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Abbreviations: A/E, attaching and effacing; DNA, Deoxyribonucleacid; EAST1,
enteroagressive heat stable toxin; EHEC, enterndagic E. coli; EPEC,
enteropathogenicE. coli; GUD, B-glucuronidase; ICE, integrative conjugative
element; IS, insertion sequence; kb, kilobase; LAR$teria pathogenicity island;
LEE, locus of enterocyte effacement; LRR, leuciiod repeat; PAI, pathogenicity
island; PVL, panton-valentine leukocidin; RNA, rinecleic acid; rRNA, ribosomal
RNA; Repeats in Toxin, RTX; SAPKaphylococcus aureus pathogenicity island;
SCC, staphylococcal cassette chromosome; SEphylococcus enterotoxin D; SER,
Saphylococcus enterotoxin R, SEJSaphylococcus enterotoxin J; SF, sorbitol
fermenting; SGI,Salmonella genomic island; SHEAST, sequence homologous to
enteroagressive heat stable tox@almonella outer protein E, SopE; SOR, sorbitol;
SPI, Salmonella pathogenicity islandSalmonella protein tyrosine phosphatase P,
SptP; spv,Salmonella plasmid virulence; ssDNA, single stranded DNA;rston
system effector genesse; secretion system regulator genss,; Stx, Shiga toxin;
tRNA, transfer RNA; TTSS, type three secretion eyst VAP, virulence associated

protein;
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Abstract

Bacteria use various ways to transfer genetic mé&tion. These methods include:
conjugation, which requires cell to cell contactveen cells, transduction, which is
bacteriophage-facilitated transfer of genetic infation, and transformation, which is
the uptake of free DNA from the environment. Uspditle genes to be transferred lie
on mobile genetic elements, pieces of DNA that dacroteins important to
facilitate movement of DNA within or between gena@ng&his review highlights the
transfer methods and the role of the assorted mgeihetic elements in the evolution
of four foodborne bacterial pathogenBscherichia coli O157:H7, Salmonella,

Saphylococcus aureus andListeria monocytogenes.
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1.1 Introduction

The question of “what makes a pathogen a pathogbha8’been debated over the
years. According to Koch’s principles, a pathogeuwlifferent to a non-pathogen due
to the acquisition of certain virulence traits.dimer words, a pathogen differs from a
non-pathogen in their gene content, specificallylence gene content (Groisman and
Casadesus, 2005). Casedevall et al. (1999) desgridence as “the relative capacity
of a microbe to cause damage in a susceptible .hbs& dissemination of virulence

determinants between species is of major signifieaaffecting the evolution of

emergent pathogens.

The mechanisms underlaying evolutionary processebs eanergence of bacterial
pathogens are not trivial. After many generatiawtulent bacteria become virulent
due to several different mechanisms. Thereby, gemeaterial is transferred from

bacteria that act as donor to other bacteria (ltip Over the past few years the
genome sequences of a variety of bacterial speuwée® been determined and
analysed, leading to comparisons between pathogerdcnon-pathogenic species,
which will give some important insights into the mnar of bacterial evolution

(Fitzgerald and Musser, 2001).

In this document pertinent topics will be discussedelation to general bacterial
evolution: microbial genomes and their structui@jzontal gene transfer; and mobile
genetic elements; followed by a more in depth dismn of evolution of four major
food borne bacterial pathogens, two Gram-negatkseherichia coli O157:H7,
Salmonella spp and two Gram-positive:Saphylococcus aureus. and Listeria

monocytogenes.
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2 Microbial genomes

From complete genome sequencing data, it has bkemndaed that microbial
genomes consist of a core genome and an accessopmg. The core genome,
representing the essence of a species, encodie dilbusekeeping genes necessary
for basic cellular functions. The accessory genorapresenting the diversity of a
species, encodes functions not strictly requiredgiowth but that add competitive

advantage in certain ecological niches (Feil, 200cker and Carniel, 2001)..

The pan-genome, i.e., the core genome and thesmmyegenome together, describes
the total gene repertoire of a bacterial specipeci®s can have either an open or
closed pan-genome. With an open pan-genome, orgarian live in many different
environments and have many opportunities for genstchange between different
speciesEsherichia coli andSalmonella are examples of organisms with an open pan-
genome. Organisms with a closed pan-genome uduadlg more conserved genomes
and live in isolated niches with limited accessthe global microbial gene pool.
Organisms with a closed pan-genome inclBdeillus anthracis andMycobacterium

tuberculosis (Medini et al., 2005).

The majority of genes in the core gene pool displaysistent G+C content and codon
usage, whereas the genes in the accessory gene hpwel features that are
characteristic of elements transferred from anrezlesource: different G+C content,
codon usage and presence of mobility genes (Haol@Carniel, 2001; Hacket al.,

2004).
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3 Horizontal genetransfer

Horizontal (or lateral) gene transfer is the trensff genetic information between
bacterial cells and is different to the transfeDA from mother to daughter cell. It
is an integral factor in the generation of genetidability and evolution in bacteria,
enabling species to quickly adapt to environmenrgalations (Burrus and Waldor,
2004). When compared to evolution in multicellidaikaryotes, prokaryotic evolution
occurs in “guantum leaps” as a result of the meisinas1and mobile genetic elements
involved in horizontal gene transfer (Hacker andn@d, 2001). The massive amount
of bacterial genomes being sequenced to date loagjtr about a new appreciation
for and supports the concept of genome plasticitg tb horizontal gene transfer
(Sorensen et al.,, 2005). Prerequisites for nathmalzontal gene transfer to be
successful are: the need for stable integratiorthef gene into the genome, no
disturbance of regulatory or genetic structurepression and successive production

of a functional protein (Susanna et al., 2006).

There are two approaches to determine horizontake gieansfer in a genome:
phylogenetic comparison, where different organismescompared and the similarity
or dissimilarity is recognized; and parametric cangon where genes that appear
atypical in their current genomic context are irderto have been introduced from a
foreign source. The best way of determining wheti@izontal gene transfer events
have occurred in a genome is to apply a mixturéheftwo approaches. (Lawrence

and Ochman, 2002).

Horizontal gene transfer is a major determinantthie evolution of pathogenic

bacteria. Dissemination of virulence genes via tmisthod enables non-virulent
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strains to become virulent. All the bacteria adskeésin this study have in some way
or another succumbed to horizontal gene transfeorioter to evolve into the

pathogenic variant.

Prokaryotes typically obtain new DNA sequenceshrge methods which play a part
in horizontal gene transfer events in bacteria: jugation, transduction and
transformation (Burrus and Waldor, 2004; Frost let 2005; Hacker and Carniel,

2001).

3.1 Conjugation

Conjugative transfer is mediated by certain plasmad integrative conjugative
elements with specific transfer genes. Conjugatenuires cell-to-cell contact and
particular gene products which mediate the trangfecess and the creation of the
conjugation pore. Many plasmids are not self-trassiile, but can be mobilized
from one bacterium to another in the presence dfeparate self-transmissible

plasmid, by the use of mobilization proteins (Theraad Nielsen, 2005).

3.2 Transduction

Transduction is a bacteriophage-facilitated transfe genetic material from one
bacterial host to another. It is a specific hortabngene transfer event as
bacteriophages have a limited range of hosts (Seremrt al., 2005). Bacteriophages
are specialized viruses that infect bacteria. Twpe$ of bacteriophages exist
depending on their life cycle. Lytic: which are pilpable of infecting bacterial cells
and reproducing more bacteriophage with the destruof the bacterial host cell;

and lysogenic, also known as temperate bacteriapleg able to integrate into the
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host genome and become part of the genetic maka the host bacterium. Under
these conditions the bacteriophage is known asophpge. The lytic cycle can be
induced in prophages under certain environmentalditions like the antibiotic-

induced SOS response, a post-replication DNA repgstem (Beaber et al., 2004;
Goerke et al., 2006).ysogenic conversion occurs when the transferredgeonfers

immunity to the recipient bacterium to further ictien by the same or similar phage,
and sometimes alters the phenotype of the recipigarrying additional genes such
as virulence genes. The importance of the spreadrience genes by transduction
has only become evident in recent years. It has Bhewn that the genes encoding
shiga toxinsstxl andstx2 are transferable from one strainBfcoli to another by

bacteriophages (Brabbanal., 2005).

3.3 Transformation

Transformation is the stable uptake, integratiod expression of extracellular DNA
that occurs in nature when bacterial species are jphysiological state known as
competence (Thomas and Nielsen, 2005). Naturasfivamation has been shown in
many archaea and subdivisions of bacteria. Relaadepersistence of extracellular
DNA, presence of competent cells and the abilitthef DNA to be integrated into the

host chromosome are the requirements for natwastormation to occur.

4. Mobile genetic elements

Mobile genetic elements, segments of DNA encodingtgins important for the
mediation of movement of DNA within genomes, play entegral part in the
evolution of bacterial genomes (Frost et al., 2085y are the backbone of horizontal

gene transfer.. Mobile genetic elements includesmlids, bacteriophages, genomic
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islands, integrons, transposons and insertion segu@S) elements (Dobrindt et al.,

2004). Each element shall be discussed in theWollp section.

4.1 Plasmids

Plasmids are usually circular, self replicating DMAvlecules existing in cells as
extrachromosomal replicons. Plasmids are found actdsia from different
communities ranging from soil, marine and clinieavironments and they signify a
distinct genetic resource as they may confer madam@tageous traits such as
antibiotic resistance and ability to use varioudoa sources (Sorensen et al., 2005).
Plasmids can be self-transmissible (or conjugatireaning that they encode all the
necessary proteins for mobilization or they cannbe self-transmissible (or non-
conjugative), where the mobilization proteins haeebe providedin trans. The
horizontal transfer of non-conjugative plasmids basn shown in biofilms d&. coli

by Maeda et al(2006), which may prove the importance of coloinyfibn formation

for plasmid transfer, and dissemination of plasnmdsatural environments.

4.2 Bacteriophages

Bacteriophages act as facilitators of two typeshofizontal genetic exchange.
Generalized transduction, where any gene withinoaod can be transferred to a
recipient strain by a lytic or temperate bacterag and defective phage particles
deliver bacterial DNA into recipient bacterium cyt@sm where it either gets
degraded or becomes recombined into recipient DB{ecialized transduction which
is a more efficient process that specifically ingsd transition from prophage to lytic
cycle. Many bacteriophages incorporate their genmneea specific point in the host
genome and upon induction the integrated prophagelly excises itself precisely as

a whole unit. Sometimes, however, this excisiommprecise and part of the host
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genome becomes excised also, enabling the resdiiaghter bacteriophage to spread
genetic material to new bacterial hosts. Lysogenitversion is similar to specialized
transduction in that temperate bacteriophage pgassigh the lysogenic stage but it
does not involve incorrect excision of the prophdgdA. It normally confers
immunity to the host bacterium to further infectiddy the same or related
bacteriophage, and if the bacteriophage contaidgiadal genes known as prophage
morons, that are part of the phage genome thabtlbave a phage function but adds
to the fitness of the bacterium and can alter thenptype of the infected host
(Brabban et al., 2005). Many bacteria have prophagepart of their genomes, and in
a lot of cases certain virulence determinants #igtliea on prophages (Abedon and Le
Jeune, 2005). Canchaya et al. (2004) studied tlpadmof prophages on bacterial
chromosomes and found that prophages are a prohpaenof pathogenic bacterial
genomes, often containing virulence genes and gddinhe genetic diversity of the
strains. Therefore, phages have an important noléhe diffusion of virulence

determinants and the evolution of many bacteritigigens (Brussow et al., 2004).

4.3 Genomic islands

The concept of genomic islands was first conceivedathogenic bacteria with the
discovery of particular regions of bacterial chremmes that contribute to
pathogenicity (Hacker and Kaper, 2000). These regiaere characterized by a
significant difference in G+C content, alternatmedon preference, mobility genes,
virulence genes, and they were coined “pathogenisiands” (PAI). Later it was

found that other non-pathogenic species contairigdlas genome regions that
contributed somewhat to the fitness of the organena the general term “genomic
islands” was created. These genomic islands fonrhgdahe flexible gene pool and

these elements were previously transferred by boti gene transfer as they contain
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remnants of mobile-enabling sequences such asraseg, transposases and flanking
direct repeats. The majority of these genetic ehsstarry functions that are useful for
the survival of the organism, and they provide led®we advantage over the non-
island carrying populations (Hacker and CarnieldD0 There are many types of
genomic islands: symbiosis, fithess, metabolidstasce and the one most relevant to
pathogens, pathogenicity islands (Dobrietlital., 2004). The type of island that an
organism carries depends on the genetic backgrotitide host and the ecological

niche in which it presents itself.

Pathogenicity islands contain one or more virulegeres, are present in the genomes
of pathogenic bacteria but are absent from the pathegenic variant of the same
species and often exist in the size range of 10K0QSchmidt and Hensel, 2004).
Not much is known about the origin of these genoisi@ands, but it is thought that
they originated from integrating plasmids or phatieg have lost the ability to self-
transfer. Genomic and pathogenicity islands hawntselected during evolution as
they confer selective advantages to their bactboat. Pathogens that do not contain
pathogenicity islands such &@hlamydia spp. andVlycobacterium spp., examples of
organisms with closed pan-genomes (Medini et ab052 exhibit an intense
adaptation to a specific host environment accongohbly reduction in the genome
size and an inability to replicate outside the hdstom this it can be inferred that the
presence of a pathogenicity island increases tigeraf habitats that can be occupied

by a particular bacterial species (Schmidt and Ele2904).

4.4 | ntegrons

Integrons are natural cloning and gene expressiechanisms, capable of capturing

gene cassettes that lack promoters, using siteifispeecombination (Rowe-
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Magnus.and Dazel, 2001) and are composed of irdegganes, gene cassettes and an
integration site for gene cassettes. They have bmamd on plasmids, transposons
and the bacterial chromosome (Fluit and Schmit®42@nd also provide promoters
for the expression of cassette genes (Hall andis<CdPB95). Flanked by inverted
repeats, they have the capacity to move withineiwben replicons. There are two
discrete groups of integrons: resistance integr@amd super-integrons. Resistance
integrons carry gene cassettes that encode amtibmt disinfectant resistant
determinants; super-integrons encode a variety ifférent functions (Fluit and
Schmitz, 2004). Five classes of resistant integ(Bhs) have been historically defined
on the basis of the divergence among their integgemes, and each class appears to

be able to acquire the same gene cassettes (N280§).

4.5 Transposons

Transposons are pieces of DNA considered as “jupngienes” as they have the
ability to change their genetic location. They dan present on chromosomes and
plasmids and they encode a transposase gene, vphogdact, the transposase, is
responsible for the movement of the transposonnsprasons can carry genes for
antibiotic resistance as well as other propertiegerted repeat DNA sequences flank
the transposons, and they have the ability to meithin or between replicons.
Transposition events do not require homology betwdee target site and the
transposon. Conjugative transposons are geneticeels able to promote their own

intracellular transposition and intercellular cayglitransfer (Beuzon et al., 2004).
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4.6 1S elements

Insertion sequence (IS) elements are mobile geraéments widely distributed
among bacteria which can be found on both plasmaldd chromosomes. Their
activities cause mutations which promotes genetierdgity and sometimes adaptation
to a new environment. IS elements are also widelgsiclered as important for
horizontal gene transfer, including especially thevement of acquired genes from
extrachromosomal elements into the chromosome dbén et al.,, 2002). IS
elements usually encode a transposase gene, aledldy inverted repeats and
mediate recombination by transposition events apchdimologous recombination
between many copies of the same IS element in energe (Mahillon and Chandler,

1998).

5. Escherichia coli O157:H7

The Escherichia coli O157:H7 virulence factor encoding genes are lacateseveral
genetic elements. The genes of Shiga toxihd (andstx2) are located on lambdoid
bacteriophages, while the genes involved in then&tion of the attaching and
effacing lesion are located on 35-6-kb chromosdmals of enterocyte effacement
(LEE). In addition to the LEE and Stx-convertingagks, the pathogenesis of
enterohemorrhagi€&. coli (EHEC) O157 infections likely involves virulencactors
encoded by other PAIs, other phages and by a 9@ddmid referred to as pO157.
This plasmid carries the genes governing the pricmluof enterohemolysin and other
putative virulence factors, such as a catalasepise and a serine protease.
Whittam et al. (1993) recognized thatcoli O157:H7 strains are most closely related

genetically to enteropathogenie. coli O55:H7 strains, a recent ancestor of a
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nontoxigenic pathogenic clone associated with dearoccurring in infants. Feng et
al. (1998) generated with the help of a multiloceiszyme electrophoresis an
evolutionary model to predict the genetic relatednaf several Shiga toxin producing
E. coli (STEC) O157 strains. The analysis showed that STEI57 strains
comprehend a cluster of five closely related etgdioretic types (ET). The
emergence of O157:H7 was associated with a sefisteps from a nontoxigenic
progenitor and indicates that the most recent comarestor (Al) of both strains
(E. coli O157:H7.E. coli O55:H7) harboured the pathogenicity island LEE,ulu -
10 mutation (A to T) and had the abilities to fenmnsorbitol (SOR+) and express 13-
glucuronidase (GUD+). Table 1 illustrates a proposedel for the evolution dE.
coli O157:H7 (Feng et. al., 1998). In the emergende. gbli O157:H7. the next step
was that Al acquired the phage Stx2 presumablydmsdtluction, resulting in a Stx2-
positive O55:H7 (A2). In the step from A2 to A3etharge virulence EHEC plasmid
(pO157) (Levine et al., 1987) and tHb region encoding 0157 antigen was acquired,
the uidA +92 (T to G) conversion took place and shenatic antigen changed from
055 to 0O157. Furthermore, the model predicts thainfA3 two distinct lines are
evolved, with A3 on one branch due to a mutatiothanflagellar operon that caused a
loss in motility (Monday et al., 2004). This anagsfA4) retains Stx2 and is still able
to express R-glucuronidase as well as fermant tebrénd in addition accumulated
two enzyme allele mutations resulting in the Gerraanoli O157:H. In contrast in
the other branch, the lineage is no longer abl&etment sorbitol and acquired the
phage Stx1 presumably by phage conversion resuitinglone A5. Accordingly,
because of the lost the ability to express R-glhutidase (Monday et al., 200E)
coli O157:H7 with SOR- and GUD- phenotypes (A6) emergduch represent the

immediate ancestor of the common O157:H7 clone (\fhiet al., 1998, Feng et al.,
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1998), a serious foodborne pathogen causing diea;Hzemorrhagic colitis (HC), and
hemolytic-uremic syndrome (HUS) which can be lieeitening (Adu-Bobie, 1998,
Kim et al., 2001).The role of mobile genetic eletsen the evolution and transfer of

virulence genes i&. coli 0157:H7 will be discussed further below.

5.1 Role of bacteriophages

Shiga toxin-encoding phages present highly moleleegic elements that are involved
in regulation and horizontal transfer stk genes (Herold, et al., 2004). The Shiga
toxins are the main virulence factors in the disepsogression of haemorrhagic
colitis and haemolytic uraemic syndrome caused taypgducingE. coli O157:H7.
Genome sequence analyses showed that a highemizgee(nearly 85%) of the
variably present genes ev@p is bacteriophage related and indicates that phplggs

a dominant role in diversification of the chromosdrarchitecture ok. coli 0157
strains (Hayes et al., 1995; Perna et al., 200@edisas a in the evolution of O157:H7
(Hayashi et al., 2001). Transduction st genes by phages to other enteticcoli
strains could contribute to the detected heteragemeSTEC serotypes as have been
recovered more than 400 different O:H serotypesSOEC from animals, foods
(Johnson et al., 1996) and from human infectiomaiBb et al., 2004).

The acquisition of phage-borne toxin genes wasallybearly and some genes were
conserved, but there is evidence of dynamic turmavephage genes which results
from phage replacement, localized recombination iatzohd erosion (Ohnishi et al.,
2002; Shaikh and Tarr, 2003; Wick et al., 2005)suts of the comparative analysis
of the genome suggest that prophages carried wutation and gained the additional
genes (or the prophages were replaced or recomhwitbdother phages) to achieve

the gene complement & coli 0157 Sakai, which has the Stx1 phage (or truncated
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Stx1 phage occupyingehV (integration sites) and Stx2 phage occupyimgA

(integration sites) (Wick et al., 2005).

In several studies transduction of stx genes has Bhownin vitro (Schmidt et al.,
1999; Scotland et al., 1983; Strauch et al., 2@0M)in vivo (Acheson et al., 1998;
Toth et al., 2003). Schmidt et al. (1999) showethgissa model of a detoxified
derivative of a Stx2-converting bacteriophage tB&t2-converting bacteriophages
have the ability to spread among entdficcoli strain. These findings support the
important role for Stx-encoding bacteriophagesha spread oktx genes among

entericE. coli strains.

5.2 Role of plasmids

E. coli O157:H7 contains plasmids, which generally caegeas harbouring virulence
factors and represent extra chromosomal eleméltisre are three known plasmids
associated withe. coli O157:H7. A large plasmid of approximately 92 kb {{50),
called EHEC plasmid (Karch et al. 1998), presentiitually all clinical isolates. The
other two plasmids are small, 6.7 and 3.3 kb ie,sénd are present less frequently
(Levine et al., 1987; Ostroff et al., 1989; Parbale 1993). Large plasmids of STEC
most likely have been acquired by horizontal DNansfer, as they are encoded by

accessory genetic elements (Pradel et al., 2001).

The haemolysin gene EHH@yA harboured on pO157s present in sorbitol-
fermenting (SF)E. coli 0157 and non-sorbitol-fermenting (NSE) coli O157:H7,
but the plasmids of SE. coli O157:H- strains lackspP, encoding an extracellular
serine proteas@ndkatP, encoding a catalase/peroxidise,. NSFoli 0157:H7 and

SF E. coli 0157 may have acquired different plasmids afteir teeolutionary split
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from a common ancestral EPEC-like O55:H7 into twaedges..There is also the
possibility that one common plasmid, harboured g &ncestor and carrying the
hlyA, espP andkatP genes, lost thespP andkatP markers in the SE. coli O157:H-
clone. Another presumption of Brunder et al. (1988uld be that the ancestral
plasmid has gained the two markers only in the ES€oli O157:H7 lineage, maybe
enhancing the survival and spread of this clorsuteive and spread. The presence of
mobilization genes on plasmids renders them capaibterizontal transfer, so these
plasmids should be self transmissible or mobiliealihe plasmid (pO157) &. coli
O157:H7 is reported to be transfer-deficient (Haesal., 1992; Makino et al., 1998)
but it is presumed that it was transferable dusoge earlier phase of evolution.

The EspP homologues of othiér coli pathogroups share only about 60% sequence
identity at a protein level (Brunder et al., 198AH suggests that no exchange of these
genes betweek. coli pathogroups occurs at present. This transfer amey be
caused by differences in habitats of the groupsincompatibility of plasmids

occurring in the various groups (Brunder et al9Q9)9

5.3 Role of integrons

Integrons are DNA elements that may contain traabfe antimicrobial resistance
gene cassettes. Until now, five classes of integttave been identified with class 1
being the most widspread (Singh et al., 2005). §thdy of Zhao et al. (2001) reports
the presence of class 1 integrons conferring meltipsistance phenotypes among
EHEC strains isolated from cattle, ground beef, lamehans, which is presumable the
first report on the presence of integrons in O157athd non-0157 EHEC strains.

Class 1 integrons located on mobile plasmids haedithted the emergence and
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dissemination of antimicrobial resistance among STkt humans and food animals

(Singh et al., 2005).

5.4 Role of insertion sequences

O-islands in O157:H7 (genomic regions specifi€t@oli O157:H7 or phage regions
of E. coli 0157:H7) _correspond to many of the itisa sites of IS elements iB.

coli B and K-12. This association indicates that thesggons of the chromosome
underwent chromosomal rearrangements, in partiaitber the insertion or deletion
of the DNA regions that distinguish the differettams; in the case of insertions, the
large-scale differences also imply horizontal tfandnsertion sequence elements are
well known to play important roles in gene deleteents and in the incorporation of
foreign DNA into the chromosome during and follogihorizontal gene transfer.
Data of Schneider et al. (2002) reveal a high le¥é§ activity sinceE. coli B, K-12,
and O157:H7 diverged from a common ancestor, imatudS association with

deletions and incorporation of horizontally acqdigenes as well as transpositions.

The study of Hsu and Chen (2003) showed that tfiereinces in the sequences and
the transposition activities of IS1 elements inthdathat they had been transferred
from S. boydii into E. coli O157:H7, and then int&. coli K12. Horizontal transfer
and vertical inactivation, therefore, were suggdsts two mechanisms in the
domestication of these IS1 elementsSirboydii andE. coli (Hsu and Chen, 2003).
These findings demonstrate the importance of 1&etds in genome plasticity and

divergence.
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The enteroaggregativ&. coli heat-stable enterotoxin 1 (EAST1) represents a
virulence factor whose significance in the pathaggnis not well characterised to
date, and shows a widel distribution among diagke&E. coli (Karch et al., 1999).
Yamamoto et al. (2000) investigated the EAST1 dem@ologues of EHEC strains
from outbreaks as well as sporadic cases in Japay. found sequence homologous
to the EAST1 gene il. pestis. The location of it was within an IS sequence 892

A comparison of sequence demonstrated that typdBAST (sequence homologous
to the EAST) is closer to the EAST1 gene (89.7%ilanity in sequence) than to the
EAST1-like sequence of 1S285 (76.9% homology inusege). Theoretically the
EAST1 gene, type 1 SHEAST, and the EAST1-like seqe®f 1S285 are changeable
to each other by single base substitutions. Thggests that they have originated
from a sequence from a common ancestor. The resuttee study indicated cross—
species transfer of the EAST1 gene sequences hetiveeoli and Y. pestis. The
EAST1 gene sequences may have derived from pathefgenes involved in

transposition events (Yamamoto et al., 2000).

5.5 Role of pathogenicity islands

Attaching and effacing lesions present one of tlustnmportant features of EHEC
0157 (Kaper et al.,, 1998) and are located on aelatgomosomal pathogenicity
island (PAI) termed as LEE (Locus of EnterocyteaE&fment). It is thought that LEE
harbours not only the genes for the secretion erskocation apparatus, but also the

genes of effectors that may be secreted throughytstem.

No clear evidence exists for the spread of LEEature. However, LEE has a 38.4%

G-C content (Elliot et al. 1998), in comparisonst8% for thekE. coli chromosome
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(Blattner et al. 1997), and the occurance at differgenomic locations in divergent
clonal groups (Wieler et al. 1997) demonstrated ttaBE has been horizontally
transferred in the past (McGraw, 1999). It is réepdrby Elliott et al. (1998) that the
genetic organisation of the LEE from EHEC O157:d&imilar to that reported for
LEE from enteropathogeniE. coli (EPEC) O127:H6. That the LEE has different
locations in different EHEC phylogenetic lineagaggest the insertion of LEE was at
multiple times and sites during the evolution of HHand EPEC (Boerlin et al. 1998;
Wieler et al.; 1997; Kaper et al.; 1998; Rumer let 2003). Finally, several studies
(e.g. Morabito et al., 2003; Shen et al., 2004;staek et al., 200Xupport the fact
for considerable plasticity i&. coli O157:H7 strain EDL933 genomic islands, which
may play a role in the contribution to the on-goexplution of EHEC(Shesmt al.,

2004).

5.6 Role of vesicles

A vesicle is a relatively small and enclosed cortipant, derived from membranes.
Vesicles may contain lipopolysaccharide, periplasproteins, outer membrane
proteins, phospholipids, hydrolytic enzymes, DNANAR and other elements
associated with the virulence of the producing é@at (Dorward et al., 1989;
Kadurugamuwa et al., 1995) As well as genetic etdsjesesicles may play a role in
the transfer of genetic material among similar éaat species (Deich and Hoyer,
1982; Dorwarcet al., 1989; Kolling and Matthews, 1999; Yaron et al.0@p E. coli
0157:H7, like other species such as Salmonellaosgpampylobacter jejuni, is able
to produce membrane vesicles which may play a iroleirulence (Kolling et al.,
1997; Wai et al., 1995). A study showed that isofabf membrane vesicles fro

coli O157:H7 facilitated transfer of genesSmmonellaenterica serovar Enteritidis or
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E. coli JIM109, and these genes were subsequenly expregsedipients (Yaron et
al., 2000). The integration of virulence genesassibly a regulated event, thereby
allowing the transfer of specific genes to othetesn bacteria, thus facilitating
genetic divergence (Kolling et al., 1997). Howewghether vesicles played a role in

the evolution oE. coli O157:H7 or EHEC has not been established.

5.7 Conclusion

Within serogroup 0157 many of the putative virukenactors are haboured on
mobile genetic elements, such as phages, plasmaigahogenicity islands, which
have been subject to numerous insertions and de¢e{Boerlin et al., 1998). The
majority of EHEC virulence factors have been acepliby horizontal transfer of
genetic material. Thereby the acquisition of theéeltBat encoded the genes involved
in the formation of the attaching and effacing (AI&sion and the acquisition of the
phage-encoded Stx genes present two crucial stefigeievolution of EHEC O157
from a commensal ancestor. Phages could be the majdributors in the evolution
of EHEC virulence and in the emergence of new EHlE@es (Caprioli et al., 2005;

Hayashi et al., 2001).

6. Salmonella

The genome ofSalmonella consists of a variety of mobile genetic elemeng trave

played a role in the evolution of this pathogen.npairulence determinants of this
organism reside on a veritable assortment of p@haintegrons, pathogenicity
islands and plasmids and the evolution Ssfmonella into a pathogen has been
marked by the acquisition of these elements whiohtribute to the virulence
capability of this organism (Groisman and Ochmaf@97). Examples of these

virulence factors include thaef fimbrial operon, which lies on the virulence plagm
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the genes encoding the type three secretion systdmFSS-1) (Marcus et al., 2000),
and the genes encoding lipopolysaccharide (LPS)chwhs encoded on the
chromosome (Fierer and Guiney, 2001). Analysihefdcompleted genome sequence
of S Typhiumurium LT2 has lead to the conclusion that many genekisibave been
acquired by horizontal gene transfer since therdmsace of this organism froia.

coli around 100 million years ago (Porwollik and Mc@aet, 2003).

6.1 Role of bacteriophages

A wide array of phage and phage remnant genes mpkée Salmonella genome,
which have a huge effect on the ability for lategaine transfer events and the
dissemination of virulence factors in this organiftysogenic conversion, the process
of altering the host phenotype that occurs uporirttegration of the virulence factor-
encoding prophages into the host chromosome, has aehuge influence on the
evolution of the virulent phenotype dialmonella. The bacteriophage-encoded
proteins which are involved in lysogenic conversiprovide mechanisms for
Salmonella to invade tissues, avoid immune defences andrtaga cells of the host
(Boyd and Brussow, 2002). Most of the temperategphassociated witkalmonella
belong to the P22 family that are capable of fatilhg horizontal gene transfer by
transduction (Schickimaier et al., 1998). SoBabemonella serovars can contain up to
seven prophages on their genome, many which apicnyith unproven activity as
yet. S Typhimurium LT2 has four functional phage genonie2:like Fels-2, and-
like Fels-1, Gifsy-1, and Gifsy-2. These prophagspond to DNA stress by excision
and replication (Porwollik and McClelland, 2003). $some cases the excision of a
prophage, like Gifsy-2 from the genomeSifTyphimurium, results in the attenuation
of systemic infection. Transferability of genes eted on phages within different

Salmonella serovars was originally just thought to occur lestw phages of the same
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family, but Mirold et al. (2001) demonstrated tlggnes could be transferred across
phages from different families when effector gemese revealed to be encoded by a
P2-like phage ir& Typhimurium and Typhi, and in a crypfielike phage inS Hadar,

S Gallinarum, S Enteritidis andS Dublin. An obstacle for the horizontal gene
transfer of virulence genes via phage is the imtyuto superinfection that the
resident prophages impose on the bacterial stifirs problem is evaded by the
ability of unrelated phages to transfer viruleneetdrs. This may explain why
Salmonella spp. are able to adapt rapidly to a broad rangdost vectors. Two
generalized transducing phages, ES18 and PDT17¢ lh@en used to transfer
resistance elements ofalmonella Typhimurium DT104 by Schmieger and
Schicklmaier (1999), with PDT17 being a prophage SofTyphimurium strains.

PDTL17 is therefore capable of spreading resistgaoes to other organisms.

The SOS response is induced by antibiotics suckrim&thoprim, which inhibits
DNA replication and ciprofloxacin which exposes B#D The “damaged” bacterial
DNA interacts with and activates the multifunctibpeotein RecA, which promotes
the autoproteolysis of repressor of DNA functidosxA and phage repressor Cl. The
decline in CI causes derepression of the phage dgnes resulting in the resumption
of lytic growth (Goerke et al., 2006). In genettahas been shown that phages play a
very important role in the dissemination of virudendeterminants irgalmonella

(Figueroa-Bosset al., 2001).

6.2 Role of integrons

The spread of antibiotic resistance $almonella has mainly been attributed to

integrons. Five classes of resistance integronsleseribed (Mazel, 2006), but only
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Class | and Class Il are found Balmonella (Fluit, 2005). Multidrug resistance
elements irGalmonella reside on &lmonella Genomic Island (SGI) region 1, which
is a 43 kb region that contains a 13 kb gene aluktd confers resistance to a variety
of antibiotics. This region is made up of a comptéass 1 integron that belongs to the
In4 group (Doublet et al., 2005). This SGI1 regwas transferred by conjugation
from different serovars db. enterica to otherS enterica andE. coli strains, with the
help of helper plasmid R55. In the absense of pdtd5, no transfer of the SGI1
region occured proving that this element is nofHsahsmissible but is mobilizable,
and this mobility contributes to the spread of laiotic resistance among serovars of
S enterica. In Portuguese study by Antunes et al. (2005) as vehown that the
majority of sulphonamide resistance genes wereethan class | integrons (Antunes

et al., 2005).

6.3 Role of plasmids

Many enteropathogenic bacteria require plasmid-@eddactors for full virulence
expressionSalmonella included (Porwollik and McClelland, 2003). Md&imonella
serovars contain a virulence plasmid ranging fr@®8kb in size, which is necessary
for the multiplication of bacteria in the reticubmdothelial system of warm-blooded
vertebrates Only a 7.8 kipv region Salmonella plasmid virulence) seems to be
necessary to confer the virulence phenotype (RagdrCasadesus, 1999).. Virulence
plasmids from some of the serovars are self-tras@hbie, supporting the possibility
of conjugative spread of this plasmi&l.Typhi CT18 contains two plasmids, pHCM1,
a 281 kb plasmid which confers antibiotic resiseaaad, pHCM2, a 107 kb plasmid

which displays high sequence similarity to the Mnce associated plasmid ¥f
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pestis, pointing to the possibility that lateral genensger occurred between these
distantly related genera or that they had a commapestor (Porwollik and
McClelland, 2003). Plasmids have shown to havela irothe transfer of genes in
Salmonella in a report by Ferguson et al. (2002), where thlegwed that antibiotic
resistance plasmids can be transferred from plasonthining strains ofS
Typhimurium to plasmid-free strains & Typhimurium intracellulary in human
epithelial cells by conjugation. Multidrug resistgslasmids fromS Typhimurium
were shown to be transferred Eo coli by conjugation (Gebreyes et al., 2002),

showing the ability for these plasmids to be digsated into different species.

6.4 Role of insertion sequences

Many Salmonella genomes carry a range of IS elements which ah#lytigssociated
with genomic rearrangements and duplicationsSahmonella. Each Salmonella
genome may contain between 30 and 75 transposams,gatroduced by phage,
transposon or IS elements, which may promote theement of certain genes around

the genome (Porwollik and McClelland, 2003).

6.5 Role of pathogenicity islands

Salmonella contains a number of pathogenicity islands, regiaf the genome
characterized by a number of properties: their miEsdrom non-pathogenic strains,
their differing G+C content and by their differimpdon usage from the rest of the
Salmonella genome. To date there are 10 recogng&stohonella pathogenicity islands

(SPIs) (Bishop et al., 2005) and they are outlimethble 2. These agents are thought
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to have been acquired by horizontal gene trangdertd the presence of agents of

DNA mobility (integrases, transposases, directaég)gHensel, 2004).

The best characteriséghlmonella Pathogenicity Island (SPI), SPI-1 , encodes the
component genes for a type Il secretion systemSE)] as well as a plethora of
regulators and effectors. This TTSS is respondilMiehe translocation of effectors
encoded by SPI-1 and also for some additional genesded outside SPI-1. Overall,
SPI-1 is a region of about 40kb, encoding around&®s (Marcust al., 2000). SPI-

1 was found to be present in all tBebongori andS. enterica subspecies that have
been analyzed to date (Hensel, 2004). Invasidgalohonella is mediated by delivery

of effectors such as SopEa{monella outer protein E), SopB (with a loci on SPI-5)
SptP Glmonella protein tyrosine phosphatase P) that directly eaghgst cell
signalling pathways, modifying the cytoskeletomowing uptake of the bacterial cell.
TTSS from SPI-1 form needle-like appendages thallitite the delivery of the
effector proteins. SPI-1 functions are neededHeritvasion of non-phagocytic cells
(Schmidt and Hensel, 2004). TI8pABCD genes are involved in the invasion of
cultured epithelial cells, witBipA binding directly to actin in the host cell, initing
their depolpymerizationSpB and SpC can act as effectors and as translocators for
other effector proteins of SPI-1 (Marcus, Brumait, al. 2000). Genes that are
associated with DNA mobility are absent from SRHEnsel, 2004), and this locus
seems to be stable in clinic&lmonella strains analyzed thus far (Schmidt and

Hensel, 2004).

Salmonella Pathogenicity Island 2, SPI-2, encodes a TTSS atdo component

regulatory system. This TTSS (TTSS-2) is structyrahd functionally distinct from
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the TTSS from SPI-1 (Marcus et al., 2000) and vated when the bacteria are
intracellular. Comparison of SPI-1 and SPI-2 endol&SS suggests that these TTSS
resulted from separate horizontal gene transfenteyeand not gene duplication
(Hensel, 2004). SPI-2 is about 40kb, has 42 opedimg frames, and is inserted
adjacent to thealV tRNA gene. SPI-2 is divided into two segmentspraller 14.5kb
containing fivettr genes involved in tetrathionate reduction, anargdr 25kb region
in which four operons existsa (genes encoding the TTSSy (secretion system
regulator genes)kssc (secretion system chaperone genes) ssadsecretion system
effector genes). SPI-2 genes were found to beestafid present in all clinical strains
of S enterica, but not inS. bongori (Hensel, 2000). The essential function of the SPI-
2 region seems to be in assisting the proliferatbhe Salmonella infection once
invasion has occurred. These functions aid survivghagocytic cells and the ability
to replicate within theSalmonella-containing vesicle. SifA Salmonella induced
filament protein A), an effector protein encoded anlocus outside of SPI-2
translocated by TTSS-2, is an example of a funatibith is required to maintain the
integrity of the phagosomal membrane of the SC\Mndumtracellular proliferation.
TTSS-2 is also translocates pipB (pathogenicitgnidl protein B), an effector protein
encoded by SPI-5.

SPI-2 prevents the co-localization of damaging plegite reactive oxygen and
nitrogen intermediates (Schmidt and Hensel, 2004 TTSS encoded by SPI-2 is
required for the intracellular survival 88lmonella in murine macrophages (Santis
al., 2003). Mutations in SPI-2 genes have resulteceduced expression of SPI-1

genes (Hensel, 2000).
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Salmonella pathogenicity island 3, SPI-3 is a 17kb insertiorthe selC (the tRNA
gene for selenocysteindpcus, a locus that is used as an insertion poomt f
pathogenicity islands if.coli (Schmidt and Hensel, 2004). SPI-3 contamgCB
(Magnesium transport ATPase accessory) genes, v@inechmportant in the growth of
Mg®* limiting environment, and also have been showrbé¢orequired for intra-
macrophage survival and virulence in mice (Mardualg 2000; van Asten and van
Dijk, 2005). mgtCB genes were found in alalmonella serotypes includingS.
bongori (Fierer and Guiney, 2001). Upon examination of SPIlin different
subspecies and serotypes &dlmonella, it was found that this region exhibits
extensive structure variations in the form of delet and insertion of additional gene
clusters. The central SPI-3 region genes are fnkg remnant IS elements,
signifying an insertion within this SPI region (Hh, 2004). Other putative virulence
genes which have been identified on this stretcDNA aremisL (an extracellular
matrix adhesion involved in intestinal colonizadpsimilar to the AIDA-1 adhesin of
EPEC, and the putative transcriptional regulaterT, similar to Vibrio cholerae
ToxR. The roles of these putative genes in thelefice ofSalmonella have not been

determined (Schmidt and Hensel, 2004).

Salmonella pathogenicity island 4, SPI-4 is a 25kb DNA ingert located besidssb,
which encodes a single stranded DNA binding protmid soxSR, which encodes
superoxide response regulatory genes (Magtual., 2000). SPI-4 has 18 putative
ORFs, is thought to encode a type one secretidersythat mediates toxin secretion
and is thought to contain a gene important in sahin macrophages (van Asten and
van Dijk, 2005; Schmidt and Hensel, 2004). The mainctions of SPI-4 in

Salmonella have yet to be elucidated.
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Salmonella pathogenicity island 5, SPI-5 is a 7kb locus, enldcated betweeserT,
which encodes a serine tRNA andpS/copR, a copper inducible two-component
regulatory system. A mutation in some of the regioh SPI-5 causes attenuation of
the enteritis response. This leads to the impbcathat these genes are required for
enteropathogenesis (Marcwet al.,, 2000). SPI-5 harbours the gene for sopB
(salmonella outer protein B), an effector proteinh@ SPI-1 encoded TTSS, and also

pipB , an effector protein of the SPI-2 encoded ${Schmidt and Hensel, 2004).

SPI-6 is a 59kb insertion beside #mpV tRNA gene for selenocysteine, encoding the
fimbrial saf (Salmonella atypical fimbriae) gene clustgragN, encoding an putative

invasion, and many other genes of unknown function.

SPI-7 is specific for serovars Typhi, Dublin andra®gphi C. It is 133kb, and is
inserted beside the tRNA gene for phenylalanphel). SPI-7 encodes the Vi antigen,
a capsular exoplysaccharide, the sopE phage effpobtein, as well as the putative
virulence pil gene cluster encoding a type IV pillikis large pathogenicity island
was shown to be excised spontaneously in a hospéttihg (Hensel, 2004). The
pathogenicity determinants encoded by SPI-7 haesa sbown to play an important
role in epithelial cell invasion bg. Dublin (Bueno et al., 2004). Although the transfer
of SPI-7 has not been demonstrated as yet, itaggit of as an unstable genetic
element, or an integrative conjugative element jI(Eurrus and Waldor, 2004), and
the spontaneous precise excision of this compomastbeen shown by Bueno et al.

(2004).
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SPI-8 is 6.8kb long and located besptheV, which is the structural gene for tRI{K
Bacteriocins have been putatively recognised aglence factors encoded in this
region so far. An integrase encoding gene has temmgised on SPI-8, indicating the
mobility of this element, but so far it has onlyebefound to be specific for serovar
Typhi. The 16 kb SPI-9 encodes a type | secretysitesn, and a single RTX (Repeats
in Toxin)-like protein, which may be putative viemce factors (Hensel, 2004). SPI-
10, a large 32.8kb insertion, located@ixX tRNA, the structural gene for tRNA|
encodes theef (Salmonella enteritidis fimbriae) fimbrial operon and also ypatic

bacteriophage (Hensel 2004).

6.6 Conclusion

Salmonella contain  many mobile genetic elements, part of thecessory
genome,which are responsible for the genetic diyeasd ecological diversity of this
species (Porwollik and McClelland, 2003). The d#éfeces between pathogenicity of
particular serovars can be attributed to the pldsnaind phages encoded by the
organism (Fluit, 2005). Evolution ofalmonella into a facultative intracellular
pathogen is mainly attributed to the acquirementhef pathogenicity islands which
confer virulence (Groisman and Ochman, 1997). beffé strains of Salmonella are
adapted to environmental niches, and this is duthéopresence of fithess factor-
encoding mobile genetic elements. The ability oésth elements to transfer
horizontally between species and even genus engumesiew strains of pathogenic

bacteria will emerge, especially in such cases &/bi@re is a high density of bacteria.
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7. Staphylococcus aureus

It has been proposed that bacterial genomes are o@adf two different regions: the
core region, which consists of housekeeping gendsai#l essential gene functions;
and the flexible gene pool, which confers on thetdérdum different traits which may
be beneficial under certain circumstances (Dobraickl., 2004). The genome 6&f
aureus is no different, with core genes defined as b@rasent in 95% of isolates and
the flexible genes defined as being present in 5%adates (Lindsay and Holden,
2004). The core genome makes up about 75% ofSthereus genome with the
accessory genome accounting for 25%. Comparisonthef complete genome
sequences betweeh aureus and S. epidermis strains yielded a core set of 1,681
genes common to all strains, with most of the uaigenes accounted for by the
presence or absence of prophage or genomic is(&@illiet al., 2005). The accessory
genome consists of mobile or previously mobile genelements that can transfer
laterally between strains consisting of bacteriggsa pathogenicity islands,
chromosomal cassettes, genomic islands, plasmudigransposons. The role of each
of these elements in the evolution &faureus as a food-borne pathogen will be

discussed in this document.

7.1 Role of bacteriophages

Temperate bacteriophages Snaureus are common; most strains will carry at least
one on their genome. The enterotoxins associatatd @i aureus food-borne
intoxication Staphylococcal Enterotoxin A(SEA) a8thphylococcal Enterotoxin E
(SEE) (Balaban and Rasooly, 2000; Noviek al., 2001) are part of temperate

bacteriophage and as yet have not been shown teabsferred between strains.
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Phage conversion has important implications foretelution of virulentS. aureus
strains, and generalised transducing phages mayedmonsible for most of the
horizontal gene transfer between differétaureus isolates (Lindsay and Holden,
2004). Panton-Valentine leukocidin (PVL) was tramsfd from a PVL-positiveés
aureus strain to a PVL-negativ8. aureus strain via phage conversion, using a novel
temperate phag®SLT (Narita et al., 2001). Prophages tend to be induced by
environmental conditions and it has been found d@nébiotics which induce the SOS
response e.g. trimethoprim: which prevents therpmation of thymine into bacterial
DNA; and ciprofloxacin: which blocks the replicatidork movement by trapping
DNA gyrase on DNA also induce prophages that resideheS. aureus genome
(Goerkeet al., 2006). The induction of phage and phag®genreplication results in
an increase in the number of toxin genes produteatjing to improved toxin

production (Lindsay and Holden, 2005).

7.2 Role of plasmids

S aureus isolates frequently carry one or more plasmidscivhare either the free
form or integrated into the chromosome and aresilad based on their size and the
genes they carry. These plasmids are most likelgsterred by transduction, as
conjugative plasmids are relatively uncommon &daureus is not naturally
competent (Lindsay and Holden, 2004taphylococcus enterotoxin D (SED),
Saphylococcus enterotoxin R (SER), an@taphylococcus enterotoxin J (SEJ) are
present on the 27.6kb plasmid pIB485, and therefoagy have the capacity to be
transferred between strains via conjugation mechas)i but there is no evidence of

this to date.
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7.3 Role of insertion sequences

Seven types of insertion sequence elements werdifidd in the genomes o
aureus and S. epidermis following complete genome sequencing of both oigyaa
(Gill et al., 2005), these are randomly distributbdoughout the genomes of both
organisms. The presence of these insertion segsigivesS. aureus more potential

for gene mobility and exchange.

7.4 Role of pathogenicity islands

S aureus contains numerous pathogenicity islandSiaphylococcus aureus
pathogenicity islands (SaPl), which comprise pdrthe flexible genome. To date
there have been seven pathogenicity islands describased on particular
characteristics of their structure in genome regi@@ill et al., 2005). Pathogenicity
islands contain phage related integrase genesestigg that they are integrated and
excised in a similar fashion to prophages. Theydarigled into groups depending on
insertion site and integrase homology, and no tnansseems to carry more than one
copy of each type (Lindsay and Holden, 2004). Thetgtype pathogenicity island
SaPI1 is mobilizible with the assistance of thensducing phage®11 and 8@
(Novick et al., 2001). It is thought that all thelated pathogenicity islands are
mobilizible in the same way as SaPlI1, but this atsbeen proven to date. Ubeda et
al. (2005) reported that the bovine specific pagémgty island SalPlbov2 is mobile
without the assistance of helper phage, and excispsntaneously using

staphylococcal integrase protein (Sip).
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Antibiotics have been shown to induce the SOS mspanS. aureus resulting in a
cascade reaction which promotes the induction akbntal transfer of pathogenicity
island Saplbovl (Ubedet al., 2005). It was also shown recently that 3€ponse
activation by B-lactam antibiotics really stimulates the transiefr S aureus
pathogenicity islands (Maiques al., 2006). Some of the Staphylococcal enten$ox
lie on pathogenicity islands and therefore canrbasferred to other strains. Great
caution should be shown when it comes to the usé&@©8 response-inducing
antibiotics, not only because of the promotion e spread of antibiotic resistance

genes, but also because of the promotion of thectmmh of prophage and SaPlIs.

7.5 Role of Staphylococcal cassette chromosome (SCC)

The genetic determinant of methicillin resistanneSi aureus, mecA (encoding a
penicillin binding protein, PBP2a) is located o tthromosome, on the methicillin
resistance Stapyhlococcal cassette chromosome, 8C€CHve different types of
SCCmec have been defined, based on the combinatitdme cassette chromosome
recombinasectr) complex and thenec complex (Hanssen and Ericson Sollid, 2006).
The origin of this element is unknown, but it isodight that there is a common
ancestor of this element and tt&#phylocococcus sciuri contained the evolutionary
precursor of mecA (Couto et al., 1996; Couto et al., 2003). Trandbetween
Staphylococci is assumed, but so far has not beemep experimentally, but
Saphylococcus epidermidis is considered to be a reservoir for genetic datents in

a nosocomial setting because of the genetic siyildetween the SSCmec &

aureus andS. epidermidis (Hanssen and Ericson Sollid, 2006).
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7.6 Conclusion

S aureus produces a wide array of toxins and virulence diectresponsible for a
variety of diseases ranging from food poisoning ihwasive diseases. These
determinants of pathogenicity are positioned onouar mobile genetic elements, in
particular the pathogenicity islands, some of whiave been created as a result of
integration and mobilization of prophages betweemimers of this species (Gill et
al., 2005). These mobile genetic elements have braesferred, via horizontal gene
transfer, between differe® aureus isolates leading to the dissemination of virulence
factors and to the evolution of isolates with nopathogenic potential. Enterotoxins,
the agents responsible for food poisoningSiraureus, are most likely to be spread
due to the transfer of the pathogenicity islands lzecteriophages which encode these

determinants.

8. Listeria monocytogenes

The L. monocytogenes genome does not consist of a plethora of mobileete
elements as in other bacterial pathogens. Virulémtemonocytogenes is mainly due
to the presence of the virulence gene cluster LARIisteria pathogenicity island 1)
and some accessory islets that encode for the méemyalins (protein products of a
family of virulence factors). Recently, a resporsgulator, VirR, was discovered that
has a major role in virulence, strains deficienVinA activity proved to be impaired

in pathogenicity (Mandin et al., 2005).
Genomic differences betweén monocytogenes and non-pathogenic. innocua have
been attributed to the three mechanisms of horogene transfer (conjugation,

transformation and transduction) (Buchrieseasl., 2003). The role of mobile genetic

Page 36 of 71



10

11

12

13

14

15

16

17

18

19

20

21

22

23

24

Running title: Role of horizontal gene transfebacteria

elements in the evolution and transfer of virulegeees irl.. monocytogenes will be

discussed below.

8.1 Role of bacteriophages

Thus far, bacteriophages have been shown not yogphaajor part in the acquisition
of virulence genes dfisteria monocytogenes (Buchrieser et al., 2003). Generalized
transduction, however, where any gene within a doaa be transferred to a recipient
strain by Iytic or temperate bacteriophage, has nbekmonstrated inL.
monocytogenes by Hodgson et al. (2000). This was the first repufrigeneralized
transduction in this species and a number of latbacteriophages were shown to be
capable of generalized transduction. However, thesteriophages have narrow host
ranges, so the chance of transferring genes to edretypes or other species seems
quite low. Comparative genome analysis of flisteria strains L. monocytogenes
F2365 —serotype 4bl.. monocytogenes F6854-serotype 1/2d.. monocytogenes
H7858-serotype 4h,. monocytogenes EDG-e -serotype 1/2a arid innocua strain
CLIP 11262 ) revealed the presence of nine putairephages and five defective or

satellite prophages on thesteria genome (Nelsoet al., 2004).

8.2 Role of plasmids

pLM80, an 80 kb plasmid found ih. monocytogenes H7858, contains several
different transposable elements that are not fammthe chromosome, leading to the
conclusion that this plasmid is a recent acquisiiio this particular serotype df.
monocytogenes (Nelsonet al., 2004). A possible transfer apparatus i®éed on this
plasmid, which may play a role in plasmid trangfethis organism. However, the

mechanisms of plasmid transferlirsteria species have thus far not been explained.
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8.3 Role of insertion sequences

From comparison between the completed genomd..ofmonocytogenes and L.
innocua, it was evident that neither of these genomesatoed many IS elements,
which suggests that lateral gene transfer via égehts has not occurred to any great
significance inListeria species (Buchrieseet al, 2003). Comparison between
genome sequences bifsteria monocytogenes serotype 4b strains F2365 and H7859
revealed the absence of insertion sequences, \ralesl the presence of some copies
of the transposase ORFA (open reading frame A} thought that this transposase
was present in the ancestiadkteria before the divergence of the different strains
(Nelson et al., 2004). Virulence determinants previoushsalibed by Vazquez-
Boland et. al. (2001a, 2001b) do not have IS elésassociated with them, therefore

it can be thought that they have not been trareddry 1S elements.

8.4 Role of pathogenicity islands

Pathogenicity inListeria species is dependent on the presence of a 9kbenoel
cluster which contains six physically linked geri€shmidt and Hensel, 2004). This
virulence cluster is described assteria pathogenicity island 1 (LAPI-1), and is
essential for intracellular parasitism (Vazquezd&®al et al., 2001a). Pathogenic
Listeria species,L. monocytogenes and L. ivanovii and non-pathogenic species
seeligeri all contain some form of this virulence clustereBwhough the cluster in
seeligeri contains five additional genes, this strain is pathogenic, it is missing
some yet undefined element of pathogenicity (Schatidl., 2005).. The degree of
divergence of this cluster in the different specieggests that a virulence cluster with
similar structure was present in a common ancextatl Listeria species (Vazquez-

Boland etal., 2001a). The pathogenicity bf monocytogenes centres around LAPI-1,
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which contains six virulence factongtfA, plcA, hly, mpl, actA and pclB. This 9kb
genomic region, coined an “intracellular life” geoassette, is stably inserted at the
same position in the chromosome bisteria species, and is integral for the

pathogenicity potential df. monocytogenes (Vazquez-Bolanet al., 2001b).

The evolution of the pathogenic lifestyle of thengeListeria has been examined by
Schmid et al. (2005)They phylogenetically analybedisekeeping genes that flank
the virulence gene clusteldh (encoding lactate dehydrogenasa)s (encoding a
pyrophosphate synthetase) amtdB (encoding a conserved protein of unkwown
function; the 16S and 23S rRNA, and tia@ (encoding p60, a major extracelluar
protein) genes in the six species lakteria. Since the virulence gene cluster is
inserted in the same position in all of the camylirsteria strains and no obvious trace
of lateral gene transfer was found such as: mghiEnes, insertion sequences, direct
repeats or target sequences (Schmidt and Hend@d) 20is likely that a common
ancestor possessed this gene cluster and passeddttically to its descendants. This
cluster was then lost in two independent eventhéntwo non-pathogenic species

innocua andL. welshmeri.

LAPI-1 does not fit the typical definition of a paigenicity island as the G+C
content, codon usage and dinucleotide frequencyg dot differ from the rest of the
genome (Vazquez-Bolandt al, 2001a). All of this information serves to further
verify the stated idea that the virulence genetelubas evolved within a common

ancestor of the currehisteria species.
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The soil was probably the main habitat of the comiigteria ancestor, it is thought
that the virulence gene clusterevolved as a defagaenst phagocytosis by soil
protists, and it changed further as a result ofstamt contact with vertebrate hosts,
into its functions adding to intracellular parasiti (Vazquez-Bolanét al., 2001a).
Genes which confer defence against phagocytodisdethly, which encodes a pore-
forming toxin, essential for disruption of the pbagtic vacuoleactA, which encodes
the surface protein ActA, the factor responsible dotin-based motility and cell-to-
cell spread, andlcB, encoding protein PIcB which cooperates with pltgtein in the

disruption of the phagocytic vacuole.

Where this virulence cluster originated from isaause of conjecture. The low G+C
genetic composition suggests that the donor wasa irsimilar Gram-positive
phylogenetic division tdisteria. Some genes in this cluster conform to this ideg.,
hly, which encodes a protein that is a member of adfamily of pore-forming
toxins only distributed in low G+C Gram-positivedberia. However, there is some
thought that these genes were acquired by horiktratasfer from eukaryotes, e.g.
ActA, the surface protein responsible for actin dahsnotility, does not have any
homology with prokaryotic proteins, but some dorsaiof this protein mimic
functional motifs that are present in eukaryotiotpins (Vazquez-Boland et al.,
2001a). Whether this cluster was acquired as a l&enpassette in one recombination
event, or as a result of many assembly steps ascalestionable, but the presence of
open reading frames with some sequence similariiesansducing bacteriophage

suggest that the whole cluster belongs to a geaktinent that was once mobile.
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8.5 Roleof internalin islets

The internalins, proteins that have a characteridbmain containing a variable
number of leucine-rich repeats (LRRS), are presana number of different loci on
the L. monocytogenes genome. These loci form a multigene family iha&ixclusive to

Listeria, responsible for mediating protein-protein intéi@ts. These proteins are
involved with the entry ofisteria into particular cell types (Dussurget et al., 2004
The diversanl genes form up to several internalin islets, amngehea high degree of
sequence similarity. This similarity makes the in#&dins naturally disposed to
recombination, shown by the fact that the samernaten islet had a different
complement ofinl genes in two different isolates of the same seraMal.

monocytogenes (Vazquez-Bolancket al., 2001a). It is postulated, therefore, thnat t
multigene internalin family arose from a singleemialin gene, in thd.isteria

ancestor, by gene duplication and sequence exchdrygeomologous recombination

events.

8.6 Role of conjugative transposons

Tetracycline resistance determinants have beerctdetan Listeria species from
human and food-processing origins at a low incidernd these determinants have
been inferred to be encoded on a conjugative elewfethe Tr916-Tn1545 family,
from experimental evidence of transfer of tetramyelresistance tdenterococcus
faecalis. Sequencing data analysis suggests tbgM) acquisition, resulting in
tetracycline resistance, could be the result aidiers between other Gram-positive

organisms (Bertrand et al., 2005).
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8.7 Conclusion

It is thought that an ancestor bisteria species contained a virulence gene cluster
with a similar structure to LAPI-1 (Vazquez-Bolaetdal., 2001a), that was lost in two
independent events ih. innocua and L. welshimeri (Schmid et al., 2005), and
evolved in the otheListeria species. This gene cluster may be an ancient PAI
acquired by a commohisteria ancestor which has become stabilized in the core
genome of pathogenidsteria . This gene cluster contains two open reading feame
which display considerable similarities with baaiphage proteins, suggesting that it
may have been originally mobilized by bacteriophaggnsduction. Internalins,
proteins that are essential for protein-proteirenattions, are also required for
virulence ofListeria species (Vazquez-Boland et al., 2001a). The fattdhListeria
species contain internalin genes suggests that tiexses were present in the common
Listeria ancestor and are as old as LAPI-1. But the diffetgpes of internalin genes

in eachListeria strain implies that horizontal gene transfer hiaygx a part in the
diversification of the internalin multigene familgerhaps catalyzed by bacteriophage
transduction. In the past few years, the genomediffgrent L. monocytogenes and
Listeria strains have been completely sequenced. Companistirese genomes will

lead to further insights into the evolutionlofmonocytogenes pathogenicity.

9. Overall Conclusions

Bacterial genomes are mosaic structures of gemdtiomation that are in a constant
state of flux. Mobile genetic elements serve ascdualyst for the transfer of genes

between different organisms known as horizontalegegansfer. The evolution of
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pathogenic organisms has been influenced by thehawmge of different mobile

genetic elements.

The acquisition of pathogenicity islands, discretements of the genome that are
characterised by differences in G+C content andicatgage, has been a main source
of conversion of a species from a non-pathogenexisg to a pathogenic species.
Pathogenicity islands allow evolution to occur magtum leaps, in decades rather
than centuries, and enable the recipient organisnedide in a particular ecological
niche. Examples includé:. monocytogenes and LAPI-1, the pathogenicity island that
allows for intracellular parasitism (Vazquez-Bolan®001); the LEE of
EnteropathogenicE. coli (including E. coli O157:H7), which is responsible for
attaching and effacing lesions; SPI-1 and SPI-2nfi®almonella, responsible for
invasion, enteropathogenesis and intracellular quethesis, respectively; and the
various SAPI islands frons aureus, which harbour enterotoxins and other toxin

genes (Schmidt and Hensel, 2004)

Prophages have also played a major role in theogemnt of virulence factors
between pathogenic and non-pathogenic organismse&ah of the different food-
borne pathogens examined in this report, bacteaiged have played a part in forming

their genomic architecture, and also in the evotubf these organisms as pathogens.

Other mobile genetic elements have proven to baifgignt in the evolution of

virulence relevant to food-borne infection and xitation including: virulence

plasmids inSalmonella, internalin islets irL.. monocytogenes.
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Organisms that share ecological niches are momdyliko exchange genes than
organisms that do not (Barkay and Smets, 2005) aechael genes were found in the
genome of the bacteriufhermotoga maritima, and bacterial genes were found in the
archaelMethanosarcinia mazei. Horizontal gene transfer has recently been faiond

have increased support in areas of high bactegiaditly, energy and diversity such as,
biofilms, solid-liquid-gaseous interfaces and thdéemal and internal surfaces of

plants and animals.

Incorporation of virulence genes by horizontal gé&a@sfer poses a problem for the
recipient organism as the obtained sequences Wi be effective if expression is

coordinated with that of the rest of the genomerdfore, many of the genes present
on mobile genetic elements are controlled by regufasystems that were inherently

present in the recipient genome already (GroisnmanGchman, 1997).

A novel approach to the study of horizontal geamgfer was carried out by Susanna
et al. (2006), where the transcription activatomBofrom Bacillus subtilis, was
transferred intoLactococcus lactis. In B. subtilis, ComK activates transcription by
binding to K-boxes in the upstream of ComK-dependmmesL. lactis contains a
number of putative K-boxes which were thought ofb&$ng potential targets for
regulation by ComK. The predicted regulation ofs@pecific genes witB. subtilis
ComK in L. lactis was not found, showing that horizontal gene transfoes not

always deliver the expected functionality of a géen one species to another.

Studying evolutionary effects of pathogenic baetegjives us an understanding as to

why some pathogens cause more harm than others tladenvironmental
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circumstances that afford this harm. This alsovadlais to grasp the idea that certain

human activities advance or prevent this harm (Bn2004).

This review has discussed the evolution of cerf@athogens by horizontal gene
transfer, in the context of potential donors. Tlegtrstep is to evaluate the potential
recipients of the discussed factors and to spexolathe evolution of new pathogens

based on past experience.
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1 TABLES

2 Tablel. A proposed model for the evolution Bf coli O157:H7 (taken from Feng et.
3 al, 1998). Based on mutationsurdA, stx production, SOR and GUD phenotypes,

4  and mutilocus enzyme electrophoretic profiles @olkt.0157:H7 and its relatives.

ETl
Strain ATCC 35150

0O157:H7

losz of GUD ET2

OLST:HT \ activity Strain FDA& 413

strf
phage

Ancestral EPEC- 2
like strain loss of SOR.
GUD+ B0R+ O157:H7 Y fermentation
POISTE | GUD+ 50R+, ET3
LEE ¥/ region [ Strain CDC G5101
ol L E wss of motility
>

widd stx2 055:H7 uidd >

l CUD+ S0R+) mutation 0157:H7

i phage
mutation. - § GUD+ SOR+
S+

ETS ET4
Strain URDA 5905 Strain 403/89

ETS
5 Strain DEC 3
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Table 2. Overview of the ten known pathogenicity islandsSaimonella (adapted

from Hensel, 2004)

Designation Size?
(alternative) inkb
SPI-1 39.8
SPI-2 39.7
SPI-3 17.3
SPI-4 23.4
SPI-5 7.6

SPI-6 59

SPI-7) 133
SPI-8 6.8

SPI-9 16.3
SPI-10 32.8

Base composition
% G+C (range)

47
44.6
47.3 (39.8-49.3)
44.8
43.6
51.5

49.7 (44-53)
38.1
56.7

46.6

Insertion
point

fInNA-mutS
tRNAalV
tRNRIC

Virulence
functions

T3SS, iron uptake
T3SS

Mg** uptake

(tRNA like) Unknown

tRNAer T
tRNASpV

tRNpheU
tRN/ApheV
prophage

tRNAeuX

T3SS effectors
Fimbriae

Vi antigen, pilus
assemblysopE

Unknown

Putative
unknown

toxin,

Sef fimbriae
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