. Kornschober, F. Allerberger, H. Hachler,
and L. Bodrossy. 2007. MLST-v, multilocus sequence typing based on virulence
genes, for molecular typing of Salmonella enterica subsp. enterica serovars. ].
Microbiol. Methods. 69:23-36.

Thomson, N., S. Baker, D. Pickard, M. Fookes, M. Anjum, N. Hamlin, J. Wain, D. House, Z.
Bhutta, K. Chan, S. Falkow, J. Parkhill, M. Woodward, A. Ivens, and G. Dougan.
2004. The role of prophage-like elements in the diversity of Salmonella enterica
serovars. |. Mol. Biol. 339:279-300.

Threlfall, E. J., L. R. Ward, and B. Rowe. 1978. Spread of multiresistant strains of Salmonella
typhimurium phage types 204 and 193 in Britain. Br. Med. |. 2:997.

Vernikos, G. S., N. R. Thomson, and J. Parkhill. 2007. Genetic flux over time in the Salmonella
lineage. Genome Biol. 8:R100.

Villa, L., and A. Carattoli. 2005. Integrons and transposons on the Salmonella enterica serovar
Typhimurium virulence plasmid. Antimicrob. Agents Chemother. 49:1194-1197.

Welch, T. J., W. E. Fricke, P. F. McDermott, D. G. White, M. L. Rosso, D. A. Rasko, M. K.
Mammel, M. Eppinger, M. ]J. Rosovitz, D. Wagner, L. Rahalison, J. E. Leclerc, ]J. M.
Hinshaw, L. E. Lindler, T. A. Cebula, E. Carniel, and J. Ravel. 2007. Multiple
antimicrobial resistance in plague: an emerging public health risk. PLoS One
2:e309.

White, P. A., C. J. Mclver, and W. D. Rawlinson. 2001. Integrons and gene cassettes in the
Enterobacteriaceae. Antimicrob. Agents Chemother. 45:2658-2661.

Wiesner, M., E. Calva, M. Fernandez-Mora, M. A. Cevallos, F. Campos, M. B. Zaidi, and C.
Silva. 2011. Salmonella Typhimurium ST213 is associated with two types of IncA/C
plasmids carrying multiple resistance determinants. BMC Microbiol. 11:9.

Wiesner, M., M. B. Zaidi, E. Calva, M. Fernandez-Mora, J. J. Calva, and C. Silva. 2009.
Association of virulence plasmid and antibiotic resistance determinants with
chromosomal multilocus genotypes in Mexican Salmonella enterica serovar
Typhimurium strains. BMC Microbiol. 9:131.

Xu, Z., L. Shi, M. J. Alam, L. Li, and S. Yamasaki. 2008. Integron-bearing methicillin-resistant
coagulase-negative staphylococci in South China, 2001-2004. FEMS Microbiol. Lett.
278:223-230.

Zhang, S., R. L. Santos, R. M. Tsolis, S. Mirold, W. D. Hardt, L. G. Adams, and A. ]. Baumler.
2002. Phage mediated horizontal transfer of the sopEl gene increases
enteropathogenicity of Salmonella enterica serotype Typhimurium for calves. FEMS
Microbiol. Lett. 217:243-247.

www.intechopen.com



254 Salmonella — A Diversified Superbug

Zhao, S., P. F. McDermott, D. G. White, S. Qaiyumi, S. L. Friedman, J. W. Abbott, A. Glenn,
S. L. Ayers, K. W. Post, W. H. Fales, R. B. Wilson, C. Reggiardo, and R. D. Walker.
2007. Characterization of multidrug resistant Salmonella recovered from diseased
animals. Vet. Microbiol. 123:122-132.

Zhao, S., D. G. White, P. F. McDermott, S. Friedman, L. English, S. Ayers, J. Meng, J. J.
Maurer, R. Holland, and R. D. Walker. 2001. Identification and expression of
cephamycinase bla(CMY) genes in Escherichia coli and Salmonella isolates from food
animals and ground meat. Antimicrob. Agents Chemother. 45:3647-3650.

Zieg, J., M. Silverman, M. Hilmen, and M. Simon. 1977. Recombinational switch for gene
expression. Science 196:170-172.

www.intechopen.com



Salmonella - A Diversified Superbug
SALMONELLA Edited by Mr. Yashwant Kumar

A DIVERSEFED SUPERBUG

Ekted By Yahwant Kumas

ISBN 978-953-307-781-9

Hard cover, 576 pages

Publisher InTech

Published online 20, January, 2012
Published in print edition January, 2012

Salmonella is an extremely diversified genus, infecting a range of hosts, and comprised of two species:
enterica and bongori. This group is made up of 2579 serovars, making it versatile and fascinating for
researchers drawing their attention towards different properties of this microorganism. Salmonella related
diseases are a major problem in developed and developing countries resulting in economic losses, as well as
problems of zoonoses and food borne iliness. Moreover, the emergence of an ever increasing problem of
antimicrobial resistance in salmonella makes it prudent to unveil different mechanisms involved. This book is
the outcome of a collaboration between various researchers from all over the world. The recent advancements
in the field of salmonella research are compiled and presented.
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