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Abstract

Diarrhoeal diseases remain a global health thmectaae responsible for high levels
of morbidity and mortality worldwide, with an estted 1.7 billion cases every
annum. Additionally, acording to the World Health Organisation, diarddoe
diseases are the second leading cause of deathildrea under 5 years old.
Salmonellaare one of the most common diarrhoeal pathoggn@NHO Accessed
20 February 2015) with serovars Enteritidis, Typiiium and Typhi playing a
major role in outbreaks worldwide. Howeve&almonella entericaserovar
Weltevreden $ Weltevreden) has recently attracted a great diealterest due to
increasing reports of its isolation by referendeolatories around the world, with a
particular high incidence in South East Asia. Hogrewelatively little is known
about the genotypic or phenotypic properties of thiderstudied serovar.

In this study, phylogenetics and comparative gensnfiased on whole genome
sequences were used to define the genetic divevdiyn a sizeable collection &
Weltevreden isolates collected from across the gylatith a focus in South East
Asia. This phylogenetic analysis confirmed that$h@/eltevreden isolates belong to
a monophyletic clade formed of several sub-cladesgmting distinct geographical
clustering and characteristics. Phenotypic chariaetton was performed on selected
isolates, with an aim to dissect aspects of hostegaeen interaction during infection,
providing a foundation to compa® Weltevreden with other serovars suchSas
Typhimurium. Interestingly, an overall attenuateathplogy was observed boih-
vitro (hep 2 cell line) anth-vivo (murine and zebrafish embryos) farWeltevreden
compared to th& Typhimurium reference strain.

This is the first report of the phylogenetic analysofS. Weltevreden and of a

systematign-vitro andin-vivo characterisation of the sub-species.
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1 Introduction

Infectious diseases are still one of the most commauses of morbidity and
mortality in both humans and domestic animals.egions of the world with poor
economic development, many of the classical inbestisuch as cholera and typhoid
still persist and new diseases such as ebola aergerg [2-4]. In the more
economically developed parts of the world, infecsicassociated with zoonosis or
health-care systems are an ever-present threat gareh the increasing age
demographic these threats are unlikely to recede 6|5 Further, the global
emergence of multiple drug resistant microbes iallehging our ability to treat
infections in a reliable manner and new antimicatsbiare urgently required [7].
Thus, the ability to identify and understand pattgand determine how they are
spread will be central to our future success inlzattmg our old adversaries.

The challenges presented by infections are coratitker It is clear that microbes
have the ability to evolve rapidly to fill new eogical niches and to resist our
attempts to kill them. Fortunately, these challengeincide with an era where we
are learning more about the epidemiology of disems# the molecular basis of
infection. Modern molecular and immunological teicjues, linked to the genomic
sciences, are providing a rich source of tools gtrdying pathogen genetics,
immunity and evolution [8-10]. Over the past desadereductionist approach has
yielded vital information on how microbial genesntiioute to virulence and how
their translated products contribute to pathogend4il, 12]. More recently,

mammalian genetics is revealing the contribution hafst genes to infection

susceptibility [13-15]. The introduction of new gegation sequencing technologies
has revolutionised our ability to sequence the ges of microbial populations,

facilitating the analysis of whole genomes as a@uof information on phylogeny,

pathogen evolution and disease transmission [16A®8more human genomic data
becomes available, similar progress can be antempan terms of identifying

infection-susceptible individuals. It is hoped thatny of these basic scientific
advancements will begin to have impact in the fafmmproved treatments in the

near future.
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1.1 Diarrhoeal diseases

Infections of the intestine associated with diaedare still an important component
of the global infectious disease burden with anmeged 1.7 billion cases of
diarrhoeal disease every year [19n the developing world these impact
disproportionately on new-borns and infants, patéidy those that are poorly
nourished or lack access to an effective publidtheafrastructure. Acording to the
World Health Organisation (WHO), diarrhoeal diseagee the second leading cause
of death in children under 5 years old and are wtble for ~760,000 deaths

annually out of 2.2 million deaths overall [20].

A recent global study, known as the Global EnteNudti-Center Study (GEMS),
reported extensively on links between the incideoiceevere diarrhoea and death
[21]. GEMS was funded by the Bill and Melinda Gatesundation (Gates) and
managed from the University of Maryland, coveringesin sub-Saharan Africa
(Kenya, Mali, Mozambique, and The Gambia), and Bdgia (Bangladesh, India,
and Pakistan)GEMS ran over a 3-year period involving childrere@dgromO — 59
months residing in high endemic areas. The GEMB8ystound that the risk of child
mortality was 8.5 fold higher in infants with modes to severe diarrhoea than in
children without diarrhoea. GEMS also highlightedhatt rotaviruses,
Cryptosporidium Enterotoxigeni&scherichia colproducing heat- stable toxin (ST-
ETEC; with or without co-expression of heat-laleleterotoxin (LT)), andhigella
were important cases of severe to moderate diaarimoenany of these sites. Other
pathogens were frequently isolated from diarrhoases either at specific sites,
within regions or were consistently present, but laiver incidence levels
(AeromonagVibrio choleraeO1, Campylobacter, SalmonejlaFigure 1.1 shows the
incidence of pathogen-specific diarrhoea per 10@en per year, in different age
stratum from the GEMS data.
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Figure 1.1: Incidence of pathogen-specific moderattm-severe diarrhoea per 100 child-years
Incidence of pathogen-specific moderate-to-sevémerttbea per 100 child-years by age stratum in
endemic areas (all sites combined). The bars shevntidence rates and the error bars show the 95%
Cls [21]. Data taken from the GEMS study.

GEMS and other related studies suggest that imiéores specifically targeting the
pathogens causing diarrhoea, potentially by id@ngf transmission pathways or
reservoirs, could be a route towards significanéigucing the burden of diarrhoeal
diseases. Understanding the microbial complexityhef diarrhoeal diseases could
also facilitate the implementation of new preventamd treatment strategies that are

urgently needed if we are to reduce infectionsiarmatove disease outcomes [21].

Salmonellawere consistently isolated at the different GEMt®ss although they
were clearly not the dominant cause of severe lthaa at any particular site.
However, in addition to any role in causing diagadn childrenSalmonellacan

play a key role in bloodstream infection in Afriaad Asia, adding to their overall
disease burden. Bloodstream infection in Africa aismajor healthcare threat

associated with high mortality. A review on commwracquired bloodstream
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infections in Africa, analysing 22 case-studiesirdection, revealed that overall
13.5% of adults and 8.2% of children had experidnre@me form of bloodstream
infection [22]. Where recorded, patients with sgsteinfections had an overall case
fatality of 181%. Although malaria accounted for a significanbpgortion of
systemic infectionsSalmonellawas responsible of ~30% of non-malaria invasive
diseases (~60% of these being nontyphoiflalmonella(NTS)). Streptococcus
pneumoniaewas also a significant cause of invasive bactelis¢ase in the same
regions and was the most commonly isolated battgpecies in children. HIV co-
infection was associated with an increased riskheésive bacteraemia in general;
particularly with Salmonella entericaand Mycobacterium tuberculosi$22]. A
number of different serovars &almonellawere associated with invasive disease

(see below).

The burden of infectious diarrhoea in developedntaes is generally distinct from
that in the developing world. In economically dengdd regions, many diarrhoeal
diseases are acquired through contamination ofabe chain, involving zoonotic
sources such as meat, dairy products or indiremtlytaminated produce such as
lettuces exposed to sewage [23, 24]. At a globadl)&almonellahas been reported
as one of the most common foodborne pathogens by WO along with
Campylobacter, E. coli, Shigelland Trichinella [1]. Diseases associated with
Salmonellaare frequently caused by clades/strains that @eading internationally
(see below).E. coli infections, particularly those involving Enteropagenic or
EnterohemorrhagicE. coli (EPEC/EHEC) are also relatively common, as are
Shigellainfections in children associated wihigella sonn€i25, 26]. The spread of
Shigellais likely to involve human to human transmissi@ther than a zoonotic
source asshigellais largely a human restricted pathogen. Other compauses of
diarrhoeal disease in developed regions are virsisels as norovirus and rotaviruses
that also usually spread directly between humaagdps the most common cause
of bacterial diarrhoea in many developed countaes specificCampylobacter
species, especiallZ. jejuni [27]. These are frequently found associated with the
handling and improper cooking of poultry. In addiitj travellers to endemic regions
of the world can bring back cases of disease (knasvinaveller’s diarrhoea).

Another emerging form of diarrhoeal diseases issivealled antibiotic-associated
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diarrhoeas that can follow treatment with antilwstiSuch infections are particularly
common in the elderly and the immunocompromisedh&alth-care associated
settings such as hospitals [28]. A common causmnbibiotic-associated diarrhoea is
due toClostridium difficile which has emerged to prominence over the past few
decades [29]C. difficile is a broad species from which highly infectioub-siades
emerge periodically to cause epidemics [30-32]. Wanh these clades are now
endemic within the hospital systems of countri@s.difficile can overgrow in the
intestine following antibiotic treatment, releasipgtent enterotoxins that cause
significant local and systemic pathology [33]. Mduals treated with antibiotics
frequently relapse witke. difficile infection and thus the clinical management of the

disease is challenging.

1.2 Salmonella enterica

Salmonellaare a common cause of infections in many partshefworld in both

humans and animal speci&almonellainfection is associated with different disease
syndromes ranging from acute gastroenteritis/diggahto generally more chronic
systemic diseases such as typh&adlmonellaare rod shaped non-spore forming and
Gram-negative bacteria. They are predominantly lnatue to the expression of
flagellae and individual cells can vary somewhatsine. They are also chemo-

organotrophs and facultative anaerobes.

The genusSalmonellawas named after Daniel Elmer Salmon, an American
veterinary pathologist who discovered the pathogbkite searching for the cause of
common hog choleraSalmonellaare Gammaproteobacterieand belong in the
family Enterobacteriaceadt is generally acknowledged that there are tpecges of
Salmonella Salmonella bongorandS. entericaS. bongoriis commonly found in
cold-blooded animals, including reptiles and snaked likely evolved within such
animals.S. bongorican occasionally cause diarrhoeal disease in hsinathough
this is relatively rare [34, 358. entericds an old, broad and complex species that is
likely millions of years old [36]. It harbours amier of distinct sub-species but the
most common causes of disease in humans and \steranimals fall intoS.
entericasub-species | (Figure 1). The six main sub-speaiesnterica(l), salamae

(I), arizonae(llla), diarizonae(lllb), houtenaglV) andindica (VI).
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Figure 1.2: Phylogeny of selected members of the terobacteriaceae based on sequence
comparison of core genes within the respective gemes

Connecting lines coloured according to speciesfsiises: six subspecies $f entericdn red,S. bongori
in blue, E. coli in green,S. flexneriin purple, andKlebsiella pneumoniaé pink. Branch lengths are

indicative of the estimated substitution rate pamiable site. Taken from. [37]
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Salmonellanomenclature is complex and has changed over fimitelly, isolates
were designated or named according to clinical idenations or after the host
species they were frequently isolated from, fornegie, S. Typhimurium (mouse
typhoid fever),SalmonellaCholerasuighog cholera) etc. Later on, it was recognised
that host specificity was not a property of allrBahella; therefore new strains or
serovar (short for serological variants) were namecbrding to the location where

they were isolated from; for instanSalmonellaNewport,Salmonellaviontevideo.

The above nomenclature was developed without aegifép consideration of the
phylogeny of the isolates. Many thought that indnal Salmonella serovars were
actually separate species but DNA comparison ssuglieved that this was not the
case. Since. entericacan refer to either a species or subspecies ketim the
nomenclature was required. Committees of the WH® ather esteemed bodies,
alongside the recognition th& entericawas a single species, developed a new
nomenclature system f@. entericabased on DNA comparison studies linked to
serological analysis. The complete description ofSa@monellanow uses the
following typical designationS. entericasubspeciegntericaserotype Typhimurium
(or Dublin, Gallinarum etc. depending on the serpwnd this can be shorten to

Salmonella typhimuriuror now more commonli$almonellalyphimurium [38].

The bacteria of the genu&almonellaare commonly classified using a serological
scheme developed by Kauffmann and White (knownraaegly as the Kauffmann-
White Scheme) [39]. Indeed, this is the approaatdusy most current reference
microbiology laboratories. The scheme works by imgistyping sera in rabbits
against key antigens present on the surfaces oS#thmonella These typing sera
work as references. The typing antigens are divansefacilitate discrimination and
groupings simultaneously. O antigen, a componebgoferial lipopolysaccharide, is
one of the key typing antigens. There is signiftcdiversification in the somatic O
typing antigen (repeat units of saccharide, whioke ghe smooth appearance to
colonies growing on agar). Another key typing amtigs the flagellin protein or H
antigen (a heat labile antigen located in bactiagellae). H typing can be based on
Salmonellaphase 1 and phase 2 flagella antigens [39]. Al ttleiss of antigen is the
surface component known as "Vi" (a capsular polglsadde that contributes to the

virulence of the bacterium in the host). Vi is relar, acidic homopolymer of1,4-
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linked N-acetylgalactosaminuronate (D-GalNAcA), variablyaCetylated at C-3 [40,
41] and is commonly found on isolates@ifTyphi, S. Paratyphi C and occasionally

on isolates of.Dublin.

The Kauffmann-White scheme is significantly disdriating and has proved to be a
robust, if not completely accurate approach tortg@almonellaThere are currently
over 2400 reporte@almonellaserovars and others are likely to emerge in thedu
The frequency of isolation @almonellaof a particular serovar varies over time and
location with evidence of frequent epidemics andbmaks.S. Typhimurium, S.
Enteritidis andS Dublin are commonly isolated serovars associagd human
gastroenteritis.

S. entericacan cause a range of different disease syndro@mr$ain serovars are
regarded as more likely to cause gastroenterits particular host (for exampl§,
Enteritidis in humans), whereas others are moehlito cause systemic typhoid (for
exampleS. Typhi in humans). This is a useful, but not anclte classification, and
disease outcome can be influenced by a range tdréasuch as the host/isolate
pairing, immune status and infectious dose. Neet#s, Salmonellaare often
classified based on the most common clinical outcand in this context are
described as either typhoidal (typhoid fever andhyphoid fever) or non-typhoidal

Salmonella
1.2.1 Typhoidal Salmonella

Originally isolated in 1880 by Karl J. Eberthe causative organism of typhoid fever
S.Typhi is a pathogen that can colonise the lymphagues of the small intestine,
liver, spleen, and bloodstream of infected humdnsloes not cause disease in
animals, other than higher primates under expetiahezonditions [42]. MostS.
Typhi isolates from typhoid fever cases expresgtilgsaccharide capsule Vi, which
is associated with increased infectiousness andevice [43]. Humans are the only
natural host and reservoir f8: Typhi although the pathogen can survive for days in
water and for months in contaminated food. Reparsddfactors include a history of
contact with other patients before illness, actesdirty water and past evidence of

infection with Helicobacter pylori[44]. Work on typhoid fever patients in Vietham
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has suggested an important role of HLA-linked ganegoverning susceptibility or
resistance to this infection. HLADRB1* 0301/6/8, RHDQB1*0201-3, and the
tumour necrosis factor A loci (TNFA*2-308) were assited with susceptibility to
typhoid fever, while HLA-DRQB1*04, HLA-DQB1*0401/2and TNFA*1(-308)

were associated with lower risk [45, 46]. HLA-DRBP* is associated with
protection against complicated typhoid fever [47].

The clinical presentation of typhoid fever is vate ranging from fever with little
morbidity to marked toxaemia and associated comfdins involving many
systems. The commonest complications are gastsbiné bleeding, intestinal
perforation and typhoid encephalopathy [48, 49]efdlemic regions, diagnosis can
be missed because of non-specific features likerhdiaa and vomiting, or
predominant respiratory symptoms. In children yarigpan 5 years, typhoid fever
can be milder and can mimic a viral syndrome. Tdte of severe complications is
lower than at later ages. Factors affecting seweould include duration of illness
before therapy, choice of antimicrobial therapyaist virulence, inoculum size,
previous exposure or vaccination, and other hostiofa such as HLA type (see

above), immune suppression or antacid consumption.

Clinical features of paratyphoid fever are gengredported to be similar to those of
typhoid fever but are usually thought to be mildéh a shorter incubation perio8.
Paratyphi Aor Paratyphi B can manifest with jaundice, thronioand systemic
infections. S. Paratyphi Bmight occasionally have an onset similar to norcsjge
gastroenteritis [50]. Gastrointestinal symptoms aswally not present witls.
Paratyphi Cbut there have been cases with systemic complitatisuch as

septicemia and arthritis [51].

Unlike many Salmonellainfections, typhoid can be associated with a cigton
potentially asymptomatic carrier state involvingstgynic tissues such as the
gallbladder. Chronic typhoid carriers are likely pantant for survival of the

pathogen, and may be responsible of the contaramati water and food. Carriers
can be notoriously difficult to identify becauseeyhare usually quite healthy,
although elevated levels of anti-Vi antibodies banpresent in the serum of carriers
[52].
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1.2.2 Nontyphoidal Salmonella (NTS)

The NTS are more frequently associated with loedliacute gastroenteritis and
diarrhoeal disease rather than typhoddute gastroenteritis is the most common
presentation of NTS infection. Typical symptoms lude diarrhoea, nausea,
headache, and sometimes vomiting. Fever and abdberamps are almost always
present. Bloody diarrhoea and invasive disease ouayr, particularly with certain
serotypes. NTS can cause invasive disease, parlicuih compromised hosts.
Invasive infection may present as urinary tracteatibn, septicaemia, abscess,
arthritis, cholecystitis and rarely as endocarditpgericarditis, meningitis, or
pneumonia. Asymptomatic carriage can occur in asynas 5% of healthy hosts
[53].

NTS bacteria are widely distributed in the animal kiogg including humans,
livestock, pets, wild mammals, poultry (and oth&d$), reptiles and amphibians as
well as in seafoodMost NTS serovars are regarded as being more ponious in
terms of their abilities to infect different hostgmmpared to the typhoidal serovars
that are often host-adapted or even host-restrictksl NTS are generally
promiscuous they often have zoonotic potentialyigurg in veterinary herds or
companion animals, from which they can spread tadns via food consumption or
environmental contamination. Although NTS may cadisease in one animal they
may just colonise other species or older memberth@fsame species. Thus, the
status quo of the host/pathogen relationship cam. vadeed, NTS that frequently
cause gastroenteritis in humans, sucB. aphimurium ands. Enteritidis, can cause
invasive disease in the compromised [54-2Gjproximately 2 to 8 percent of NTS
infections are associated with bacteraemia, and rere always preceded by
gastroenteritis.  Risk  factors for NTS bacteraemianclude being
immunocompromised (including HIV, malignancy, chéhssapy, steroid therapy)
and extremes of age (less than 3 month and gréear50 years old). However,
such risk factors are not apparent in up to onel tbf cases of NTS bacteraemia.
Extra-intestinal focal infections such as arthyitieeningitis or pneumonia occur in 5-
10% of those with bacteraemiéadditionally, NTS can be more associated with
invasive disease in particular settings, for examplsub-Saharan Africa where the
epidemiology may be different and the genotypehefisolates may be specialised
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[16]. Further, there may be significant differena@s pathogenic potential even
within a serovar. For example, DT2 isolatesSfTyphimurium are largely host
restricted to pigeons and do not efficiently infebtimans [57]. Common

transmission routes for NTS include ingestion aftaminated water or food, direct
exposure to infected animal or their waste as wasllfaecal-oral transmission.
Infection can also occur in medical care settingsen® immunocompromised

patients are at increased risk.

1.3 Molecular approaches to identify and

discriminate betweenS. enterica

The ability to identify and discriminate betweencrobes associated with disease is
important for epidemiological surveillance and héaiing public health policy
decision-making. Many different methods have bemretbped to identify pathogens
with relatively varying degrees of success. Micabbculture is the classical
approach, although not all microbes can be readiitured. Once, cultured,
microbes can be subjected to different phenotypetraolecular tests. If the microbe
cannot be cultured, then sensitive molecular or umohogical assays may be more
appropriate. The most common traditional phenotygssays applied to cultured
microbes include the use of serological and metakekts, although such assays
may be challenging in terms of their specificitydadiscriminatory power. Multi-
Locus Enzyme Electrophoresis (MLEE) is a metabadisay that measures different
enzyme activities and this approach proved usefuhe early days of definin§.
entericaphylogeny [58]. The Kauffmann-White scheme hasvedoto be a robust
methodology for serotypin®. entericaisolates, with over 2000 different serovars
being defined to date. These serovars can be tdlbda generalised typhoidal and

non-typhoidal classes and into host adapted orressicted types (Figure 1.3).
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Figure 1.3: General overview of the current clagcation of S. enterica. Taken from [59]
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Serotyping inS. entericarelies on specific reference sera that are geseray
immunising rabbits or other animals. These refezesera are difficult to quality
control and are usually generated in referencerédboes or by companies. Thus,
serotyping can be challenging and expensive andtilsed predominantly in
reference laboratories. Nevertheless, the Kauffm&hite scheme has proved to be
of tremendous value in terms of definir§ entericaserovars over decades,
facilitating diagnosis and outbreak analysis. Hoaveserotyping does not readily
discriminate below the serovar level and providéel or no phylogenetic

information.

Serotyping relies on detecting antigenic variationa limited number of surface
associated bacterial antigens. Another target lier identification and typing of
microbes is the genome. Analysis targeting DNA icalirectly measure differences
in genome organisation (chromosome, plasmids etc.xan be directly DNA
sequence based. Techniques that analyse genomaisatgan include plasmid
profiling [60] and Pulsed Field Gel Electrophorefd-GE) [61]. Plasmid profiling
has limited utility as plasmids represent only aroomponent of the genome and
can transfer between isolates, compromising ideatibn. PFGE works by targeting
rare restriction sites on the chromosome and aimglytarge DNA fragments
generated by restriction using pulse field eledtmypsis. This approach has found
broad utility in the area of. entericamolecular epidemiology and has proved
extremely useful for analysing global spread arahll@utbreaks [62, 63]. Specific
software has been developed to image and comparpatierns of DNA fragments
generated by PFGE and networks such as PulseNetdppeared to facilitate data
exchange. Nevertheless, PFGE provides only limgedomic and phylogenetic
information and lacks discriminatory power and noefh based on whole genome
analysis are likely to supersede them. Other sulmige& methodologies have also
been developed based on Polymerase Chain Rea®OR)(methods, including
Restriction Fragment Length Polymorphism (RFLP)][6hese have proved useful

for discrimination, but are also likely to be sugeted by whole genome sequencing.

DNA sequence based methodologies have the advaotagaplifying comparative
analysis. Such typing methods exploit the unamhiguoature and electronic

portability of nucleotide sequence data to classificroorganisms. Multi-Locus
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Sequence Typing (MLST) was one of the first methogies developed that was
based on sequence reads and the approach has lhoosd utility for different
pathogens, including. enterica[59, 65]. Classical MLST is based on sequences
derived from 7 housekeeping gene fragments (a)léthes represent the core genome
of a microbe. The 7 sequences generated by diffegelates can be compared at the
nucleotide level and differences quantified. Isedathat possess identical alleles for
all gene fragments are assigned to a common Segugype (ST), and STs that
share all but 1 or 2 alleles can be grouped inteb&Jed clonal complexes on the
basis of software such as eBurst [66, 67]. Thiesehhas also been used to survey
the genetic properties of vario& entericaserovars, including antibiotic resistant
clades. The results suggested that most of the timeMLST type correlates with
serovar, with some exceptions [59]. eBurst analys@vides some phylogenetic
information and allows sub-serovar discriminatioithim many serovars. A recent
study using MLST of the population structure of spércies inS. entericashowed
that many Salmonella STs cluster together in discrete groups called £BG
(eBurstGroups) [59]. Here, an eBG was defined yugs of 2 or more STs that
were connected by pair-wise identity at 6 of thgefe fragments, thus sharing 6 of
the 7 alleles that defined the ST. However, somevses, such as& Typhi, are
significantly monophyletic and here the utility &ILST is somewhat limited.
Nevertheless, it has been proposed that MLST aisalyssimilar approaches, could
replace serotyping. Variants of MLST have also béeveloped that target specific
genetic loci (for example, O antigen loci) or gelfes examplefliC for flagellin)
[68].

In general, bacterial taxonomy can exploit a topsdoapproach based on
phylogenetics in order to elucidate a genealogice¢ or a bottom up analysis
exploiting population genetics in order to identggpulations and networks. Trees
are appropriate for clonal organisms. Populationetje analysis is arguably more
appropriate for organisms with frequent homologwmasombination such a$.
pneumoniad69]. S. entericadoes exhibit recombination but not at the levethef
more recombinogenic species. In reality, bacteéaabnomy benefits generally from
a combined approach. Indeed, new approaches alevelopment, which explicitly
include lateral gene transfer events in the gemgal@€onsidering that frequent

recombination has the potential to alter classp@jlogenetic data, definition of
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eBurst groups based on allelic identity rather thaguence identity provide discrete
clusters of related organisms even in presencegaifisant levels of homologous

recombination [59].
1.4 Evolution of the genusSalmonella

The genussalmonellas thought to have evolved from a common ancesiibin the
Enterobacteriacea@ver many millions years, with estimates of asteE00 million
years of such evolution [70]. The two recogniSadmonellaspeciesS. bongoriand

S. entericaare thought to have diverged 40 - 65 million yeage although such
lengths of time are very difficult to estimate. Téneolutionary signatures that mark
differentiation and those that track different lampoints have been investigated by
analysing factors including sequence variation, egefflux across the
species/subspecies, the distribution of the diffevgrulence-associated systems and

metabolic traits.
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Figure 1.4: Maximum likelihood phylogenetic tree ofSalmonella based on concatenated MLST loci.
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A combination of MLST and whole genome analysi® (Section 1.3) can be used to
provide an overview of the general organisatiornthef Salmonella For example,
Figure 1.4 displays a candidate phylogeny basedomtatenated MLST analysis.
Such analysis places. bongorion a separate evolutionary branch fr8menterica
suggesting a common ancestor but no direct succefsl]. S. bongoriis likely the
older species that evolved largely, and remaind@renantly, within cold blooded
animals, including reptiles. The variouS. enterica sub-species can be seen
distributed along the phylogeny leading to sub-m®ed, which has undergone
significant relatively recent expansion, likely kit predominantly warm blooded

animals, including humans.

Gene flux and exchange can provide insight intoetiwution of theSalmonella For
example, the analysis of the presence or absenamagdr virulence-associated
systems is a useful approach to trace the evoluwfo8. bongoriand S enterica
There are currently 22-reported Salmonella Pathoggrsland (SPIs) and among
those, only SPI-1, SPI-4 and SPI-9 are presenthenréference genonte bongori
12419. These shared islands have a similar gengazition in each species,
although there is significant sequence drift. Hogrethe othelS. entericaSPIs are
either incomplete or absent. This indicates thatelare significant differences in the
pathogenic potential of the two species in difféeredmosts. An important
distinguishing feature 06. bongoriis the absence of SPI- 2. The site occupied by
SPI-2 at tRNAvalV in S. entericais occupied by a 20 kb genomic islandSn
bongori encoding a novel type VI secretion system called-Z2P although the

tetrathionate respirationt) gene cluster present in SPI-2 is retaine@blgongori

Although S. bongorilacks the 4 distinct T6SSs described$atmonellaencoded on
SPI-6, SPI-19, SPI-20 and SPI-21 [71], the T6SSegerarried on SPI-22 share
extensive similarity with the T6SS of othEnterobacteriaceae These include the
recently identified CTS2 T6SS locus Gitrobacter rodentiumCC168 [72] and the
HSI-III locus of Pseudomonas aerugisa PAQ1 [73]. Thus, in this rega®d bongori
broadly resembles the widEnterobacteriaceaer ancestral state. In addition to the
lack of SPI-2,S. bongorilacks part of SPI-6 (encoding a type VI secresgatem),
SPI-13 (necessary for survival in chicken macroplag SPI-14 (involved in

electron transport system) and SPI-16 (a bactesigphremnant, carrying genes
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associated with LPS modification). These and otfeential virulence-associated
factors absent fror8. bongorimay go some way to explaining the limited abitiy
cause disease in warm-blooded animals demonstbgtede introduction of SPI-2

into S. bongori [74]
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33



Metabolic functions have also been shown to exhggnificant evolutionary
divergence betweeB. bongoriandS. entericaFor exampleS. bongoripossess only
fragments of the first and last gene of tud-pdu gene cluster and therefore lacks
the faculty to anaerobically synthesise vitamin Bitl to catabolise propanediol
[74]. Thecob-pdu gene cluster is also absent/lost from nifsterobacteriaceaand
may have been independently acquired Syenterica[75, 76] potentially as an
adaptation to the tissues and cells (macrophadgespion blooded animals [76], a
niche whereS. bongoriis arguably poorly adapted [74]. Interestinglymsohost
restricted S. enterica including S Typhi, harbours inactivating mutations
(pseudogenes) in theob-pdu system and this may, in some way, facilitate host

adaptation.

Another example of metabolic differences includes ability to ferment L-tartrate
and citrate, which are postulated by others to ediffitiate high and low
pathogenicitySalmonellastrains [77]. Additionally, irK. pneumoniagthe ability to
ferment citrate partially divides clinical isolatego two groups and may represent
an adaptation to different nutrient conditions fdwvithin the host [78]. Interestingly
S. bongoriis able to utilise lactose and like coli is lactose-positive. I&. coli, the
lactose system may facilitate the metabolism okrmsiigar and adaptation to the
mammalian gut but it is not clear what the advamtafyany, is forS. bongori In
contrastS. entericaare lactose-negative and it has been proposeththaxpression

can interfere with the function of SPI-2 and att&es virulence in macrophage [79].
1.5 Major virulence-associated genes

Salmonellaare well adapted to their lifestyle of colonisirtgeir hosts through the
intestinal and transmitting between hosts via ti@renment. They also are highly
invasive in terms of their ability to enter bothettocal tissues associated with the
intestine and the cells that make up these tisdues.ability to invade both tissues
and cells is central to the pathogenesiSalmonellainfections and is fundamental
for their ability to survive within their hosts argpread between them, Clearly
Salmonelladiffer significantly in aspects of their pathogaty, including their
ability to invade their host tissues. Some of thas already been discussed in

relation to typhoid and nontyphoidal isolates.
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S. entericaharbour multiple genes that contribute to virukand survival. Screens
involving high throughput mutagenesis and gene itggdechnologies such as
Sequence Tagged Mutagenesis (STM) and Transposoect@d Insertion site
Sequencing (TraDIS) have identified scores of eingk-associated genes in
differentSalmonellasolates [80]Salmonellabacteria are believed to target a variety
of phagocytic and non-phagocytic cells in vivo.lBaing ingestion Salmonellacan
be either passively (opsonisation, phagocytosis)actively (promoted by the
bacteria) internalised within the host cells thhowtjfferent processes. One of the
most common internalisation mechanisms is phagocypitake, particularly by
monocytes or macrophages. The phagocytosisSalimonella and indeed other
bacteria, is a complex series of steps involvindtiple receptors and potentially
antibodies and complement factors. Once phagoaytogmttern-recognition
receptors on or within the phagocytic cell can geise pathogen-associated
molecular patterns such as LPS or flagellin, whaid to their respective ligand,

either on the cell surface or inside tBalmonellaassociated phagosome [81].

Alternatively, Salmonella can also actively target both phagocytic and non-
phagocytic cells using a type Ill secretion systéf8SS), designated T3SS1 or
Salmonella Pathogenicity Island 1 (SPI-1). T3SSthated invasion bysalmonella

is a very specific process depending on a higlguleged expression of a number of
factors that mediate invasion [82, 83]. The T3S&dasatus can be visualised as a so
called needle like complex that facilitates contaith this host cell and secretion of
effector proteins that prepare the targeted hdkfareinvasion. The genes encoding
the expression of the T3SS1 apparatus are largelgded within the SPI-1 locus
[84]. A number of effector proteins (for examplep&s, SipC, SopB/SigD, SopD,
SopE2 and SptP) are actively secreted through #&ST needle into the host cell.
There they act in a coordinated manner to induaedtic rearrangement of the actin
cytoskeleton resulting in membrane ruffling andidapternalisation of the bacteria
in a highly engineered process [85-87]. The exachglement of T3SS1 effectors
can vary between different Salmonella serovars. él@n the T3SS1 system is
present irS. bongoriandS. entericaand is a fundamental virulence-associated factor
of theSalmonella
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Of the effector proteins translocated by T3SS1 thehost cell, SopE/SopE2, SopB
and SipA, are known to play a role in inducing #u#in rearrangements required for
invasion and ruffling [86, 87]. Most of the othdfeetor proteins are implicated in
multiple post-invasion processes such as modifyiagt cell survival, forming the
Salmonella Containing Vacuole (SCV) and modulatioh the inflammatory
response. For instance, some evidence suggesthitanositol phosphatase SopB
plays a role in Akt activation, fluid secretion aB@V formation during the invasion
process [88-90]. SopB is localised within the SGM &s activity may be influenced
by ubiquitination. Another T3SS1 effector AvrA, anubiquitin-like
acetyltransferases/cysteine protease, removesitibiffom IkBa and beta-catenin, 2
inhibitors of the NF-kB pathway, thereby inhibititige inflammatory response [91],
activating beta-catenin signalling [92, 93] andverging apoptosis in intestinal
epithelial cells [91]. SopA, another invasion madal, harbours a HECT-like E3
ubiquitin-ligase activity [94]. The tyrosine phogpase SptP another T3SS1 effector
involved in SCV formation is required for switchidf ruffle formation following

invasion. SipA has been shown to influence SCVphology.

Fimbriae, non-fimbrial adhesins and flagella on sheface ofSalmonellamay also
mediate bacterial attachment and consequently ibotgr to internalisation via
processes independent of phagocytosis or T3SSlateddnvasion [95]. Again, the
repertoire of fimbria and other adhesins show $icgmt variation withinS. enterica
as do the type of flagella so the mechanisms aththent may vary significantl{
Typhimurium and other serovars harbour multiplebiiral loci, many of which are
only inducedin vivo. Fimbriae can have a role in biofilm formationtaahment to

host cells and colonisation of the intestine [96].

Motility has been associated with the invasivenetsSalmonella[97]. Indeed,
different flagella types may significantly influemdhe attachment, invasion and
activation of cells targeted bgpalmonella, for example, inS. Typhi. Within
macrophages, flagellin can be translocated intcybesol by the T3SS1, resulting in
activation of the inflammasome and caspase-1-nedlie¢ll death (pyroptosis) [98,
99]. In the intestinal epithelium flagellin inducésflammation while inhibiting
apoptosis via TLR5 in basolateral epithelial cefsagella are generally down-
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regulated inside the host except in macrophagesnpally limiting recognition by
TLRS.

Once internalised into the host, bacteria that es&ftlly reach the sub-mucosa need
to survive and replicate within different host eelh order to establish a sustainable
infection. Dendritic cells may play a role in thetial penetration of bacteria across
the mucosal surface involving a mechanism by whiehdrites reach through the
epithelial barrier and enguBalmonellg[100]. Activated dendritic cells may thus be
a portal of entry into host tissues for the invgdgalmonellaHowever, once within
the tissuesSalmonellaare believed to rapidly enter macrophages by kanggknown
mechanisms. Indeed, multiple data has highlightedrdral role for macrophages in

the survival and persistence®ilmonellan-vivo [101].

Non-fimbrial proteins have been associated withaekdSalmonellaadhesion and
subsequent invasion into cells. These include BapA SiiE; 2 surface-associated
proteins secreted via the type | secretion sys@8apBCD and SiiCDF respectively.
SIiE is encoded on SPI-4, which is co-regulatechvBPI-1 [102]. Other proteins
including RatB, SivH and ShdA encoded on the CSathggenicity island have
been shown to contribute to the persistence anddshg of Salmonellain the
intestine by targeted connective tissue proteich s fibronectin [103].

T3SS2 or Salmonella Pathogenicity Island 2 (SPle@ptributes to systemic
virulence and survival/persistence within macro@sagilthough the different roles
of individual T3SS2 effectors are not fully chaexded, some of them have been
associated with SCV formation and positioning witline cell. For instance, SseF
and SseG are required for maintenance of the SQV fagilitating intracellular
replication [104-106]. SifA plays a role in SIF (®anella Induced Filaments,
visible by microscopy) formation, a process linkedmaintaining SCV membrane
integrity [107]. Others T3SS2 effectors, such asBRi and SseJ, cooperate with
SifA, further influencing SCV membrane integrityipB2 interacts with kinesin light
chain, a subunit of the kinesin-1 motor complexdgruiting it to the surface of the
SCV [108] while SseJ, promotes host membrane ttibul§l109]. In epithelial cells
infected with mutants lacking SseJ cholesterol axdation is increased compared
with cells infected with wild-type bacteria, andsths associated with a decrease in
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intracellular replication. Here, it is worth notirthat SseJ is a pseudogeneSn
Typhi. SseL, can also modulate NF-kB activatiorwdstream of IkBa kinases
although its specific role remain unclear. Agaifffadlent S. entericacan harbour

different combinations of SPI-2 associated effexctor
1.5.1 Virulence-associated plasmid

Isolates from a number of different serovars Sf entericaharbour a plasmid
associated with systemic virulence in the mouseyknas the Salmonella Virulence
Plasmid. This plasmid is absent & Typhi andS Paratyphi A. ThespyRABCD
genes are located on these plasmids and are keyniglnediated virulence-
associated factors in some serovars. The virulglasmid is present in many
isolates ofS. Typhimurium and other gastroenteritis-associaevars such &S
Enteritidis [110, 111]. SpvB and C may be transiedanto the host cells via T3SS2
or plasmid encoded genes. SpvB ADP-ribosylatda defstabilises the cytoskeleton

and is associated with host cell cytotoxicity [112]
1.5.2 Examples of other virulence-associated genes

Many other genes have been associated ahmonellavirulence in different
models and hosts and some of these will be coresideere. For a more detailed
analysis of Salmonella virulence-associated determinants please condituese
reviews and screens [113-115]. Many host phagocgiis produce reactive oxygen
species through the phagosomal NADPH oxidase (NOXijplex as a defence
mechanism for killing intracellular pathogens. Touoteract this activitysalmonella
can express superoxide dismutases such as Sodfotection against extracellular
reactive oxygen species. SodCl is tethered withen geriplasm of the phagosome
and is significantly protease resistant [116]. Teheel of iron in host tissues and cells
is tightly regulated to control direct access fathpgens. In the host, free iron binds
to iron-binding proteins such as transferrin whieie largely unavailable to bacteria
without specialised acquisition systems. The hastdther mechanisms to deny iron
to pathogens such &almonella For example, Nrampl is a divalent metal-proton
transporter found in key protective cells such ascnophages, neutrophils and

dendritic cells [117] that creates a restrictedilatbdity of free iron for the bacteria
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by limiting iron in the phagosome. This effectivéimits the ability of bacteria and
other pathogens to establish an infection. In respdo iron deprivatior§almonella
produce siderophores, including enterobactin ahdazhelin [118]. Salmochelin is
a glucosylated derivative of enterobactin and thalification may be important for
resistance to lipocalin-2, an antimicrobial proteimat prevents bacterial iron
acquisition in the inflamed intestinal epitheliu@lp]. A recent study using different
S Typhimurium mutants lacking iron transporters Baswn that iron transporters
encoded byeoB andsitABCD are required for optimal survival in Nramp1l -/-cei
and replication in macrophages. Additionally, theaMpl homologue MntH, which
prefers Mn(Il) over Fe(ll), is also required fortmpal virulence [120].

Salmonellahas acquired various proteins for the uptake ofyhaium including
CorA, MgtA and MgtB, which are essential for vimte in different models [121].
Mg?* transporters are required for intra-macrophageviwalr and growth in
magnesium-depleted medium.” Kand Zi* are also implicated in intracellular
survival; ZnuABCS. Typhimurium mutant derivatives are defective Youlence in
both susceptible and resistant mouse strains [Z2RJABC is a high-affinity Z#"
transporter in low- zinc conditions. The Trk systé&mctions as a low-affinity K
transporter and may be involved in resistance torgerobial peptides [123].

1.6 Signatures of adaptation inS. enterica

Most S. entericaserovars are classically associated with a broast hange.
However, a few serovars are significantly hostrretstd. For exampleS. Typhi and
S.Paratyphi A are highly human adapted, whef@&3allinarum isolates are poultry
(bird) adapted. Even within serovars suchSa3yphimurium there is evidence of
isolates or clades being adapted or restrictecaticplar hosts. For example, within
S Typhimurium DT2 phage type isolates display avi@r example, pigeon)
adaptation and ST313 isolate may be adapted to hsifdd4].

In recent years, comparative genomic studies adddywost-range serovars, which are
believed to be the ancestor-state of host-restrisezotypes, have provided insights
into the genomic signature of bacterial host adaptaand evolution. These studies
have identified a number of genome signatures et represent evidence of host
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adaptation leading to restriction. These adap®sictive signatures include both

gene acquisition and inactivation.

Horizontal gene transfer has been broadly implatatethe evolution of virulence
and indeed resistance to antimicrobials throughsrpids and transposons. In
bacteria, horizontal gene transfer is recognised agneral mechanism driving
evolution. The key role of mobile genetic elemeintshe acquisition of virulence
traits in bacteria has been extensively studied sawkral reports have associated
mobile virulence-associated determinants with ladstptation or the occupation of a
new niche within the host [125]. Within ti& coli, horizontal transfer events have
facilitated the transition from a commensal to dhpgenic lifestyle. Examples
include the acquisition of the heat-labile and gtabxin genes on plasmids and the
LEE (Locus for Enteric Effacement) and intimin geroé EPEC lineages [126].

In Salmonella the evolution of virulence has been driven by iteorporation of
distinct genetic elements into the genome inclugiatihogenicity islands, T3SSs and
the Salmonellavirulence plasmid. The virulence genes acquired hioyizontal
transfer have to be incorporated into existing gexgression regulatory circuits to
ensure coordinate expression of virulence-assatg#ees in a manner that does not
compromise fitness and competitiveness. Horizogeake transfer isalmonellacan
involve phages which are frequently exchanged &wi#nin clades or serovars [127].
Indeed,S. Typhimurium phages Gifsy-1, Gifsy-2 and Gifsyhdve successfully

lysogenised a range of serovars and different jes®fS. Typhimurium [128].

Within S Typhimurium a potentially mobilisable element Wmwo as SPI-7 is
associated with the acquisition of the locus enmupdVi capsule that is directly
linked to virulence in humans and hence host atiapt§l29]. Vi makesS. Typhi
more resistant to antibody directed killing and ptement mediated phagocytosis.
Vi is also immunomodulatory and may facilitate thigility of S Typhi to invade
tissue without inducing inflammation, potentiallyy kenhancing interleukin 10
production [130]. SPI-7 also encodes a SopE phadeaaType IV pilin that have
also been associated with virulence. Hence, thelisitign of SPI-7 is a clear
example of horizontal gene transfer influencingthadaptation.S Typhi andS
Paratyphi A have also recently been shown to eneodevel toxin named typhoid
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toxin that may also influence human infectivity {13The distribution of the genes
encoding this toxin is limited only a fe8. entericaserovars.

Within Salmonella lateral gene transfer through conjugation can dlsmsfer
antibiotic resistance determinants [132]. Acquisitof plasmids encoding resistance
and virulence properties has been known to inflaebacterial evolution. Thus,
plasmids can be acquired by horizon gene transfen bther serovars, or even other
species or genuses. For examfelyphi CT18 possesses a 218,150-bp multiple-
drug-resistance incH1 plasmid (pHCM1) and a 106fi6cryptic plasmid
(PHCM2), which shows recent common ancestry withvimlence plasmid of
Yersinia pestig133]. In S. entericamany high molecular weight plasmids encode
virulence-associated genes or are responsiblentdsiatic resistance. As discussed,
the classicaBalmonellavirulence plasmid encodes thpvRABCDgenes involved in
intra-macrophage survival &almonellabut this plasmid has also been shown to be
able to acquire antibiotic resistance genes thae lthe potential to spread in
bacterial populations [16]. Many low molecular wiglasmids have been found in
S. entericabut in general little is known about their functjalthough some studies
have suggested a role in increasing resistancbagepinfection due to the presence
of restriction modification systems [134]. Despiienited knowledge on their
function, their presence or absence is frequenglgdufor strain differentiation in

epidemiological studies.

There is now extensive evidence, gathered fromtgenaad genomic analysis, that
bacteriophages are drivers of evolution in the remtieacteria, including withirs.
enterica Many intestinal commensals and enteric pathodwambour prophages or
phage remnants integrated within their genomesenofit multiple sites [128].
Additionally, prophages can encode so called ‘caggoes that are not required for
phage growth but can encode virulence-associatetbrfa that can influence
pathogenicity [135]. The diversity of prophage witha bacterial population is
influenced by transduction and recombination inimalv superinfecting phages,
resident prophages, or occasional acquisition dferotmobile DNA elements.
Prophages also play a part in the diversificatiorthe genome architecture and
represent strategic points for genome insertiodsimrersions [135].

41



1.6.1 Genome degradation/decay

Genome decay or reductive evolution is a processwhigh bacteria lose some
functions by gene deletion or degradation (for epl@nthe acquisition of frame
shifts or stop codons). Such potentially inactidagenes are often referred to as so
called pseudogenes. This process has been repobtigate intracellular parasites,
such aRickettsia prowazekii, Mycobacterium lepraed Chlamydiaspp. [136-138]
as well as inYersinia pestig139]. As genes become inactivated they may restric
bacteria to specialist hosts or novel niches wittheir hosts. Thus genome
degradation is a signature of host restriction aithe change. IfY. pestisand S
Typhi the host is humans and the niche chang®ms the intestine into the systemic
system. Extensive genome degradation has beenvebdsar R. prowazekji the
typhus agent, with only 76% of the potential codiggnes being likely fully
functional [140]. Another example of genome reduttwas documented M.
leprag  which may originally have had a genome similar &ze to
other Mycobacteria (around 4.4 Mb) but this hasnbéewnsized during evolution
through rearrangementl. leprae may have lost more than 2,000 genes [136] and
this might explain its extremely slow replicatioate, lack of acute disease and

targeting of neurones.

Genome degradation has also been document&daratyphi A ané. Typhi where
both share components of their genomes and haviasiphenotypes (human-
restricted and systemic disease). Around 170 pgruts are present 8 Paratyphi

A, whereasS Typhi can harbour over 200 [141]. Several of ¢h@seudogenes
correspond to genes known to contribute to virudemcS. Typhimurium and other
more promiscuous$Salmonellaserovars. About 30 genes are degraded in Both
Typhi and S. Paratyphi, although the inactivation of differeggnes in common
pathways is more common (for example, in chemotaitiamin B12 acquisition and

in the production of fimbriae) [142]. Amongst theé¥& genes, several genes, such as
sopAandshdAare known to be important in gastroenteritis aiardoea, which is

uncommon in infections associated with these sesova
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1.7 Methods for phenotyping

A central aim of biomedical research is to fullydenstand the mechanisms of
human disease and develop new and improved therapidiagnostics. In order to
achieve this, different disease models have beeelalged, although many of these
fail to faithfully recapitulate the human conditidfor this reason, researchers exploit
different models in a complementary way to buildhare informed picture of the

human condition.
1.7.1 In-vitro models

While whole animal models have been tremendouslgfulisfor the current
understanding of many human infectious diseasesant be difficult to identify
critical cellular and molecular contributors to@hse using in vivo models. In order
to address the role of specific host genes involwedhe early host-pathogens
interactions,many cell lines, have been successfully used asegolwtools to
understand the mechanistic of infection. Non-pekdicell lines, such as HelLa and
Hep-2 cells, although quite different from poladszells of the intestinal epithelium,
have been used extensively to study the cellulasisbaf the host-pathogen
interaction. These cell lines have been used tawahthe molecular mechanisms of
actin re-organisation [143, 144] and the elucidatb the bacterial and host proteins
that contribute to this [145]. In addition, non-pased cells had been used to
elucidate the process of T3SS-dependent protemsltreation into host cells as well
as functional analyses of the injected effecto6]1Taking advantage of their ease
to grow and manipulate, tissue culture cells haweeassfully been used to analyse
the biochemical activity of effectors such as TrE. coli[147].

Non-polarised cells are not appropriate to studiestnal barrier function or
maintenance of the brush border. Therefore, speadils lines that mimic intestinal
cells polarisation have been generated, such as W|OZaco-2, T84, and HT29
cells. These cell lines provide-vitro models for investigating how bacteria disrupt
epithelial barrier function during infection [14849] and for identifying effectors

specifically required in the process. As with then+polarised cell lines, these cell
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lines offer the advantages of convenience, rapiavtir, uniformity and availability
of genetic tools for insertion of mutations#n addition to interactions with
enterocytes, enteric pathogens also interact witlgpcytic cells and dendritic cells.
The use of macrophage-like cell lines such as ant4U937 to model these specific
immune cells has been essential for the identiboadf different effector functions
and for targeting independent aspects of the phdigotunction of mammalian
macrophages [150].

More complex models such as the IVO@-yitro organ culture) have been
developed. IVOC exploits freshly obtained human dtirer species such as cattle)
intestinal biopsies, which are kept in tissue aeltonedia under oxygen to delay cell
death. The advantage of IVOC is that the infecigglie is close to native live tissue.
However, compared with othamn-vitro models, the use of IVOC for experimental
infection is technically challenging and require®i@ination with a clinic to obtain
fresh tissue. In addition to the technical chalks)gthe variability in sampling
methodologies between donors can result in difl@enn experimental outcome.
The IVOC system has been used successfully to dtogdy specificity and tissue
tropism, including Tir/intimin-dependent colonisatiand lesion formation by EHEC
[151]. Human IVOC has also been used to stadiyyphimurium [152].

1.7.2 In-vivo model: The mouse

It is arguable that biomedical research has betefignificantly from the use of
animal models to understand the pathogenesis e&sksat a whole organism level.
Additional, insight can be gained into biology la¢ tcellular and molecular leveh-
vivo models also provide systems for developing antntgsew therapies in a
preclinical setting. Mammalian models, such asnloeise, have been pre-eminent in
modelling human diseases, mainly because of theifisignt homology between
mammalian genomes and the many other similaritiephysiology and immune
components. Moreover, mice are susceptible to amlayping range of microbes
infectious to humans. However, it is important teeg in sight the important
differences between humans and other animals anth-ntvo model can fully

replace investigations in humans or on human nadseri
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The genetic tools are available for manipulating touse [153] (for example, gene
knock out technologies and homologous recombingtemd the strategies available
to control the expression of microbial genessivo, make the mouse an excellent
experimental model to study the genetic basis téciions. Some of the above-
mentioned advantages apply to other mammals, bo¢ mie small and relatively
easy to maintain in the laboratory; their shortebieg cycle (about 2 months) and
their high reproductive capability (5 to 10 offspgyiper litter and approximately one
litter every month) make them suitable for genatalysis. Mutants mouse lines are
becoming available from open sources and new noumigtcan be introduced using
different approaches: irradiation, feeding with &l mutagens or inserting DNA
fragments into the genome using, for example, no@RISPR/Cas9 type
technologies [154]. Further, murine heterologouseggansfer technology is highly
advanced in such a way that sophisticated transgemice, carrying
foreign/heterologous genes of interest (transgertemje allowed the creation of
experimental animal models that further recapieulaspects of the pathology of
human diseases. It is arguably faster to map a endisease gene and use its
sequence and location to find the position of tikeatog in the human genome, than
it is to map the human gene directly.

As a result of recent advances in breeding stragediis now possible to make
congenic mice, which are genetically identical withe exception of being
polymorphic in one particular nucleotide, geneegulatory sequence. In addition, in
the mouse, selected genes can be deliberately edulbgt swapping the functional
copy of the gene for a mutated version in mousergomic stem cells (ES cells).
This means it is possible to create exact or higklgted replicas of the genetic

defects that cause diseases in humans [155].

The mouse has proved to be an invaluable modelsfody many infections,
including those caused b$almonella Many Salmonellaand host genes that
influence the outcome of infection have been idietj including immune genes and
some of these have also been shown to influeneetioh in humans [13]. Some
Salmonellaare highly virulent in the mouse, for example ae$ ofS. Typhimurium

and S Enteritidis and murine salmonellosis models haeen a cornerstone of

studies on pathogenicity and immunity [158].Typhimurium can cause an invasive,
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systemic disease in mice that resembles aspediglobid in humansS Typhi is
relatively avirulent in mice and consequently 8eTyphimurium murine infection
model has been used as a surrogate for human typhdired mice can vary
significantly in terms of their susceptibility ®almonellaand single gene loci can
greatly influence this susceptibility. For examptajce harbouring a protective
Nrampl allele, (for example, 129 lines), are seMegs more resistant tdalmonella
compared to those harbouring equivalent suscepitgtes (for example, C57 Black
6 lines) [157, 158]. Many immune genes also pld§ewn role in protection against
Salmonellainfections; for example, genes encoding TiNFBnd Interferons (see
[159] for a comprehensive review of this area).

1.7.2.1The streptomycin-pretreated mouse model for colitis

The most common disease associated with non-typh8@monellain humans is
enterocolitis. However in mice, certain serovargduding S Typhimurium do not
cause gastroenteritis but rather targets the qatezsted lymphatic tissues and cause
a systemic typhoid-like infection. To increase tkowledge of the pathogenic
mechanisms of intestinal salmonellosis, a streptinmgretreated mouse model was
established to provide a mouse model for serovagrhifiyurium-mediated colitis
[160]. Pre-treatment of mice with streptomycin ds the natural microbiota,
which can limit colonisation by an incoming pathogé60]. However, mice pre-
treated with streptomycin can develop colitis saafter oral infection withS.
Typhimurium and they present with characteristiompioms of a human enteric
salmonellosis including epithelial ulceration, oede and infiltration of CD18-
positive cells [160]. This pathology is significhntdependent on protein
translocation via th& Typhimurium SPI-1 secretion system. In additionctiitis,
the S. Typhimurium can still become systemic in susd#etimice, colonising the

liver and spleen.

1.7.3 In-vivo model: The zebrafish

Although the mouse is a key model for studyBamonelladisease, several aspects
of murine biology limit its utility therefore compative in-vivo models are

potentially interesting. The zebrafisDanio rerio, has attracted a great deal of
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interest as a model of general physiology and tidec Despite the obvious

differences in the physiology of fish and humarat ttould affect the outcome of

diseases in the model, the zebrafish offers seveatires that make it an important
complement to mouse models of disease. Among thége zebrafish provides

excellent possibilities for real timm-vivo imaging of host-pathogen interactions,
given the optical clarity of embryos and larvae.agimg can be exploited in

association with the sophisticated tools for geroamd large-scale mutant analysis
available in this species. The small size of thah,fitheir high reproductive rate
(hundreds of offspring per week from a pair), théemal development of the

embryos along with the low maintenance costs aadeitablishment of methods to
rear embryos under gnotobiotic conditions have rdouiied to the uniqueness of
zebrafish as a model of human diseases. In additielorafish embryos and larvae
are highly suitable for screening chemical librarigiven their small size and

CRISPR/Cas9 technologies have now been applidddspecies [161]

A number of reports have already established ildeahodels in the zebrafish using
bacterial and viral pathogens including those eXplp Mycobacteria marinuniLl62,
163] and S. enterica[164] involving the systemic infection of early embs.
Therefore, the zebrafish model has already beadatatl to some degree. Zebrafish
are also susceptible to parasitic infections acdntly, fungal infection models have
also been established [164]

The zebrafish, mouse and human share component®tbfinnate and acquired
immune systems. Indeed, equivalents of many mammaimune cells have been
identified in zebrafish. Zebrafish embryos possesstional macrophages at day
one of development and are capable of sensing asgdonding to microbial
infections. However, innate immune functions canshelied with some degree of
separation from adaptive functions in zebrafish s, since acquired immune
cells develop only later during larval stages amd aot fully matured until
approximately 4 weeks post fertilisation as depicte Figure 1.6. However, all
major organs are present by 5 days post fertiindcilitating infection tracking at

the tissue level.
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Figure 1.6: Overview of the development of the zehfish immune system. Taken from [165].
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The availability of a zebrafish full genome sequerefficient tools for forward and
reverse genetics and sophisticated mutagenesis@edning strategies on a large
scale, and low cost that is not possible in otlegtebrate systems also contribute to
the usefulness of the model. For forward genetieests, germ-line mutations were
commonly introduced by ethylnitrosourea (ENU) treaht of male zebrafish [166],
which yields relatively random point mutations tltah be identified by positional
cloning and DNA sequencing. Retroviral or transpestediated insertion
mutagenesis strategies can also be used [167]l kécently, reverse genetics in
zebrafish predominantly relied to an approach knoaen TILLING (Targeting
Induced Local Lesions in Genomes) [168, 169], witiempensated for the then lack
of conventional knockout technology available febrmafish. The use of new Zinc-
Finger Nuclease (ZFNs) [170] and Transcription yAatior-Like Effector Nucleases
(TALENS) [170, 171] technologies was introducedaasseful addition to TILLING
approaches. Exposure to morpholinos, syntheticooligleotides that can be
designed to block translation or pre-mRNA splicinggn induce a transient

knockdown of gene expression in zebrafish [172].

A more recent approach exploits an old bacterider®e mechanism in which
Clustered Regularly Interspaced Short Palindrongpdats (CRISPR); together with
CRISPR- associated (Cas) [173] proteins provideuiaed resistance to invading
viruses and plasmids. The type Il CRISPR/Cas systenives the uptake of foreign
DNA fragments into CRISPR loci and subsequent tiapson and processing into
short CRISPR RNAs (crRNAs), which in turn becomérans-activating crRNA
(tracrRNA) and direct sequence-specific silencifigfaseign nucleic acid by Cas
proteins. Based on previous in vitro studies thed Bhown that a single synthetic
guide RNA (gRNA), consisting of a fusion of crRNAd tracrRNA, can direct
Cas9-mediated cleavage of target DNA, a platformplating customised RNA-
guided Cas9 nucleases has been developed to efffcienduce site-specific
modificationsin vivo in the zebrafish [155] and this approach repretemate the
easiest and most efficient way to generate gensdidification of zebrafish. Indeed,
the CRISPR/Cas9 and equivalent systems are firghoad utility in mammalian cell
genetic manipulation experiments [174]. In termsgehome-based phenotyping,
transcriptional responses of zebrafish to infecttan be studied by exploiting

reverse transcriptase PCR, microarrays and nexéerggon sequencing studies.
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However, as this is a relatively new model for atien studies, there is a general
lack of immunological reagents for detecting pnageiand immune signatures.
However, commercial ventures in antibody productifam zebrafish such as
ANASPEC are increasing. In addition, sometimesjbadies to the mammalian
orthologs of some zebrafish proteins show crosestirety. The readily available
zebrafish mutant library at the WTSI, which now em/more than a third of the total
protein coding genes of the genome, is potentalbilable to explore pathogen-host
interaction in specific infection models. Potentiafection challenges includi!.
marinumand S Typhimurium, which can efficiently infect zebrsifi and can be a
resource to characterise novel infection susceipyiloci.

1.7.4 The mouse genetic screening

The WTSI is conducting a large phenotypic screenarel mice harbouring defined
and conditional ready mutations in different gengse mice are of the C57/B6
lineage.To generate these mice, heterozygous ES cells tnanigospecific mutations
are selected for microinjection from a library efo 15,000 mutant stem cells [175].
At the time of writing this thesis, over 1,250 milbees have been screened for a
range of phenotypes, including plasma chemistry arfdction susceptibility.
Particular mutant lines are selected on the bases mumber of criteria including
novelty, whether they are a hit in previous GWAG&dgts or exome sequencing, or
through recommendation. Currently for infectionibility, mice are challenged
independently withS. Typhimurium M525, influenza virus X31, the worm
Trichurius murisand DSS (Dextran Sodium Sulphate). The respons@atbbgen
challenged mutant mice are compared to similafigared wild type mice to assess
the influence of the murine mutation on phenotypke combined data can be
presented as a heat map, which summarises phendifférences found in any

mutant mouse linehftp://www.mousephenotype.cOm

1.7.5 The zebrafish genetic screening

The Zebrafish Mutation Project (ZMP) at the WTS$ laan ultimate goal to create a
mutant allele in every protein-coding gene in thebrafish genome, using a

combination of whole exome enrichment and Illlumimext generation sequencing.
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To date, over 26000 alleles have been generatedexptoit the mutant library
generated, a high-throughput, systematic phenotpatysis has been developed to
assess the phenotype associated with any givertiorutaith a particular attention

to nonsense and essential splice mutations.

Secondly, correlations between the predicted disr@pnutations and phenotype are
established by crossing heterozygous adult fism tbeamining thembryos for
morphological and behavioural phenotypes at 5 dpgst fertilisation (dpf).
Phenotypes can be linked to genotyped my successiweds of sequencing and
genetic crossing. After a particular mutation hasrbdescribed further phenotyping
or genome re-engineering can be attempted. Trgmsoounting or RNA-seq can
also be performed as part of the primary or seagndahenotyping

(http://sanger.ac.uk/resources/zebrafish/amp/

1.8 The use of whole genome sequencing for studying

bacterial genomes and phylogeny

During the last century combined studies began ighlight the huge genetic
diversity within the bacterial world and leadingiesttists started to develop
phylogenetic schemes in an attempt to explain hder ¢dn Earth may have
developed. An application of phylogenetic analysiso predict ancestral structures
that can help to understand the evolutionary pathomganisms. The first

phylogenetic trees of prokaryotes were largely thasen morphological,

physiological and biochemical analysis. The prokteyeukaryote dichotomy was
already well established but did very little tordia phylogenetic relationships. In
1970, Carl Woese used a molecular approach to gémgktics, arguably
transforming our understanding of evolution in therobial world by introducing

the Archaeal domain [176, 177].

With the advancements in DNA sequencing technotogied the associated increase
in nucleic acid sequence information, the applaratof phylogenetic analysis has
rapidly expanded. It has now been applied broadllynultiple bacterial species as

well as serovars or clades within the same sp¢tis181]. Comparative genomics

51



and phylogenomics have been exploited to traceitiergence of new drug-resistant
bacterial clades [181], tracked the global sprdadfectious pathogens [181, 182] as
well as identify the pandemic source of some indest threats [183-185]. The use of
phylogeny also enables a clearer understandingwfldacterial genomes evolve and
adapt to novel selective pressures. For exampldjest have showthat patterns of
antibiotic usage influences bacteria genome ewwlutand the patterns of

recombinant signatures maintained within the gen[ir@é].

Modern phylogenetic analysis relies on the avdilgbof high quality genome
sequence information. In order to meet such needseral new nucleic acid
sequencing technologies have been developed oggrast few years. The Sanger
sequencing method was the first widely used sequgriechnology to be exploited
for bacterial genome sequencing [187, 188]. Th& iomplete bacterial genome to
be fully sequenced by this approach was thatdaémophilus influenzéut many
more followed in the following decade [189]. Then§ar sequencing system exploits
the addition of terminating dideoxyribonucleotidesiINTPs)by DNA polymerase,

preventing the incorporation of further nucleotides

Although the Sanger method found wide utility, itasvnot particularly high
throughput and was a relatively expensive appro&gxt generation sequencing
platforms were invented that exploit the immobtiisa of DNA samples onto solid
supports, incorporate automated cyclic sequencaagtions mediated by fluidics
devices and exploit sensitive detection of molacdaents by imaging. These
revolutionary technologies are capable of producarg enormous amount of
sequence data in a relatively short period of twindle keeping cost relatively low
[190]. They can also now generate relatively lonADsequences facilitating

genome assemblies [191].

Two new generation sequencing platforms based @tilttmina/ Solexa and Pacific
Biosciences technology, were utilised in the steidiescribed in this thesisThe
lllumina sequencing platform exploits sequencing dyythesis method in which
modified dNTPs containing #uorescently labeled reversiblerminator blocks
further polymerisation so that only a single base be added by a polymerase

enzyme to the DNA copy strand. The terminator iaged then cleaved off tdlow
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incorporation of the next baséhe sequencing reaction is conducted simultangousl|
on a large number of different templates spread antsolid surface, forming
clusters. The natural competition between all 4 iffextl ANTPs present duringach
sequencing cycleminimises incorporation biaslllumina sequencing platforms
provide multiple applications from whole genome wETLing, SNP (single
nucleotide polymorphism) detection to transcriptcsnand metagenomics analysis.
The HiSeq, Nextseq and GAllx platforms are suited studying larger genomes
(animal or plant) while the MiSeq platform is iddal small genomes or targeted
regions within a genome. The HiSeq X Ten platfo2014 release) is limited to
sequencing only whole genome human samples. Hanplatform limitations
include inadequacies in analysing low diversity p® and they have relatively
short reads compare to other platforms, althoughishimproving with longer reads

now achievablehttps://www.illumina.cony.

The Pacific Bioscience sequencing system, also knasvPacBio RS/RS Il (latest
release, 2014) exploits a Single Molecule Real T(®&RT) method in which an
optical waveguide (the zero-mode wave guide) iacaed to the DNA polymerase,
generating an illuminated observation volume, sraaiugh to observe the addition
of only one single nucleotide. Each nucleotidettached to a different fluorescent
dye and when incorporated through the DNA polymer#se fluorescent tag of the
nucleotide is cleaved off and is no longer obsdesalithin the optical waveguide
area. The fluorescent signal of the nucleotidesitected and the corresponding base
call is made according to the fluorescence of ffexic dye. The major benefits of
using PacBio sequencing technologies have beetbuaétd to the production of
reads significantly longer than other sequencing platferrmaking it ideal for
sequencing small genomes (such as bacteria oregiyuand assembling larger
genomes. Also, the system can facilitate the sexuognof regions of high G/C
content and can identify some modified bases (ntetiby, hydroxymethylation)
without necessitating the need for chemical coneersluring library preparation

(http://www.pacificbiosciences.com/
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1.9 The focus of this thesisS. Weltevreden

Salmonella entericaserovar Weltevreden has recently attracted a gieat of
interest due to increasing reports of its isolatignreference laboratories and other
microbiological centres world-wide, particularly Asia. S Weltevreden has been
associated with potential marine sources and iyspla significant role in food
poisoning. Indeed, a glob8almonellasurvey conducted by WHO revealed that this
organism is the most common cause of non-typhaialahonellosis in the South East
Asian Region (SEAR) and Western Pacific region [19Ris frequently isolated
from seafood, meat, poultry products and watervétemce ofS. Weltevreden was
detected in domestic animals like pigs, chicken dacks in Vietham and it is also
the most common serovar isolated from humans inildrth and Malaysia.
According to the Salmonella food poisoning database during 1989-99,
Weltevreden was the second common pathogen encednteext toS Enteritidis
[193].

Despite the emergence 8f Weltervreden as a significant health problemtrety
little has been reported about the genotypic ornptypic properties of this
understudied serovar. Reports have been emergiogidprg the first genome
sequence data of individual isolates (see chaptbuBto date these have not been

placed in a phylogenetic or evolutionary context.
1.10Aims and objectives of thesis

In this study, whole genome sequencing technololy®d to phylogenetics and
comparative genomics were used to define the gertBtiersity within a large
collection of S Weltevreden isolates collected worldwide fromedlse sources, with
a focus in Vietham where such infections are comnitis focus on isolates from
South East Asia and Western Pacific region proadeopportunity to explore the
relationships betweers. Weltevreden predominance in this region. Phenotyp
characterisation was performed on selected isqlatigis an aim to dissect aspects of
host-pathogen interaction during infection, promglia foundation to comparé

Weltevreden with more commons enterics. Thus, ittns af this thesis were to:-
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Define the phylogenetic structure of tBeWeltevreden serovar, define the

core and accessory genomes and provide a highyytefierence genome.

To assess the pathogenic and metabolic potentiél ®¥eltevreden using
simple laboratory assays, including boitmvitro (cellular) and in-vivo

(mouse, zebrafish models) virulence assays.
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2 Materials and methods

2.1 Phylogenetic analysis o5. Weltevreden

2.1.1 lllumina sequencing

All DNA samples were processed and sequenced bgateesequencing facilities at
the WTSI. Multiplex libraries were generated usDiA insert of ~200 to 300bp
with each isolate uniquely tagged. Samples weraesezpd using the lllumina Hiseq
platform (lllumina, Inc., San Diego, California Uy#£ produce ~100bp reads. The
first stage of the library preparation involved DNifagmentation by focused
ultrasonication using a Covaris E-series ultrasaoic (Covaris, Inc., Woburn
Massachussett, USA). This was followed by DNA paaifion using the magnetic
bead-based technology solid Phase Reversible Imisetipn (SPRI) from
Agencourt Bioscience (Agencourt Bioscience CorponatBeverly, Massachussett,
USA). After this stage, small fragments were remibwamd the remaining DNA
consisting of a mixture of blunt end fragments, aveepaired. A single “A”
nucleotide moiety was added to the 3’ ends of thgnients followed by successive
adaptor ligation. This step, called A-Tailing, dsteoncatemerisation of templates
and increased the efficiency of adaptor ligatiogpecfic adaptors were ligated to the
3’ and 5’ ends of the DNA templates.

The DNA molecules that were correctly attachedhe a&daptors were amplified
using the DNA polymerase Kapa HiFi enzyme (Kapa sgsbems, Woburn
Massachusetts, USA) and primers that targeted thque library index tag.
Amplification completed the construction of the pota ends to produce a fully
double stranded template. This PCR-amplified Ijpraras then denatured using
sodium hydroxide in hybridisation buffer at a comication of 3.5pM in order to
create single stranded DNA, which was loaded ordmmgle lane of the flowcell on
the lllumina Hiseq platform. Protocols for clustermation, primers hybridisation
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and paired-end sequencing reaction were perforroear@ng to the manufacturer’s

recommendations.
2.1.2 Sequence assembly from lllumina reads

The lllumina-generated sequences were assembledng usa pipeline

(https://github.com/sanger-pathogens/vr-codebdseeloped at the WTSI. For each

genome, thele novoshort-read assembler Velvet [194] (version 1.2W083 used to
generate multiple assemblies by varying the k-nmesr lsetween 66% and 90% of the
read length using Velvet Optimisdntips://github.com/tseemann/VelvetOptimjser

From these assemblies, the assembly with the HigN&swas chosen. Contigs were
excluded from the assembly if they were shorten ttinee target fragment size (400
bases).

An assembly improvement stegts:/github.com/sanger-pathogens/assembly_ingnewn)

was then run. The raw reads were mapped to thendbsand reads which mapped
in perfect pairs to the same contig, were exclu(atce these have already been
successfully used). The remaining unmapped and etappads were used in an
improvement step to try and reduce the fragmematiothe assembly. A scaffold
assembly of the contigs was built by iterativelpming SSPACE [195] (version 2.0)
beginning with the contigs which were predictedmap next to each other. The
reads were then mapped again to the scaffold asgeand perfect pairs were
excluded. Next, gaps identified as one or more Msre targeted for closure by
running 120 iterations of GapFiller [196] (versidnll), using a decreasing read
evidence threshold. Finally, the reads were aligo&ck to the improved assembly
using SMALT fttps://www.sanger.ac.uk/resources/software/sinaitld a set of

statistics was produced for assessing the qudlitheoassembly. All the assemblies
produced were created in a standardised manneregnded no input from the user
so all the results are reproducible. The medianbmrmf contigs for the sample set

was 68.
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2.1.3 Pacific Biosciences (PacBio) assembly

The PacBio raw read data for each sample was mgrasdembled by Dr. Martin
Hunt (WTSI Pathogen Informatics team) using theBRaSMRT analysis pipeline
(https://github.com/PacificBiosciences/SMRT-Analys{version 2.2) utilising the

HGAP assembler [197]. The raw unfinished assembdiksproduced a single
uncircularised chromosome plus some other smaltigansome of which were
plasmids or unresolved assembly variants. If thésesf a contig overlapped, they
were identified as candidates for circularisati@ing a protocol recommended by

PacBio (https://qgithub.com/PacificBiosciences/Bioinformatitraining/wiki/Circularizing-and-

trimming). Figures 2.1.a and 2.1.b illustrate this procAs@rtual break was manually
introduced into the chromosome sequence atthih& gene, to match the starting
point of other publishe®. entericaeferences. Plasmids were also artificially broken
at the replication gene. The sequences were thenlaiised using the genome
assembler, Minimus [198] (version 2 part of AMOSsien 3.1), which removed the
overlapping sequence. Quiver was then used by ithelarised sequence and the
raw reads to correct errors in the circularisedaomegAs high quality short read data
from Illumina were available, ICORN2 (Otto et aQ1®) (version 0.97) was used to
correct minor errors in the assembly, providing eryvhigh quality reference
sequence, as assessed by REAPR [199] assemblyulssgsiently annotated with
Prokka [200].
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Figure 2.1: a. graphic representation of S. Weltexeden genome assembly before manual fixing. b. Grajatrepresentation of S. Weltevreden assembly befoend after

manual fixing.
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2.1.4 Annotation

Each de novoassembly was annotated using Prokka in an autdmgaifgeline
(https://github.com/sanger-pathogens/Bio-AutomatedAatior). Coding regions
were first predicted using Prodigal [201] and tRN#RNA genes using ARAGORN

[202]. These were then annotated using a numbedatfbases involving a

combination of protein blast [203] and HMMER. Toopide community specific
gene names and annotationSalmonelladatabase of amino acids was generated
from all of the annotated Salmonella genomes in RefSeq
(http://www.ncbi.nlm.nih.gov/refsely/Prokka is bundled with prebuilt databases from
UniprotKB (SwissProt), clusters, CDD, TIGRFAMs, PHAA) and RFAM which
provide more general high quality annotation atfgmeily level.

As S Weltevreden 10259 was sequenced on both PacRiolllmina we could

perform further analysis using a short read assgmdisus a longer read finished
assembly. The lllumina assembly contained 5034 ngpdegions and the PacBio
assembly contained 5110, giving an under prediatioh.4%. For the whole dataset

the median number of genes predicted from the shads assemblies was 4902.

2.1.5 MLST from denovo assemblies

The MLST results were verified from thoe novoassemblies using MLST check
(https://github.com/sanger-pathogens/mist_chegi€rsion 2.0.1510612). All of the
assemblies were blasted against $eentericaMLST database (Achtman et al.
2012) and were verified as being ST 365. These dat® also checked for the

presence of novel alleles (there should only beody); a process which can also

highlight contamination from a closely related s@m but no obvious contamination
was detected.

2.1.6 Checking for S. Weltevrden in sequencing reads

A Kraken [204] database (version 0.10.6) was creaentaining the reference
genomes for Homo sapiens (GRCh38), Mus Musculus Q8R)), and all
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archealviruses/plasmids/bacteria in RefSé¢p(//www.ncbi.nlm.nih.gov/refsejy/

For every sample, each read was categorised txamdeic identifier, with the
results collated into a single report for manuapiction. Any contaminated samples
were excluded from further analysis. This checkhhginted one isolate, which was
contaminated wittE. coli DNA and another which was a mixture $almonella

serovars. No host contamination was identified.

2.1.7 Detecting regions likely to be erroneous with short

read sequencing

The median fragment size was 400 bases for thatesolsequenced on lllumina.
Repeats larger than this size cannot be relialsiglved, thus any variants which fall
into these regions cannot be trusted. This is ddorental limitation of short read
sequencing technologies and cannot be resolvedhigethformatics. Consequently,
the reference genome was blasted against itsel] [@ersion 2.2.31) and the
coordinates of matches (query and reference), wivigte over 400 bases in length
and had greater than 99% identity were noted. Adlds falling within these regions
were then replaced with ‘N’ in the multi-FASTA afigient file.

2.1.8 Recombination mapping

The filtered multi-FASTA alignment was then checkid recombination using
Gubbins [205] (version 1.3.4). Five iterations o@ildbins were run and in each
iteration a phylogenetic tree was constructed RixML [206] (version 7.8.6) with
the GAMMA GTR model, internal ancestral sequencesewnferred using FastML
[207] (version 3.1). Recombinant sequences werected and a multi-FASTA
alignment with the recombinant regions was maskedThis data was then used as
the input to the next iteration. RAXML with 100 lstaps was then run over the
final multi-FASTA alignment to provide a high qusliphylogenetic tree in newick

format.
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2.1.9 General mapping

All of the lllumina sequencing short read data \@hgned to the complete reference
genome generated fro® Weltevreden 10259. The reads, in FASTQ formatewe
first split into chunks of one million reads. Eachunk of reads was individually

aligned using SMALT Ifttps://www.sanger.ac.uk/resources/software/sin@kision

0.7.4), a hashing based read aligner. The aligeadsr are then merged together
using samtools [208] (version 0.1.19), coordinaidesl, and outputted as a BAM
file. Optical duplicates were identified using Rita

(http://broadinstitute.qgithub.io/picajd(version 1.9.2). Statistics about each mapping

were generated using BamCheck [208] (version 0,1H8 since renamed as
‘samtools stats’) including read coverage of thierence genome, reads aligned,
perfect pairs, unmapped reads, actual insert sizeand these results were evaluated

manually to identify poor quality sequencing data.

2.1.10 SNP calling

SNPs were called on each set of aligned reads uspigup with the parameters
‘samtools mpileup -d 1000 -DSugBf ref bam’. The r@NPs were then passed into
BCFtools and were filtered into a higher quality. & virtual pseudo-genome was
then constructed by substituting the base callaah esite (variant and non-variant)
into the reference genome. For a SNP to be cdlledi¢pth had to be greater than 4
reads, and be present on both strands, with &t7&8s of reads containing the SNP
at that position. The mapping quality had to beatgethan 30 (less than 1 in 1000
probability that the mapping was incorrect). IfldFS5failed to meet these criteria it is
substituted with an ‘N’. Insertions with respect tioe reference genome were
ignored. Deletions with respect to the referenceogee were filled up with ‘N’
characters in the pseudo-genome in order to keejgited and at the same length
relative to the reference genome. Heterozygous sire turned into homozygous
alleles by selecting the first allele in the BCIe.fiHowever, if the first allele was an
insertion or deletion (indel), the second allelethe BCF file was taken. If the

second allele was also an indel, a single ‘N’ cti@rawas used. All of the pseudo-
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genomes were then merged into a single multi-FA&lignment file, including the

reference sequence.
2.1.11 Clusters and defining SNPs

The population structure of the phylogenetic tress walidated using a Bayesian
statistical approach. Hierarchical BAPS [209] (vams6.0 of BAPS) was used to
perform a hierarchical clustering of the multi-FAST alignment (after
recombination’s had been removed) to reveal a dagt@etic population structure.
Two distinct S. Weltevreden clusters were identified by BAPS. SNRhich
uniquely (in 100% of isolates in a cluster), defineach of the clusters were

extracted using BioPericles ht{ps://github.com/sanger-pathogens/BioPer)cles

(version 0.1.0). Exploiting the multi-FASTA alignmtewith recombination removed,

a consensus sequence was generated for each eodtany bases which varied or
contained missing data were replaced by ‘N’. Thesemsus sequences were merged
into a single multi-FASTA alignment file and SNRcétions were identified using
SNP sitesl{ttps://github.com/sanger-pathogens/snp_kitesrsion 2.0.1). Each SNP

was then annotated using the reference annotat@260) GFF3 file. An annotated
VCF file was produced with VEP syntax [210] listitige type of change (intergenic/
synonymous/ nonsynonymous), the amino acid (befodeafter) and the amino acid
position in the gene, along with the coordinatesaifh SNP relative to the reference
genome, the reference base, the allele base andréisence and absence of the
variant in each cluster. These cluster defining SWere then further annotated with

the functional annotation of the gene they occuimed
2.1.12 Predicting antibiotic resistance

Antibiotic resistance was predicted from each samplaw sequencing reads using
ARIBA [211] (version 0.4.1), which performs antiboresistance identification by
assembly and alignment. A manually curated inpualsese of known resistance
genes in FASTA format was used as input along with paired end sequencing
reads in FASTQ format. The resistance sequences fivst clustered using CD-hit
[212] (version 4.6). The raw reads were then aligieea representative sequence for

each resistance cluster. Reads which mapped and d¢bmplimentary strand
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equivalents (even if unmapped) were extracted.dallassembly was performed on
the reads for each cluster using [213] (version, 3vBere the resistance genes for the
cluster were used as ‘untrusted contigs’. This gere a candidate gene along with
sequence on either side if the gene is preseheingads. Algorithms which only use
alignment suffer from a coverage drop off at eitleexd of the gene, making
identification less reliable, such as was founchwRST2 [214]. MUMmer [215]
(version 3.23) was then used to identify differenbetween the assembled contig
and the known resistance gene and the resultsrepoeted along with any variation
found and quality flags. These were manually ingge@and samples with 100%
matches to resistance genes and with a completerepding frame were flagged as

being potentially candidates for visual inspection.
2.1.13 Pan genome analysis

A pan genome was constructed using Roary [216F{@®13.2.5) from the annotated
assemblies of the sample set with a percentageipraentity of 95%. This first step
identified both the candidate core genes, conseamdss all isolates and the
accessory genes, which vary across isolates. Theeiprsequences were first
extracted and iteratively pre-clustered with cd-frersion 4.6) down to 98%
identity. An all against all blast (version 2.2.3&as performed on the remaining
unclustered sequences and a single representativersce from each cd-hit cluster
was selected. The data were used by MCL [217] iwerd1-294) to cluster the
sequences. The preclusters and the MCL clusters merged and paralogs were
split by inspecting the conserved gene neighbouth@2d8] around each sequence (5
genes on either side). Each sequence for eacheclusts independently aligned
using PRANK (LOytynoja 2014) (version 0.140603) amminbined to form a multi-

FASTA alignment of the core genes.
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2.2 Phenotypic characterisation ofS. Weltevreden

2.2.1 Bacterial strains culture conditions

All bacteria were routinely grown on Luria-Bertaagar (LB agar) plates and broth
(LB medium) at 37°C. For in vitro assays, geneljcaransformed isolates
harbouring the plasmid pSsaG (pSsaG directs theession of green fluorescent
protein (GFP) from thessaGpromoter) [219, 220] were used. LB agar and broth
were supplemented with ampicillin at a concentratod 100 ug/ml. For zebrafish
infection challenges, bacteria harbouring the pldspRTZ3, which drives the
constitutive expression of the red fluorescent ggrodsRed, were used. For these
experiments, LB agar and broth were supplementeth wetracycline at a
concentration of 3Qg/ml.

S Weltevreden isolates C2346, 10259, 98 11262 &n8134 were used throughout
for phenotyping.S. Typhimurium, used as a control, SL1344 was preditly Dr.
Derek Pickard from the Wellcome Trust Sanger lostitS. Weltevreden C2346 and
10259 were obtained from OUCRU Ho Chi Minh City wiam.SWeltevreden 98
11262 and 99 3134 were supplied by the Centre Naltiale RéférenceE.
coli/ShigelldSalmonella,Unité de Recherche et d'Expertise des Bactériesteta

Institute, France.
2.2.2 Serological identification

The identification and confirmation of the serotypleeachS. Weltevreden isolate
was performed by a standard agglutination testgu€ly H or Vi antiserasS.
Weltevreden is classified as O3, 010 or 015 pasitR and Z6 positive and Vi
negative based on the Kauffman-White scheme [2&d{i-SalmonellaO3 mouse
antibody, antiSalmonellaO4 mouse antibody (negative control), akmonella
O10mouse antibody, arfialmonella O15mouse antibody, arfialmonella Hr
mouse antibody, analmonellaHz6 mouse antibody and ai@almonellavi mouse
antibody were obtained from Sifin and rabbit édlmonella01,3,19 from Statens
Serum Institute (Copenhagen, Denmark) were useddglutination tests. A single
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colony was mixed independently with each of thenfib@dies and visible clumping
(agglutination) was observed within 2 minutes fquasitive reaction.— was used to

designate no agglutination through to ++++ forrargj agglutination.
2.2.3 Bacterial growth assessment

An isolated colony ofS. Typhimurium SL1344 oS Weltevreden C2346, 10259,
98 11262 and 99 3134 was grown overnight in 10 frilB broth at 37°C. The
following day, 50 ml of a secondary culture waststh from the overnight at an
ODsoo of 0.05. Experiments were performed at 37°C antC28nd the Okyowas
measured each hour for the first 2 hours then &ciminutes for the rest of the
assay. At each time point 1 ml of culture was useskerial dilution for subsequent
plating on LB plates to assess bacterial growth.

2.2.4 Microarray assay (Biolog)

Phenotype microarrays (PM) to assess the metabaiisndividual carbon sources
(PM 1 to 2), nitrogen sources (PM 3), phosphorug anlphur sources (PM 4),
biosynthetic pathway substrates (PM 5), osmoticziaesponse (PM 9) and pH
response (PM 10) were performed according to theaufaaturer’s instructions.
(Biolog Inc. Hayward, California, USA). The bactewere grown up to Odgo 0.667
and the cell suspensions were made up to a traasieet of 42%. ForS
Typhimurium SL1344 the cell suspension was supphetewith histidine and the
carbon source used was succinate.FrdVeltevreden C2346 the cell suspension was
supplemented with adenosine and the carbon sosezkwas succinate while for the
isolates 10259, 98 11262 and 99 3134 the carbaceoged was pyruvate with no
added supplement. PM micro titter plates were iatedh at 37°C for 48 hours in the
Omnilog (Biolog Inc.) and each well was monitoremt fedox indictor change
representing kinetic respiration. Tests were peréat in duplicate and the kinetic
data analysed using Omnilog PM software (Biolog)lnigata was exported from the

Biolog File Manager, and further analysis was cated in R.
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2.2.5 Gentamicin killing assays using Hep2 cells

To facilitate the analysis of invasion assays, Typhimurium SL1344 ands

Weltevreden C2346, 10259, 98 11262 and 99 3134 waresformed with the
plasmid pSsaG that directs the expression of GBR fihe ssaGpromoter [219,
220]. Hep 2 cells were cultured in Glasgow’s minimal ess¢ medium (GMEM,
Sigma) supplemented with 2 mM L-Glutamate and 1@8lufne/volume) heat-

inactivated fetal bovine serum (FBS). Cells weredsgel into 24-well plates (50
cells per well) and cultured overnigl®almonellawere initially cultured at 37°C
with shaking (250 rpm) in 5 ml LB broth for 4.5 An aliquot was then diluted 1:50
in L broth and grown at 37°C overnight as a statilture to optimiseSalmonella
pathogenicity island 1 (SPI1) gene expression.if@ction, the bacterial cultures
were re-suspended in fresh GMEM supplemented with\V2L-Glutamate and 10%
(volume/volume) heat-inactivated FBS, in order bdain a multiplicity of infection
(MOI) of 50. The MOI was confirmed by plating 10 spots of 10-fold serial
dilutions of the bacterial solution onto agar psatéfter 30 min of incubation (to
allow Salmonellanvasion), cells were washed with phosphate-buffeadine before
adding GMEM supplemented with gentamicin (gml). Cells were incubated for
the appropriate length of time and then washedI|gset with 0.1% Triton X-100.
Dilutions of the cell lysates were plated onto aglates to determine the number of
intracellular bacteria. Alternatively, cells wereashed and fixed onto 13mm
coverslips with 4% formaldehyde then stored in PBBS confocal or electron
microscopy. This protocol was adapted frf282]

2.2.6 Confocal microscopy

Salmonellainfected cells were washed twice with the wash duffrom the
Cytotoxicity 3 kit after fixation and permeabilisedth the permeability buffer from
the same kit for 10 minutes. The cells were thech®#d with the block buffer for 20
min at room temperature and stained with goat @abmonellaCSA-1 antibody
followed by tagged secondary antibody. Glass cdipsrsvere mounted onto a
microscopic slide along with ProLong Gold antifadagent DAPI (Invitrogen). The
preparations were observed with an LSM510 META coaf microscope (Zeiss).
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2.2.7 Scanning Electron Microscopy

After infection with S Typhimurium SL1344 oS Weltevreden C2346, 10259,
98 11262 or 99 3134 for 30 minutes (MOI=100), celéze fixed directly on glass
coverslips with 2.5% glutaraldehyde and 4% para&dehyde in 0.01 M PBS at
4°C for 1 hour, rinsed thoroughly in 0.1 M sodiulcedylate buffer 3 times, and
fixed again in 1% buffered osmium tetroxide for @bs at room temperature. To
improve conductivity, using the OTOTO protocol dmd by Malick and Wilson
[223], the samples were then impregnated with 14eags thiocarbohydrazide and
osmium tetroxide layers, with the steps separayesbdium cacodylate washes. The
coverslip preparations were dehydrated 3 timesguam ethanol series (30, 50, 70,
90, and 100% ethanol, 20 minutes each) before werg critical point dried in a
Leica CPD300 and mounted on aluminium stubs withdoeting silver. Before a
specimen had completely set, the coverslip wasdirddy applying pressure with a
sharp point to the centre, which caused radialnfiexgation of the glass, in order to
obtain better conductivity between the stub and dbiés. The coverslip was then
sputter coated with a 2-nm gold layer in a LeicabE8C0 and examined with a
Hitachi SU-8030 SEM.

2.2.8 Transmission Electron Microscopy

Cells were infected as described for the scanniectren microscopy and fixed on
ice in their culture wells with a mixture of 2.5%lutaraldehyde and 4%
formaldehyde in PBS for 1 hour. The cells wereeth8 times with 0.1 M sodium
cacodylate buffer (pH 7.42), carefully removed fridm plate with a Teflon scraper,
and centrifuged at 10,000 rpm for 5 minutes. Thiéepavas post fixed in buffered
1% osmium tetroxide at room temperature for 1 hdoifpwed by 1% buffered

tannic acid for 30 minutes and then a 1% aqueodsusosulphate rinse for 10
minutes. The sample was then dehydrated using rem@tpropylene oxide series
(with 2% uranyl acetate added at the 30% step)emmoedded in Epon- araldite for
24 hour at 60°C. Ultrathin sections (60 nm) werd with a Leica EMUCG6

ultramicrotome, contrasted with uranyl acetate ad citrate, and viewed with an
FEI 120-kV Spirit Biotwin TEM. Images were obtainadth a Tietz F415 digital
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TemCam.
2.2.9 Murine intravenous challenge

Three groups of five C57BL/6 mice were challengettavenously with 2 x 0
colony forming units of respectivel$. Typhimurium SL1344,S. Weltevreden
C2346, and 10259 as described in [224] . The mieeewollowed for 4 days
checking for survival. They were all subsequentlliled at day 4, or earlier if they

were critically moribund.
2.2.10 Caolitis infection challenges

Six groups of five C57BL/6 mice each were pre-dawith 10 mg of streptomycin
(200 ul of a stock solution of 50 mg/ml of streptomyck¥ hours before challenge.
The first group (naive) was injected with PBS; eeond, the third and the fourth
groups were infected with approximately 5,5x° 10FUs of respectivelyS.
Typhimurium SL1344, S Weltevreden C2346,S. Weltevreden 10259,S.
Weltevreden 98 11262 & Weltevreden 99 3134. The mice were sacrificedysd
post challenge and caecum and liver were remowed &l mice for further analysis.
This protocol was adapted frofh60]. The liver was plated on LB plate for CFU
counts in order to check for systemic disease. Bfathe caecum was used for
histology to look for inflammation and the remaigipart was plated on LB agar in

order to check for bacterial colonisation of théooo
2.2.11 Histology

Mice caecum segments were fixed in 4% paraformaidiehS pm-thick paraffin
sections were stained in haematoxylin and eosiordoty to standard protocols.
Stained section were analysed under microscopyotd Kfor sign of intestinal

inflammation.
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2.2.12 The zebrafish challenge model

Groups of 30 to 50 embryos of AB wildtype zebrafigére challenged intravenously
(blood island) with 250 to 300 colony-forming undgS. Typhimurium SL1344S
Weltevreden C2346 or mock injected with PBS andnpheed solution. The
embryos were followed for 70 hours post infecti@moving any dead bacteria at
each time points. The results were subsequentlgrteg in a survival graph. The
same set up was used in a secondary experiment Meesnbryos per time point
were first homogenised using a stomacher then glateLB-tetracycline plate for
CFU counts to check for bacterial replication withhe host.For experiments
involving zebrafish harbouring mutations in Irf@%5t[225], groups of 30 to 50
embryos from a cross of heterozygous Irf8 st95 veilttitype zebrafish parents were
challenged intravenously (blood island) with 25@@0 colony forming units o§.
Typhimurium SL1344S. Weltevreden C2346 or mock injected with PBS aneinol
red solution. 70 hours post infection, the sungvembryos were genotyped and the
results were reported and compared to the expeatex of a quarter wild type, a

quarter homozygous and a half heterozygous.
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3 Phylogenetic diversity within S.

Weltevreden

3.1 Introduction

The recent advancements in genome sequencing tegiewhave enabled a better
understanding of the basis of bacterial evolutiord adaptation to selective
pressures. Such sophisticated technologies hailgafi@el outbreak tracking and the
identification of transmission events in clinicattings as well as in the community.
These techniques have been successfully used tesadthe evolution of various
Salmonellaserovars such & Typhimurium [226],S. Enteritidis [227] and. Typhi
[133]. Despite a global effort to study and tadklese pathogens, salmonellosis still
represent an important health concern globallyeag strains emerge over time. For
example, S. Weltevreden has emerged as a significant foodbopathogen
particularly in South-East Asian countries and Riaeific regionS. Weltevreden has
increasingly been reported to be associated witifierdnt sources including
vegetables, poultry, meat, animal feed and seafiooided, in a study conducted on
over 12,000Salmonellaisolates,S. Weltevreden was the most frequently isolated
serovar from seafood in Vietnam and was amongst highest Salmonella
contaminant in fish and seafood samples in thed\@28, 229]. Various reports of
food poisoning due t& Weltevreden have come from India [230], Reunisland
[231], Thailand, Vietnam [232], Fiji [233] and moreecently from Norway,
Denmark and Finland [234].

In recent years, multiple cases and outbreakS dYeltevreden have been reported
to be associated with different disease outcomhs. ¢linical outcomes in patients
range from asymptomatic carriage, moderate to sed@&rrhoea, invasiveness in
immunocompromised individuals [235], ulcerativerslkasions [236], through to rare
cases of fatality [237]. Antibacterial resistansenot currently commonly reported
for S Weltevreden isolates and current therapy incltlklesise of fluoroquinolones.
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Some of the earliest attempts to genetically charseS. Weltevreden involved the
generation of draft genomes and preliminary contperagenome analysis. Draft
genomes have been generated for the scallop-assbciaolate SL484, the
Scandinavian outbreak associated isol&teWeltevreden 2007-60-3289-1 from
alfalfa sprouts [238] and a multidrug resistantase®S Weltevreden “9” isolated
from seafood [239]. Preliminary comparative genorsiadies performed against
representative isolates @& Dublin, S Newport, Salmonella Cholereasius,S.
Enteritidis, SalmonellaGallinarium, SalmonellaHeidelberg,SalmonellaAgona, S.
Paratyphi (A, B and CalmonellaSchwarzegrund, arfd Typhi [238] were used to
generate a phylogenetic tree showing their comparatelationships toS
Weltevreden (Figure 3.1).
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Salmonells Schwarzengrund CWYM 18823

Salmanalia anferch aubap anronas HSK2980

Figure 3.1: Phylogenetiree generated using the core genes (~2650 codgggiuences) of variouSalmonella. Taken from [238]
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S. Agona was found to be genetically the closestvsgrto S Weltevreden. The
analysis of S Weltevreden 2007-60-3289-1 revealed the prese@fcadditional
cluster of genes likely associated with carbohymatetabolism, suggesting the
possibility of survival in alternative habitats B3 Indeed, the averagé&
Weltevreden genome is slightly bigger than the ayeSalmonellagenome. The
presence of many of the majSalmonellaSPIs was confirmed in the Scandinavian
isolate. Interestingly comparative analysis betwe&dm84 and 2007-60-3289-1
showed high genetic similarity despite the différsaurce and geographic location
of the isolates [238].
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S. Weltevreden (2007-60-3289-1)

S. Dublin CT_02021853

S. Weltevreden (SL484)

Figure 3.2: Mauve progressive alignment of the drafgenomes ofS. Weltevreden 2007-60-3289-1, S. Dublin CT_020218&nd S. Weltevreden SL484

S Dublin was used as a comparator as this ser@aatsimilar genome size and shares many featitie SwVeltevreden 2007-60-3289-1. Black numbered arnodzate
selected features; 1: 1- T6SS1 (Spi 6); 2- T6SHR 19); 3- Genomic island 1 (Spi 13); 4- Genorsland Il (Spi 13); 5- Genomic island 11l; 6- Genansland IV; 7- Genomic
island V; 8- Genomic island VI; 9- Myo-inositol ligation loci; 10- Carbohydrate utilisation clust&f- Restriction/modification cluster; 12- Phospate metabolism. Regions

containing phage-related genes are indicated witlagk arrow without a numbet aken from [238]
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In this chapter, Illlumina and PacBio sequencindginetogy were used to sequence
the genomes of a globally distributed collection 1df5 S Weltevreden isolates.

Subsequently, phylogenetic approaches were exgloite generate a detailed
population structure and highlight interesting denefeatures of theseS

Weltevreden.

3.2 Results

3.2.1 The S. Weltevreden collection

A collection of 1155 Weltevreden isolates from 18 countries was comapihrough
collaborative efforts involving Dr. Stephen Baketo(Chi Minh City, Vietham) and

Dr. Francois-Xavier Weill (Pasteur Institute, Frapc The isolates were
predominantly collected frorS. Weltevreden endemic area of the South—East Asian
region and some West Pacific countries, as welhadPasteur Institute isolates that
represented Francophile countries and travelldnesé isolates were from different
sources including the environment, food, animaltejagnimals, human faeces and
blood and they covered a period from 1940 to 20h@ map depicted below shows
the geographical distribution of the isolates ided in this study.
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@auritius
La Reunion

Figure 3.3: Geographical distribution ofS. Weltevreden isolates included in the study

Colours (red and yellows) represent the pipghetic clusters and the number of the isolates fach location and will be discussed later inctiepter.
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3.2.2 Generation of aS. Weltevreden reference genome

In order to gain a better understanding of the gemechitecture o Weltevreden,
DNA from the isolate 10259 obtained from a stoolofliseased Vietnamese child,
was sequenced using both the Illumina and PacBitl R8g read sequence
platforms. For a full description of the approaclseg the Methods section. After
manual fixes, a new high quality reference genooreSf Weltevrden 10259 was
generated which revealed a single contig for thenrbacterial chromosome and an
additional contig for a large plasmid that is présen many isolates. The
chromosome ofS. Weltevreden 10259 is a single circular molecule ©62,936
bases that harbours a 4723 predicted coding DNAesegs (CDSs). The single
plasmid is 98,756 bases in length with 98 predi€@&fbs. The genome has a G+C
content of 52.1%. Putative functions of coding gewere assigned using the Sanger
automatic annotation pipeline (Accession numbebdgrovided post submission).

Figure 3.4 below represents a map of the genomerget using DNA plotter.
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Figure 3.4: DNA plotter diagram of S. Weltevreden 10259 genome

The outer black circle designates the genome basiigns around the chromosome. The next 2 outer
blue circles depict predicted CDSs on both stramtie. predominantly orange circle represents thexmai
chromosome with likely horizontally acquired DNAeglents. On this circle, grey areas represent non-

coding RNA (ncRNA) and the green areas represédAtR he inner circle represents the % of GC plot.
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3.2.3 Phylogenetic analysis

3.2.3.1Confirmation of sequence type

DNA from all 115 S Weltevreden isolates were sequenced on the Hami
sequencing platform with an average coverage of tifi@s the genome size. A
statistical and logistical analysis of the runs barfound in Appendix 4. To correlate
their serovar identity, all 115 sequences togetvidr the other published sequences
isolates were run on the reference database
http://mlist.warwick.ac.uk/mist/dbs/Senterita determine their MLST. The data

confirmed all of the isolates were Weltevreden ®ege Type 365 and Table 3.1
below summarises the MLST of 10259 as well as tlelea numbers for each

housekeeping gene used to compile the MLST profile.

Isolate | ST | Contamination | aroC | dnaN | hemD | hisD | purE | sucA | thrA

10259 | 365 | none 130 | 97 25 125 84 9 101

Table 3.1: MLST data for S. Weltevreden 10259 reporting alleles numbers.

3.2.3.2S. Weltevreden in the context of othelS. enterica

S Weltevrden is a relatively under studied seroWageed, the exact placement of
the S. Weltevrden serovar in a comprehensive phylogenetie based on whole
genome sequences inclusive of otlsaimonellaserovars has not been available.
Previous limited phylogenetic analysis pla&dVeltevrden close t8& Agona [240]
and S. Enteritidis [241] in a separate eburst group [SRje earlier analysis was
compromised by the poor quality of the publishetenence genome (accession
JPIO01) used for those analysis, which included anr44 predicted CDSs, a third

of the expected number.

To clear up this confusion, the new reference gerdrin this study was used to

compareS. Weltevreden with 57 other isolates representaiivdifferentS. enterica
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serovars. A single high quality assembly was chdserach serovar. Twenty two
were high quality finished assemblies and thiriysere fragmented assemblies (see
Table 3.2). A pan genome was constructed @thWeltevrden and the 57 other
serovars using Roary and a core genome of 2,57@sgeas identified, representing
2,382,319 bps, with SNPs at 150,074 positions.siie of the core genome is in line
with previously published work. This data was usedcreate a phylogenetic tree
using RAXML with 100 bootstraps. The nearest seargplaylogenetically isS.
Elizabethville with a difference of 11,989 bases tile core genes of the
representative isolates with 0.5% variation. Thisesvation is also supported by the
similarities in their serologyS Weltevreden is O:3, O:10 or 15 andgpasitive and

S Elizabethville is O:3, 0:10 and r, 1,7 positivB)Agona, which has already been
reported to be genetically close & Weltevreden, also mapped closely $0
Weltevreden in this independent analysis with 26,8p differences in the core
genes representing a variation of 0.877%.
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Figure 3.5: Maximum likelihood tree comparingS. Weltevreden with selecteds. enterica serovars
2,572 core genes representing 2,382,319 bps we@ tos build the tree with SNPs at 150,074

positions.

Below is a table listing the different serovarsdusebuild the global tree.
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Serovar Accession Type

Aberdeen ERS179732  lllumina
Abortusequi ERS179705 lllumina

Abortusovis ERS179728 lllumina

Agama ERS037945  lllumina

Agona CP006876 Complete Reference
Anatum ERS179686 lllumina
Arechavaleta ERS016018 lllumina

Bareilly ERS218079  lllumina
Brandenburg ERS179748 lllumina

Chester ERS015989 lllumina
Choleraesuis CM001062 Complete Reference
Coeln ERS218091 lllumina

Cubana CP006055 Complete Reference
Derby ERS179704  lllumina

Dublin CM001151 Complete Reference
Eastbourne ERS179718 lllumina
Elizabethville ERS394435 lllumina

Enteritidis Unpublished PacBio

Gallinarum CM001153  Complete Reference
Goldcoast ERS530430 PacBio

Hadar ERS004922 lllumina

Heidelberg CP003416 Complete Reference
Hvittingfoss ERS179726  lllumina

Infantis CM001274  Complete Reference
Java ERS207735 lllumina

Javiana CP004026 Complete Reference
Johannesburg ERS015996 lllumina

London ERS179679 lllumina

Madelia ERS743095 PacBio

Minnesota ERS015985 lllumina

Montevideo ERS016005 lllumina

Moscow ERS179753 lllumina

Muenchen ERS218081 lllumina

Muenster ERS016008 lllumina

Naestved ERS400249  lllumina

Newport CP001113 Complete Reference
Oranienburg ERS743094 PacBio

Oslo ERS179729  lllumina

Panama ERS016015 lllumina
Paratyphi_A FM200053 Complete Reference
Paratyphi_B CP000886 Complete Reference
Paratyphi_C CP000857 Complete Reference
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Poona
Potsdam
Pullorum
Reading
Rubislaw
Schwarzengrund
Sendai
Senftenberg
Stanley
Tennessee
Thompson
Typhi
Typhimurium
Urbana
Virchow
Weltevreden

ERS668408
ERS179673
Unpublished
ERS179721
ERS218070
CP001125

ERS179752
ERS451416
ERS179745
ERS218098
ERS179680
AL513382

FQ312003

ERS015987
ERS668352
Unpublished

lllumina

lllumina

Complete

lllumina

lllumina

Complete Reference
lllumina

PacBio

lllumina

lllumina

lllumina

Complete Reference
Complete Reference
lllumina

lllumina

PacBio

Table 3.2: List of S. enterica serovars and Isolates used for comparison and thredccession numbers

where available

Assemblies fall into 3 general categories, fragmeérghort read assemblies using lllumina, high guali

long read assemblies using PacBio and high quaditgplete assemblies using a variety of technologies

and manual finishing.

A simpler tree was subsequently generated thatdied S. Weltevreden isolates
SW10259 and SWC234& Elizabethville and several other referer&&monella
genomes deposited on the NTCT database (Figuret3ete,S. Goldcoast is one of

the closest related serovars3oWeltevredenS Goldcoast is mostly associated with

zoonosis and rarely infects human with exceptioa f&w reported outbreaks.
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Figure 3.6: Simplified phylogeny of selecte. enterica serovars deposited on the NCTC database
compared toS. Weltevreden.

3.2.4 Genetic diversity ofS. Weltevreden

To investigate the population structureSoWeltevreden in more detail the genomes

of the sequence8. Weltevreden isolates were mapped againsiSth&/eltevreden
10259 reference genome.
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3.2.4.1Chromosome analysis

A multi-FASTA alignment was generated from the add samples for the
chromosome. SNPs were present at 22,569 positristhese were subsequently
filtered before the generation of the final tree. tAe samples were sequenced using
lllumina short read technology, repeats longer ttiantarget fragment size (~400
bases) were detected by blasting the referencemdsmme against itself and the
plasmid sequence against the chromosome. Forrihlgsas, 63 regions greater than
400 bases with a percentage identity of more tla#% @ere excluded in the multi-
FASTA alignment, which resulted in 42 SNPs beingladed. After removal of
these long repeats units, Gubbins (a software deditp identify regions of potential
recombination that exploits SNP density) was used litnit the effects of
recombination on the phylogeny. A total of 218 mabmation blocks were identified
in the sample set, which reduced the number of 8dEs to 2601. The outcome of
this Gubbins-based analysis is shown in Figure Bh&re the red blocks represent
recombination events identified in comparison te #ncestral node and the blue

blocks recombination events only present in onkaiso
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Figure 3.7: Gubbins-based analysis representing threcombination events across the tree
The red blocks represent recombination eventsiftehin comparison to the ancestral node and the b
block recombination events only present in oneaitsolRecombination regions across the genome are

highlighted in green on the reference genome on top

From this refined set of SNPs, a phylogenetic wvae generated with RAXML using
100 bootstraps. The isolates were clustered uskigB(see methods) identifying 2
primary clusters, which we refer to as thsldnds Cluster’and the Continental
Cluster’ correlating closely in most cases with where theas were collectecs
Weltevreden was definable as a monophyletic sersuérdividable into 5 sub-
clusters, again correlating closely to where themas were collected, or their
suspected origin (figure 3.8). Thadands Clustercontains 2 distinct sub-clusters, one
is drawn primarily from islands in the Indian Ocgémdian Ocean subclusteand
the other from islands in Oceania or from nearbytSoEast Asian countries
(Oceania subclustgr Thelslands Clustethad a different profile to th€ontinental
Cluster. The phylogeny suggests there were independawndunttions into different
islands and that these subsequently evolved indiepdly. Thus, the phylogeny
provides evidence of significant levels of geogieghclustering from regional to
national. Overall, these data suggest thatWeltevreden slowly evolves within a
specific geographical region rather than spreaffioi one location to another on a

frequent basis.

The Continental Clusters dominated by isolates from Vietnam, which reethe
sample bias but this cluster also includes a f@haiss from the ‘French’ islands of
the West Indies. There are 3 distinct sub-clusteingch capture the circulating
lineagesyVietnam 1, Vietham andVietnam resistancel heVietnam resistancsub-
cluster is interesting because out of 14 isolatdsave genes linked to antimicrobial
resistance and this may be a worrying emerginglttieat has not thus far affect&d

Weltevreden as a whole.

S Weltevreden isolates obtained from France wesdtesed throughout the tree
without showing any particular clustering. These l#ely to be associated, at least
in some instances, with international travel. lestingly, no particular clustering

was observed based on the environmental/lhuman esamfr¢he isolates. Indeed,
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isolates from animal, food, environment and humaere distributed throughout the
tree. No evidence of significant temporal clustgnvas observed.

There are 112 SNPs that can be used to discrimbetteeen the 2 main clusters.
These SNPs are the same bases in all isolateseoflosters and different from all
isolates outside the cluster (Appendix 3). Fordnsg, in theaminopeptidasgene
pepN encoding an aminopeptidase, the SNP in positjp821670 within the gene is
a T in all isolates from th€ontinental clusterand an A in all isolates from the
Island cluster.These 112 defining SNPs are dispersed evenly ghiaut the genome
with no high density clusters. None of these changéroduce stop codons, so

pseudogene formation is not evident.
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Figure 3.8: Population Structure ofS. Weltevreden isolates with key metadata information

Maximum likelihood tree build on 2601 SNPs showihggeographic origin (region), cluster and sub
cluster. B: antimicrobial profile (laboratory confirmed andegicted); in blue resistant and in red
susceptible.

3.2.4.2Plasmids

A single major plasmid with 98,756 bases in thenmaficeS. Weltevreden 10259 is
present in 90% of the isolates. It is possible tmare of the isolates originally
contained this plasmid but it may have been lagihfsome isolates on storage and
culturing as it is missing in a relatively randonamer across the tree, particularly
from older isolates. There is relatively little \sion in the plasmids with only 970
SNPs discriminating plasmids on the tree. If alsipgptential recombinatorial region
Is excluded from 7 isolates originating in La Reumthe number of SNPs drops to
just 48, which is a variation of 0.048%, indicatiagvery stable plasmid structure.
The plasmid tree structure matches that of the raiamosome, with nearly all the
clusters matching identically, indicating that ashevolved with the chromosome.
Two of the sub-clusters are interleaved, due taffitsent variation (Figure 3.9).
This plasmid shares 99% of similarity with the phd pSW82 found inS
Weltevreden 2007-60-3289-1 published earlier andains many classical plasmid
genes including toxin and anti-toxin genes, intsgrand plasmid maintenance genes
(see also Chapter 6). Many isolates contain maae thne plasmid, but these are

usually medium to small plasmids, which are scettexcross the tree.
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Figure 3.9: Maximum likelihood plasmid tree build on 48 SNPs.
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3.2.4.3 Resistome

Antimicrobial resistance has not been frequentlgoreed for S. Weltevreden.
Indeed, there is very little evident of resistanice the sample set, either
phenotypically or through predicted resistance frtme genomic data. Known
resistance genes were detected in 7 isolates AshBA [211], where antimicrobial
resistance was conservatively inferred using strimhditions; genes had to be
matched throughout the full open reading framehv@i8% identity to the genes
known to confer resistance. Isolate 2013 2776, immatghg from contaminated food
in France (potentially imported from South Eastaasvas found to have 6 AMR
genes, located on a plasmid very similar to $heleidelberg plasmid pSH111 227
(accession JN983042).

2011_0227]| 2013_277
9 6

Gene Accession

qnrD FJ228229
tetA AJ517790

qgnrS1 AB187515
blaTEM3

0 AJ437107
dfrAl JQ690541
sul3 AJ459418
aph3 V00359
OQgxA EU370913
ogxB EU370913
SUA TC_00338
strB M96392
tetB AF326777

Table 3.3: Genes known to confer antimicrobial restance found inS. Weltevreden and the isolates

in which they were detected.

3.2.4.3.1 Additional plasmids present in the samples flaggeds antimicrobial

resistant

A Kraken database was created using all plasmm® fRefSeq as well as ti&
Weltevreden 10259. All of thele novoassemblies for the samples which were

flagged as having, or potentially having antimicablesistance were compared to
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the Kraken database, which categorised each castggnovel plasmid or as related
to the S Weltevreden reference chromosome plus plasmié fidvel potential
plasmid contigs were extracted for further analy$isis pre-filtering step reduced
the size of the input data set by 98%. Asdbenovoassemblies originate from short
reads, plasmids are fragmented into multiple piedes overcome this issue a
nucleotide blast approach was exploited to acclyrassign contigs to plasmids and
a database was created of all the plasmid sequané&fSeq. All of the candidate
sequences from thée novoassemblies were then blasted against these reéeren
plasmid sequences and the novel plasmids were @tisely called (more >95%
identity, hits over 10,000 bases in length). Whtrere were matches to multiple
plasmids, a combination of the high values andeydeage coverage of the reference

plasmid were used.

Table 3.4 lists the 7 isolates with predicted addal plasmids. The equivalents of
these plasmids are found in a diverse range ofr atpecies and genus. Of the 8
samples with predicted or laboratory confirmedraidiobial resistance, 7 harboured
additional predicted plasmids, equivalents of whitlave been linked to

antimicrobial resistance previously [242-245]. Thee phenotypically resistant
isolate absent from the list, INT_635, had too miralgmentation to confidently call

a plasmid. However a plasmid relatedgBBGL1lis likely present in this isolate

(accessioMNC_025182.1
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Sample AMR Predicted Additional Plasmids Accession
AMR

031986 Resistant Resistant | S Heidelberg plasmid NC_019123.1
pSH1148 107

2013 2776 Resistant Resistant | Serratia marcescens NC_005211.1
plasmid R478

2011 02279 Resistant Resistant | E. coliHUSEC2011 NC _022742.1
plasmid pHUSEC2011-1

38 NTMD Susceptible | Resistant E. colistrain 09/22a NC _025182.1
plasmid pEBG1

10347 Susceptible| Resistant | Klebsiella oxytoca NZ_CP011615.1
CAV1099
pKPC_CAV1099

94 VNQN Susceptible | Resistant K. oxytocaCAV1099 NZ_CP011615.1
pKPC_CAV1099

2013 2912 Resistant Susceptible| Citrobacter freundii NZ_CP011610.1
CAV1321 plasmid
pCAV1321-135

Table 3.4: Isolates likely to harbour antimicrobial resistance-associated plasmids.

3.2.4.4Accessory genome analysis

The predicted pan genome of tBeWeltevreden isolates was created using Roary
from annotatedle novoassemblies. This reference free approach captoves of

the sequence diversity, unlike alignment-based agmbres, which miss sequences
absent in the reference genor8eWeltevreden genomes have ~4500-5000 predicted
CDSs, depending on the mobile elements presentré af 4046 CDSs present in
each isolate was identified using this approachna@572 core CDSs identified
early using an alignment based approach on a wsderof serovars. The total

accessory genome consisted of 7923 CDSs as shieigure 3.10.

“Get homologues software” was used to estimate emd pan genome sizes and
generate a parse-pan-genome matrix in order to gtamgnd graph the core, cloud,
and shell genome compartments [246]. GET_HOMOLOGU®&Sines these
compartments empirically, as follows: core, germ#ta@ined in all genomes analysed
considered; soft core, genes contained in 95%efdnomes analysed, as described
in the study described in [246]; cloud, genes presmly in a few of genomes

analysed and shell, the remaining genes, presesivieral genomes.

An average of 15 new predicted CDSs was addecetpdah genome with every new
isolate (Figure 3.11) and there are an underlyingnlver of unique genes that are
only found in one isolate. Some of these gene @aklstheoretically due to DNA
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contamination and/or mis-assemblies; however thenhaappear to be attributable
to mobile elements or gene islands. Given the ohteew gene acquisition and the
increasing size of the pan genome as seen in FRIUES. Weltevreden appears to

have a relatively open pan genome.

Consequently, the size of the potential gene pawhf{Salmonellaand in particular
S. entericaalong with the commonality of a variety of mobd&ements, indicates
that more sequencing will be required to fully ecaptthe total pan genome of this

serovar.
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core
(113 <= strains <= 115)

) f’-"
soft-core  ——— -3 U

(109 <= strains < 113)

shell
(17 <= strains < 109)

cloud
(strains < 17)

Figure 3.10: Breakdown of the frequency of gene imsolates and in the overall collection ofS.

Weltevreden
Here, the core genome is defined by genes presedf-1L00% of isolates, the soft-core by 95-99%, the

shell by 15-95% and the cloud by 1-15% as defing@Cbntreras-Moreira and Vinuesa, 2013) [246].
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Figure 3.11: Plot showing variance in the number ofinique genes found in one isolate only and the

number of new genes as genomes are added to the gmmome.
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conserved CDSs (99% of isolates) in the core genome samples are added.
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3.2.4.5Phylogeny of the distribution of phage-like elemerst

In order to address the phylogeny of genetic elésneith phage-like signatures on
the tree, the genome sequences of the isolates91028346, 98 11262 and
99 3134, representing some of the diversity withim tree, were investigated using
the website “PHAST”. Several relatively completeagbs were identified on each
isolates, with an average of 12 phage elementspkates. Figure 3.13 illustrates the

distribution of such phages within the genom&diVeltevreden 10259.
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Figure 3.13: Predicted phage distribution across th genome of thes. Weltevreden 10259
The outer circle defines the position in the genothe red blocks represent the larger phage element
found across the genome while the green blocksesept partial phage sequences. Picture generated

using Phast
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Most phages identified on PHAST were shared bisalates; these include classical
Salmonellgphages such as Gifsy 1 and 2, Fels 1, as welitasoePsP3 [247]. Figure
3.14 below shows ACT snapshots comparing the 4rgesat the DNA level. The
spaces apparent in each genome likely represeantigcacquired DNA. Indeed,
more detailed analysis revealed many had signatirgghage or mobile elements

and corresponded to regions identified in the PHASJarch (Appendix 4).
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Figure 3.14: Comparative analysis of the geme sequence db. Weltevreden (1) 10259 (2) 98 11262 (3) 99 31341 4#) C2346

Red, blue and yellow areas represera genetic elements and the white areas repres&nitial mobile genetics elements. Analysis pergxrim ACT
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3.3 Discussion

In this study we analysed the genomes of $1W/eltevreden isolates collected from
18 countries representing the most comprehensinengie study ors. Weltevreden
to date involving whole genome sequencing technetogrhese analyses revealed
that the averag& Weltevreden genome is relatively large comparentust S.
entericaserovars. Indeed, the genomes of all$h@/eltevreden isolates were above
5,000000 bpsS. Elizabethville was phylogenetically the clos8stentericaserovar
to S Weltevreden, nicely linking the genotype to tleeotogical phenotype. Indeed,
serological test confirmed the high similaritiestvibeen the 2 serovars witB.
Weltevreden being O:3, O:10 or 15 andepasitive andS. Elizabethville being O:3,
0:10 and r, 1,7 positive. This population structiaealysis revealed tha®
Weltevreden is a monophyletic serovar organised thimajor clusters of largely
continental and island isolates, displaying higkieleof geographical clustering.
There was some evidence of geographical clustenitgin the sub-phylogeny,
suggesting that th& Weltervreden serovar continues to evolve withispacific
geographical region rather than frequently spraadliom one location to another.
There was no obvious temporal clustering within phglogeny, although this could
be because most of our isolates were of relativetent origin. Importantly, the
phylogeny did not correlate with disease type arrse of the isolate. For example, it
was not possible to distinguish phylogeneticallywsen isolates from diseased
patients or controls or even for a specific diségpes. Thus, it was not possible to
link specific genotype to any disease syndrome.

The two main clusters can be discriminated betwesimg the 112 SNPs (Appendix
3). These SNPs will enable the design of specifobes that could be used in SNP
or PCR analysis to discriminate between isolatesalocate noveb. Weltevreden
to the appropriate cluster. For example, primeasking selected regions containing
the defining SNPs could be used in diagnostic gndeeniology analysis to assign
isolates to particular phylogenetic clusters ometeelikely country/region of origin.
This could be especially useful for travellers reing from multiple destinations to
trace down the region of contamination and to ferthnderstand the burden &f

Weltevreden infection across the globe.
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Interestingly, despite the diversity of geographicagin 104 isolates out of 115

possessed a highly related plasmid to that in ¢fereénceS Weltevreden 10259, as

illustrated by a plasmid tree built with 48 SNPadded, removal of a single

recombination region found in 7 isolates from thene area brought the number of
plasmid-associated SNPs down from 970 to 48. Thasnpd is more than 99%

identical to the plasmid pSW82 foundSnWeltevreden 2007-60-3289-1.

Antibiotic resistance was not a very common pheometyithin ourS. Weltevreden

collection and genome analysis for the presencantibiotic resistance signatures
within the genomes of our collection confirmed taboratory findings, with just 7

isolates out of the whole set displaying antimi@ablresistance genes. Further
analysis suggested that these resistant isolatd®urad novel plasmids of types
previously described in other bacteria. Th8sWeltevreden, although largely still
susceptible to antibiotics, has the potential tquae multiple antibiotic resistance

and any trends in this direction should be cargfuibnitored in the future.

A total of 4046 core predicted genes present irh esglate were identified using
reference free accessory genome analySisWeltevreden appears to have a
relatively open pan genome based on the rate ofges® acquisition and the size of
the pan genome. However, further analysis will bguired for a comprehensive
description of th&s. Weltevreden accessory genome. Initial work shotlietiphages
and mobile elements varied depending on the isoldtdl characterise@almonella
phages were present as well as more novel phags.typus, in common with other
S. entericaphage and other mobile elements are a key doivéiversity, suggesting

that the serovar is undergoing rapid and continewagution.

The ability to generate DNA sequence and to coostagcurate phylogeny will
facilitate further epidemiological analyses andctional genomic work designed to
link phenotype to genotype. The initial steps ims tdirection described in this
Chapter benefited greatly from the generation ofaacurate reference genore

Weltevreden 10259 that will be made available o ¢bmmunity. This genome can
provide a basis for further functional genomic waricluding mutagenesis, RNA-

seq and proteomics.
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4 Phenotypic characterisation of S

Weltevreden

4.1 Introduction

The Kauffman-White scheme has been used for dedaddassifySalmonellainto
serovars based upon serological analysis. Thisqgtiaeic approach has proved to be
invaluable in public health terms for epidemioladiand clinical work, although the
level of resolution limits its utility. Work destxed in the previous chapter defined
the levels of genetic diversity within a collectiof S Weltevreden isolates at a
whole genome level using phylogenomic approachémsd studies define.
Weltevreden as a monophylectic group that couldlibgled into sub-clades with
distinct genetic structures. Our interest in thesogar was stimulated in part by
increasing reports of an association $f Weltevreden with clinical disease in
different geographical regions. For example, odilaborators working at the Oxford
University Clinical Centre in Ho Chi Minh City, Viam were isolatingS.
Weltevreden from both diseased and control indizisi{see Appendix 1). Most of
the clinical disease was associated with gastraéatand there was an indirect link
with marine food sources (Dr. S. Baker, personahmoinication). AdditionallyS.
Weltevreden is emerging as one of the most fredyesdlated serovars in clinical

salmonellosis cases from other regions.

Despite an increasing effort to genetically chaaseé S. Weltevreden, little to no
phenotypic data is currently available in the pshodid literature Thus, there is a lack
of knowledge and a clear understanding of the mashes of microbial
pathogenesis associated with this serovar. Sudmnmaition would be of value for
designing approaches to prevent and tackle dis@&ses. with an aim to gain more
insights into the pathogenesis and host responsmféztion stimulated byS
Weltevreden, we embarked on a series of experimdasigned to phenotype
selected isolates representing the diversity ofph@ogenetic tree. These isolates
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were tested in various experimental settings tonde¢haracteristics using isolates
representative of specific genetic clusters (whsotates were available) with the
overarching goal of linking the genotype to thembtgpe. A comparative analysis of
isolates of thes Weltevreden an&. Typhimurium serovars was performed in each

experiment in order to capture the key differingtéees between these 2 groupings.

For the experiments described in this chaf@efyphimurium SL1344 was used as a
control as this isolate has been used extensindbioratories around the world and
in variousin-vitro andin-vivo models of infection [248, 249]. For example, as a
mouse pathoger§. Typhimurium SL1344 has been used in both the typab0]
and streptomycin treated gastroenteritis (coltmuse model [160]. Thus, here we
exploit the extensive genetic and phenotypic dak@ady available onS.
Typhimurium SL1344 to characterise and compar&Veltevreden isolates to this

more common nontyphoid&almonella

4.2 Results

4.2.1 Microbial characterisation and confirmation of

serotype

S Weltervreden isolates SW C2346, SW 10259, SW9B621and SW99 3134
were selected for use in phenotypic assays. Thesitipns within the S
Weldervreden phylogeny are shown in Figure 3.8.aA$ep towards validating that
the isolates were phenotypically Typhimurium orS Weltervreden they were
propagated on L-agar and characterised for micka@awth and serotyped using
reference serotyping sera. Initially, an aggluiorattest was performed of.
Typhimurium SL1344 using O4 and 05 sera, accordmghe Kauffman-White
classification forS Typhimurium. O10 typing sera were used as a negabntrol.
The agglutination data fo. Typhimurium SL1344 were consistent with the
Kauffman-White serological classification. In orday further validate that this
isolate was SL1344 and not tle@oA mutant derivative SL3261, which is also
frequently used in the laboratory, the presencthefiroA gene was confirmed by

colony PCR by amplifying thearoA region using primers specific fo&
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Typhimurium. The isolate was also able to grow oedma lacking aromatic
supplements. These assays confirmed that the esadliak not harbour araroA

mutation.

Similarly, to validate the serotype of tBeWeltevreden isolates, agglutination tests
were performed on all isolates. Based on the KaarfiWhite classificationS,
Weltevreden is O3 positive, O10 or O15 positive @rantigen and, R andeéZ
Positive for phase 1 and 2 H antigens respectivédye, O4 typing sera was used as
a negative control and the tests were performetkasribed in the methods section.

Additionally, all isolates were Vi-negative. Taldlel below summarise the results.

Strain Somatic antigen Flagella antigen Virulence
antigen
03 04 010 015
R Zs Vi
SW C2346 +++ - +++ - + +++ -
SW 10259 ++ - - +4++ ++ _ _
SW 98_11262 ++++ - ++++ - + + -
SW 99 3134 +++ - ++++ - + + -

Table 4.1: Sera agglutination results summary
- no agglutination observed, +: low agglutinatier;: mild agglutination, +++: strong agglutination,

++++: very strong agglutination.

All isolates were strongly positive for the corgityg antigen O3 whereas isolates
SW C2346, SW98 11262 and SW99_3134 were additiorkitive for O10.
Isolate SW 10259 was positive for O15 but not QAlDisolates were negative for
the control O4 typing sera. All 4 isolates were ippos for Hr and isolates SW
C2346, SW98 11262 and SW99 3134 were positive ferRhase 2 antigen Z6.
Again, SW 10259 was distinct in that it did notaewith Z6 sera. This may be

expected as Phase 2 antigens are not always exgrédse data retrieved from the
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tests were generally consistent with the Kauffmanmit#&/scheme and taken together
with the phylogenetic data the isolate fall inte 1 Weltervreden serovar grouping.

4.2.2 Bacterial growth in-vitro

To ensure that any further phenotypic differenceeobed between the isolates was
not due to any general differences in their growdate this was assessed in LB
medium over the course of 24 hours at 37° C. Thalt® are shown in Figure 4.1.

All isolates grew with a similar doubling time ini$ medium.

Bacterial growth in LB
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Figure 4.1: Standarisation curve reporting the numier of colony forming units (CFUs) per OD600
in LB medium for each bacterial isolate

Biological triplicates were used while performirmist experiment.

4.2.3 Metabolic profiling using the Biolog Phenotype

Microarray system

To gain more insight into the phenotypic diversifyS. Weltevreden compared ®
Typhimurium, 2 of theS. Weltevreden isolates, SW C2346 and SW 10259 were
tested alongside&s. Typhimurium SL1344 for metabolic activities usirigjolog
Phenotype Microarray™ plates and any metabolicetbfices were scored and
analysed using the Biolog OPM data analysis platff251]. Plates PM1 and PM2
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(covering different carbon sources), plate PM3 r@d¢jen sources), plate PM4
(phosphorus and sulfur sources), plate PM9 (osmes)yand plate PM10 (pH) were
used in the assays, which were repeated severas.ti@verall the different isolates
had a consistent metabolic profile with most indial assays reporting similar
results. BothS Weltervreden gave indistinguishable metabolicfijg® The key
metabolic differences betweeh Weltervreden and. Typhimurium are shown in
Figure 4.2.

W
-
v
=

L-aspartic acid

Bromo succinic acid

Fumaric acid
Glyoxylic acid
D tagatose
L-tartaric acid
D-threonine

D-xylose

Figure 4.2:Carbon source utilisation microarray
The carbon sources differentially utilised ByWeltevreden (SW) an8. Typhimurium SL1344 (ST).
The green circles represent the dominantly utiliseeérgy sources and red circles represent the less

favoured sources for each serovars. This datgpiesentative of multiple biological replicates.

The results confirmed that bog Weltevreden isolates have the capacity to exploit
similar carbon sources (Appendix 5). In contrastfable difference in carbon
choices was observed betwe8BnTyphimurium SL1344 and th& Weltevreden

isolates. D—xylose has been associated with amugarsand nucleotide sugar
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metabolism, pentose and glucoronate inter-converasowell as starch and sucrose
metabolism [252, 253]. Glyoxylic acid is associatedh purine and amino acid
metabolism, carbon fixation pathways, biosynthegisecondary metabolites and

microbial metabolism in diverse environments.
4.2.4 Invasion into Hep 2 cells

Eukaryotic host cells growing in culture have baesed extensively to monitor
cellular interactions between host and microbe. I&ssical method involves the
exposure of cell lines growinm-vitro to different numbers of either wild type or
mutant pathogens followed by microscopic or micotdyical observations.
Salmonellahave the ability to both adhere to and invadeucett cells, including
macrophage and epithelial cell lines. Exposurédnéoantibiotic gentamicin, which is
a poor killer of intracellular bacteria, has beeutmely used as a method for
estimating invasion levels. Consequently, cultutddp 2 cells were exposed
independently to eithe® Typhimurium SL1344(pSsaG) or one &f Weltevreden
SW C2346(pSsaG), SW 10259(pSsaG), SW98_11262(pSsat) SW
99 3134(pSsaG) at a multiplicity of infection (MO®f ~50 bacteria per cell.
Plasmid pSsaG directs the expression of GFP froen SRI-2-associatedsaG
promoter. Thus, host bacteria only become greeminey have established a SCV
(Figure 4.3).
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Figure 4.3: Confocal microscopy ofS. Typhimurium SL1344 and S. Weltevreden in Hep 2 cells, 2
and 6 hours post exposure

Cell nuclei were stained with DAPI (blue), commanface antigens (CSA) on tt&almonellabacteria
are stained in red and tBalmonella(pSsaG) where GFP expressing and are visiblegarng¢(GFP). This
data is representative of biological replicatedifferentS. Weltevreden isolates.

All S. Typhimurium andS.Weltevreden were able to invade Hep 2 epithelii$ ¢e
some extent as monitored using fluorescent micmscdsreen intracellular
Salmonellabacteria were observed in all cases by monitoiamghe expression of
GFP.S Typhimurium SL1344 (pSsaG) exhibited a consi¢yestronger fluorescent
signal at both the 2 and 6 h observation windowsymared to als Weltevreden.
However, no significant difference in bacterial dem was obvious using this
approach between the alb. Weltevreden isolates. Importantly, there were
consistently lower levels of GFP-positige Weltevreden in the microscope imaging
field thanS Typhimurium, indicating that they may be genegrédiss invasive in this
assay.

To assess the bacterial burden using an alternaitlenore quantitative approach, a
gentamicin-killing assay, in which predominantlyteémalised bacteria should
survive, was performed. Fob Typhimurium SL1344, there was a consistent
increase in the number of viable internalised b&ctbetween 2 and 6 h post
infection. At 6 h post infection, there was a statally significant difference
(SL1344:P=0.0001) in the number of viable bacteria recove@upared to the 2 h
time point (Figure 4.4). However no significantfdiences in recovered numbers
were observed between 2 h and 6 h for $h&Veltevreden isolates. Additionally,
there was a consistently lower level of invasion dy S. Weltevreden isolates
compared toS. Typhimurium SL1344. Thus, these data supportdbhgervations

made using microscopy.

116



Intracellular CFUs/ml

Hep 2 cells and Salmonella strains

11]?- kil ns ns na -
i - " Bl hours
Em- e - G hours
S 10°4
e -
© 104 -
=
= 10°
&
o 107
g
£ 10'
ﬂju" hln > T T h:
) m
F o @ N
St G - ""’ =%
o4 & s G N
= & &
Salmonella st i - i
T i !
—
107 ne 1wy
Il 2 hours _ ]
10¢ E 10°
B "E i - .
10 Em
104 'L;.lnd i
0? 3 10°
10? Emz
1o’ £ 10!
107 o
1ﬂ L] LI L] L] L
o o ", ol
" n
Jﬁ" & & & s A, A
P o & L&Y &N e
3 DN A

117

6 hours



Figure 4.4: Number of viableSalmonella recovered in gentamicin killing assay

The solid bars indicate the numbers of intracell@&U recovered 2 h (black) and 6 h (Grey) post
infection from Hep 2 cells infected with Typhimurium SL1344S. Weltevreden SW C2346, SW 10259
SW98 11262 or SW99 3134 (MOI, 50); the error badécate standard deviations. The 2-way ANOVA
multiple comparisons statistics shows tBat¥Veltevreden isolates did not differ significantigtween 2 h
and 6 h. In contras®. Typhimurium SL1344 numbers recovered increasguifsgiantly between 2 h and

6 h. S Typhimurium SL1344 was also generally more invasthan theS. Weltevreden. Biological
triplicates were used while performing this expenim. (Symbols: ns: p > 0.05, *:0.05, **: P< 0.01,
** P < (0.001, ****; P <0.0001).

4.2.4.1Electron microscopy

Electron microscopy was utilised to further invgate the interactions between Hep
2 cells andS. Weltevreden. Upon contacting host cé&lsentericacaninduce host
cell membrane extensions called ruffles, which agicularly obvious upon entry
into non-phagocytic cells. The appearance of swéfies has been linked to the
expression of the SPI-1 TTSS [254]. InitialBalmonellaHep 2 cell interactions
were investigated using Scanning Electron Microgc¢SEM). One hour post
exposure of Hep 2 cells & Typhimurium SL1344 or the differe® Weltervreden,
thin, long filopodia were observed in contact wiltle bacteria. These were readily
visible on the Hep 2 cell surface associated wiitlhacteria and in the surrounding
areas (Figure 4.5). These cell membrane ruffleg wesre obvious on the surface of
S Typhimurium SL1344 infected cells (Figure 4.5ddie panels). In contrast, Hep
2 cells infected with als. Weltevreden isolates showed less obvious ruffinghe
cell surface, particularly in contact with adherentinvading bacteria (Figure 4.5,
right panels). However, no obvious differences his tphenotype were observed

between the differer® Weltevreden isolates.
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Figure 4.5: SEM of Hep 2 cells infected witts. Typhimurium SL1344 or S. Weltevreden C2346

Red arrows shovBalmonellaand blue arrows show structures observefl Weltevreden infected cells
suggestive of reduced levels of ruffling. This detdypical of replicate assays performed overmn3es
with differentS. Weltevreden isolates.

This data suggests th&t Weltevreden is generally less efficient at innagdHep 2

cells.

To further investigate the intracellular aspects tbé infection, Hep 2 cells
challenged withS Typhimurum SL1344 orS Weltevreden 10259 (only one
representative o Weltevreden was used as no major differences degtvithe
isolates were observed in the previous experimemtsje investigated using
Transmission Electron Miscoscopy (TEM). Two hoursstp exposure toS
Typhimurum SL1344 an& Weltevreden 10259, bacteria were routinely olesgrv
many of which were residing within membrane-bouaduoles (Figure 4.6). F&
Typhimurum SL1344 the SCV was well defined, andeaclosing membrane was
clearly present. Th& Typhimurium had a generally healthy rod shapguyfé 4.6,
panel A). Several cells with more than one baaterwithin the vacuole were also
observed, indicating that intracellular replicatioauld be occurring (Figure 4.6,
panel C). In contrast, cells infected wihWeltevreden 10259 displayed a generally
less distinct SCV, with a host membrane apparevgly close to the bacterium
resident within the vacuole. The bacterial celbalfien exhibited an elongated form,
potentially reflecting a more stressed state (¥i§, panel B). Fewes. Weltervreden

10259 were observed within vacuoles or indeed withiallenged Hep 2 cells.
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Figure 4.6: Typical TEM ultrastuctures visualised within Hep 2 cells infected witls. Typhimurium (panel A) or S. Weltevreden (panel B)
A; black arrow indicating poteitSCV membrane. Replication 8f Typhimurium SI1344 within the SCV is representedsub-panel C. This data is typical of

replicate assays.
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The observations are consistent with the conceitShWeltevreden is less adapted
to invasion and growth within Hep 2 cells compatedhe typicalS. Typhimurium
SL1344.

4.2.5 S. Weltevreden in the murine model

As discussed previously there are a number ofreiffiemurine models @almonella
infection including the classical systemic typhonbdel and the streptomycin pre-
treatment model more related to gastroenteritisiséquentlyS. Weltervreden was

evaluated in both of these murine infection models.

4.2.5.1Systemic challenge

To determine the systemic virulence 8f Weltevreden, C57bl/6 Salmonella
susceptible, Nramp-1 negative) mice were infecteavenously with eithelS
Typhimurium SL1344S. Weltevreden SW C2346 & Weltervreden SW 10259
using a dose of 2000 CFU/mice. Mice were subsdtyumtlowed over a course of

4 days to monitor clinical symptoms using an apptbWumane scoring method.
Mice infected with theS. Weltevreden isolates were able to survive 4 dayst
infection and remained well thereafter until sacefl. In contrast some of the
C57bl/6 mice infected witls. Typhimurium SL1344 mice were deemed to be at the
clinical endpoint in terms of severity by day 2 pwgection and the others reached
this state by day 4 and were sacrificed (Figure. 4.7
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Figure 4.7: Percentage of survival of C57bl/6 micehallenged withS. Typhimurium SL1344,
S. Weltevreden C2346 and. Weltevreden 10259 following intravenous infection
This data is typical of replicate assays perforinegiplicate.

4.2.5.2Evaluation of S. Weltevreden in the streptomycin pre-treated

colitis model

S Weltevreden is an emerging cause of colitis imans. In order to model aspects
of this disease and to unravel details of the pg@kemechanism of infection,
streptomycin pre-treated C57bl/6 mice were oralallenged to investigate the
ability of S Weltevreden isolates to induce an inflammatoigpomse and cause
infection in the caecum. Four days post infectianhistopathological analysis of
caecum revealed pronounced inflammation charaeteriby oedema in the
submucosa, with distinct cellular inflammatory fiméites in the submucosa, the
lamina propria, and the epithelial layer, as wslltlae presence of immune cells in
the intestinal lumen. Crypts elongation and erosiv@nges in the surface epithelium
were also observed. These features were presémt icaecum of mice infected with
eitherS. Weltevreden an&. Typhimurium were as the caecum of PBS challenged

mice displayed no noticeable oedema or neutropfilfration (Figure 4.8).
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Figure 4.8: Histopathological analysis of caecum sgons of mice infected withS. Typhimurium
SL1344,S. Weltevreden C2346 or mock-injected with PBS 4 daypost infection

The top panels (a, b and ¢) show a representatieion for each infection at magnification 10X. The
mid panels (d. e and f) show details of the subreaaaith infiltrates at magnification 40X. The batto
panels (g. h and i) show the structure of the eryfuir each infection at magnification 40X.
Abbreviations: sm: submucosa, oe: oedema, ns: n@tmecture, er: erosion of the membrane and pmd:

polymorphonuclear leukocytes infiltrates. This dateepresentative of biological replicates

Thus, in contrast to the attenuated phenotype asgdl byS. Weltevrden in the
systemic murine model, similar pattern in intedtipathology were observed

between the 2 serovars in the caecum after chalehgtreptomycin-treated mice.

Additionally, the levels of colonisation by the féifent S. entericaisolates was
monitored by plating outweighed sections of thecaae and counting the number of
surviving Salmonellaper milligram of tissue (Figure 4.9). Plating weesgl lobes of
the liver also provided insights into the abilityy these serovars to cause systemic

infection post oral gavage in streptomycin pretgdanurine model (Figure 4.10).
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Figure 4.9: Analysis of the impact of colonisatiomf the ceacum byS. Typhimurium SL1344,

S. Weltevreden C2346 oiS. Weltevreden 10259 in C57bl/6 mice 4 days post atdtion

The Mann Whitney U T-Test shows a significant higharden in ceaca infected wigh Typhimurium

SL1344 compared to caecum infected vdthWeltevreden (p = 0.0317 and p = 0.0075). No Sicpmt

difference between the differel®@ Weltevreden isolates was noted. This data isesspttative of

biological replicates

Interestingly, S Typhimurium SL1344 exhibited a consistently higHevel of
caecum colonisation compare to tBeWeltevreden isolates and these differences
reached statistical significance. In contrast, éheras no significant difference in

caecal colonisation between the t&dNeltevreden isolates studied.
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Figure 4.10: Analysis of the levels of liver colosation of S. Typhimurium SL1344, S. Weltevreden
C2346 or S. Weltevreden 10259 in C57bl/6 mice 4 days post ettion

A significantly higher bacterial burden was detdci the livers infected witls. Typhimurium SL1344
compared td&5 Weltevreden isolates as determined by the Maniti& U T-Test (p = 0.0001 and p <
0.0001). No significant difference was observedveen the colonisation levels of the livers by the

Weltevreden isolates. This data is representafiv@otogical replicates

Thus, similarly to the data determined for coloti®a in the caecum,S
Typhimurium SL1344 displayed a significantly highemlonisation level in murine
liver compare to thes Weltevreden isolates. Similarly, there was nmisicant

difference in liver colonisation between tBéWeltevreden isolates.

4.3 Discussion

Phylogenetic analysis confirmed that the sequeisc&tleltevreden isolates fell into
a monophyletic clade formed of several sub-clades.S Welterveden is an
emerging cause of gastroenteritis in certain paftthe world, particularly South
East Asia, it is important to link the genotype isblates to classical phenotypic
properties associated with pathogenesis. Howegkatjvely little is known about the
phenotypic properties of this serovar. Here, by parmg severab. Weltervreden

isolates with the well-characteris&l Typhimurium SL1344, which was originally
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isolated from a case of cattle enteritis, we webde &0 initiate a phenotypic
characterisation of this serovar.

The initial serology confirmed the serotype ofistllates according to the Kauffman-
White schemeS. Weltevreden has an unusual (010, O15) LPS antgedrr flagella
type, falling into SalmonellaGroup E1. Other serovars with a similar antigenic
composition includes. Ughelli, S' Elizabethville andS. Simi, all relatively rare in
terms of their frequency of isolation. Indeed, ¢éhare virtually no reports on
infections by these 3 serovars in the recent litweaapart from the isolation &

Simi in the Congo.

Although the S Weltervreden grew well on laboratory medium ancerav
metabolically similar toS Typhimurium SL1344, they exhibited defects inithe
ability to interact with eukaryotic cells and ineth relative virulence for mice.
Indeed, theS. Weltevreden isolates were significantly less imw@asn terms of their
ability to enter Hep 2 cells compare & Typhimurium SL1344. Furthermore,
membranes ruffles on the cell surface were lestylito be observed in cells infected
with S. Weltevreden. In contrast, less robust structuresevebserved in the surface
of the Hep 2 cells exposed ® Weltervreden, usually directly associated with
attached bacteria. Interestinglg, Weltervreden appears to have a normal SPI-1
invasion system as far as can be deduced from siogghparative DNA analysis so
it is not clear how the different invasive phenaypare moderated genetical§y.
Weltervreden may encode unknown effector proteimat thave not yet been
identified. Additionally different regulatory patlays may be in operation that
impact on the expression of the SPI-1 system, atfhahis was not investigated.
Whatever, it is interesting th& Weltervren does interact differently with Hep 2

cells and this could impact directly on the viruderpotential of this serovar.

Similar to what was observeth-vitro in the Hep 2 invasion assays, tlse
Weltevreden isolates were moderately attenuategtiarmouse in both intravenous
and oral streptomycin treated infection models, para toS Typhimurium SL1344.

In fact, mice intravenously infected wifh Weltevreden were able to survive 4 days
post infection while by day 2 post infection, so&dyphimurium SL1344 infected
mice were clinically moribund and had to be saceidi according to the humane
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protocols. Although similar levels of inflammatiomas observed in streptomycin
treated mice infected with both serovars, theresvigher systemic colony counts in
the S Typhimurium SL1344 infected animals. Indeed, $1&Veltevreden isolates
displayed reduced growth and replication within ¢hecum and the liver of infected
mice. Again, it is not clear why th8 Weltervreden were so attenuated in mice
compared t& Typhimuirum SL1344. Clearly, the reduced abitiyexploit the SPI-

1 invasion system could be a factor, although #ystem is known not to be
absolutely required for mouse virulence. There was obvious mutation, for
example in a known virulence factors that could laxp the attenuation, as
determined from the initial interrogations of geresequence. Clearly, this is an

area worthy of further investigation in alternatsyestems (see next Chapter).

Some of thes. Weltervreden isolates under study were from cage$nical disease
and this serovar is now recognised as an emergingec of gastroenteritis in a
number of distinct geographical settings. It isermesting that even thoug8
Weltervreden shows some characteristics of att@man these models the isolates
of this serovar are able to still cause diseasmimans. Clearly, it is well established
that host adaptation or even restriction is a vt common property odalmonella
isolates and this may be to some degree what ybevealed by these studies.
Derivatives of otheSalmonellaserovars that lack a fully functional SPI-1 or 2Pl
system can cause disease in humans. For exaghgbengorilacks SPI-2 but is able
to cause sporadic human gastroenteritis. Thuslgledternative host specific
mechanisms of pathogenesis occur and not all hese tefined to date.

This first insight into the phenotypic charactecstof S Weltevreden revealed an
overall attenuated pathology compareSoTlyphimurium SL1344. Further studies
addressing the metabolic choice of carbon soursewal as the mechanistic of
epithelial cells invasion would provide a betterdarstanding ofS. Weltevreden
interactions with the host.
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5 S. Weltevreden in the zebrafish infection

model

5.1 Introduction

In the previous chapters a phylogeny and phenotgpalysis ofS. Weltevreden
isolates was performed in an attempt to build upatabase of information on this
understudied serovab Weltevreden has now been reported as a commsoiligted
serovar both from the environment and from clinicases in different parts of the
world. Although the potential source of theSe Weltevreden isolates is varied,
seafood products have been frequently implicataethlying a potential aquatic
source, both fresh and salt water. These repodisate that aquatic food sources
may be an important transmission rout&SdiVeltevreden into the human population
[229, 255] suggesting possibilities for marine dreshwater ecosystems as natural

niches.

This link with aquatic sources indicated tt&tWeltevreden could potentially be a
coloniser of fish. Thus, it was postulated tBa¥Weltevreden could potentially infect
the zebrafish, which is frequently used as an trdacmodel [256]. Additionally,
many reports of. Weltevreden are specifically linked to South Easia, a native
environment of the zebrafish. The zebrafish embivge been extensively validated
as a tool for investigations into many aspectsiololgy ranging from development
to infection and immunity. A number of different dbaria can infect zebrafish
embryos and indeed adult fish [257-265], for exampl. marinumhas been used
extensively as a model both for tuberculosis andgi@anuloma formation studies
[163, 266]. Moreover, the zebrafish has been usedxplore the pathogenesis of
Salmonellainfections, in particular to analyse the earlyth@sponse to infection.
The availability of zebrafish lines harbouring ntidas in individual genes has
extended the value of such studies. A particulau$ohas been on the role of
macrophage in the dissemination and control 8&imonella infection.
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Figure 5.1: Transgenic zebrafismgbryos infected with S. Typhimurium SL1027 48 hpi. Taken from [164]
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Here, the zebrafish infection model has been atli® investigate the ability &
Weltevreden to colonise or cause significant inggcin a fish species. To this end,
embryos were microinjected with eith&r Typhimurium orS. Weltevreden using
wild type or mutant zebrafish lines and the cousénfection was followed over

several days.

5.2 Results

5.2.1 Bacterial growth in-vitro at 28c

Since the optimal growth temperature for zebrafish28°C, S. Typhimurium
SL1344,S. Weltevreden C2346 and 10259 were grown indepehdentB broth at
28°C and their respective growth was assessedaotiare course of 24 hours. The
results, shown in Figure 5.2, indicated that allates grew at a similar growth rate
in this medium. The number of bacteria per OD msilair to what observed at 37°C

in the same media (see Chapter 4) but the timepbication was longer (Figure 5.2).

Growth curve in LB
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Figure 5.2: Growth curve showing the duplication tme of S. Typhimurium SL1344 | S
Weltevreden C2346 ands. Weltevreden 10259 in LB medium at 28°C.
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5.2.2 Infection challenge

To determine the ability o Weltevreden isolates to infect zebrafish, 48 haldr
embryos were systemically challenged using miceaitipn with ~250 CFU of either

S Typhimurium SL1344 of. Weltevreden SW C2346 or they were mock infected
using microinjection alone. The embryos were sgbeetly monitored for up to 70
hours post infection, scoring for survival (Fig&r&). No deaths were recorded3n
Weltevreden infected embryos or those mock infectéal contrast, ~50% of the
embryos infected witls. Typhimurium were dead by 40 hours post infectieigure
5.3).

Survival post infection
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Figure 5.3: Percentage of survival of zebrafish emlos microinjected with S. Typhimurium
SL1344 (ST),S. Weltevreden C2346 (SW) or mock injected
(P < 0.0001 betweed. Typhimurium SL1344 an8 Weltevreden C2346).

As S Weltevreden C2346 was clearly attenuated in thaglel compared t&
Typhimurium SL1344, further experiment were perfedrusing a ~8000 CFUs per
injection dose of. Weltevreden. At this dose, some of the embryéected withS.

Weltevreden succumbed within 24 hours post infectidowever, many embryos
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survived despite the use of a higher challenge.didsese data confirms a significant
level of attenuation ofS Weltevreden C2346 in the zebrafish embryo chglen

model.

5.2.3 Salmonélla viability in the zebrafish embryo model

The numbers o Weltevreden C2346 anfl Typhimurium SL1344 surviving at
different time points after microinjection into emgbs was assessed using viable
counts. This involved plating out whole embryos awlinting the number of
surviving Salmonellaat different time points after challenge (Figuret)5 The
number of viable&salmonellarecovered from the embryos was similar to the remb
microinjected at 6 hours post infection (data nodven in the Figure) suggesting
limited growth had occurred at this time point.
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Figure 5.4: Analysis of Salmonella survival withinzebrafish embryos microinjected with 250 -
300CFUs ofS. Typhimurium SL1344 or S. Weltevreden C2346
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Time points were 20 hpi, 39 hpi, 48 hpi. Al Typhimurium challenged embryos were dead by 48$0
post challenge where& Weltevreden C2346 was cleared at this point. pimple samples represent

severely moribund fish in each group.

Because the mortality between the 2 groups wassubstantially different at 20
hours post infection, statistical analysis weredtonted at that time point to assess
the replication of each bacterial strain within #rabryos (figure 5.5). As observed
earlier in the murine mode§ Typhimurium SL1344 displayed a significantly hégh

replication level in larvae compare $oWeltevreden C2346.
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Figure 5.5: Analysis of the replication level withn zebrafish embryos microinjected with 250 - 300
CFUs of S. Typhimurium SL 1344 (ST SL1344) and S. WeltevredeC2346 (SW C2346) 20 hours

post infection - P value < 0.0001.

By 48 hours post challenge, 8 Typhimurium SL1344 infected embryos were left
alive, whereas moss. Weltevreden C2346 infected embryos were viabldy(&
were plated for CFU counts). Interestingd/,Weltevreden C2346 infected embryos
were able to clear th&almonella48 hours post infection. Thus, although

Weltevreden C2346 may be able to undergo limit@tication in embryos but they
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were subsequently cleared around 2 days post iofeets shown in Figure 5.6
below.

SW kinetics in wild type

Log,, SW C2346 CFU + S.E.M.
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Figure 5.6: Kinetics of S. Weltevreden C2346 survival within zebrafish embrgs over the course of

the infection following challenge with 250 - 300 CBs.

5.2.4 Survival of S. Weltevreden within macrophage-

deficient embryos

To assess the potential role of macrophages medidlieg in the rapid clearance of
S.Weltevreden C2346 in zebrafish embryos, we exploiirf8 null zebrafish mutant
generated through TALEN-mediated targeting. Irf [8yp a role in myeloid cell
differentiation including the differentiation of @mmon myeloid progenitor into a
monocyte precursor cell. The nucleases targetecetfien near the@f8 translational

start site, creating frame shift mutatietO5 thereby introducing premature stop
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codons [225]. irf87 zebrafish mutants are characterized by a compéste of
macrophages but an over production of neutrophitterozygous mutant (irf8?)

fish harbour normal levels of macrophages and ophitis [225].

irf8 * heterozygous parents were crossed and the repuitispring was infected
with a low dose (~100 CFU) @& Typhimurium SL1344S Weltevreden C2346 or
mock injected. The infection was followed over aurse of 70 hours and the
surviving fish were genotyped. The expected digtidn of genotypes in each clutch
is 50% irf8 *, 25% irf8 " and 25% of wild-type. Figure 5.7 summarises a

compilation of the genotyping and viability dataahed in a typical experiment.

Genotypes of surviving larvae
++ st95/+ st95/st95
mock 14 20 9
ST 11 19 1
SW 13 20 7

IRF8 st95 inx survival 70hpi (percentage)

100m =43 n=31 n =40
. [ W (irf8** & irfgstos/)
80= - irf85t95/st95

60+

40-

204
0= -_—_-_

mock ST SW

Surviving larvae

Figure 5.7:Percentage of survival of wild-type irf8/+, heterozygous mutants irf8st95/+ and
homozygous mutants irf8 st95/st95 challenged wit8. Typhimurium SL 1344 (ST), S. Weltevreden
C2346 (SW) or mock-injected 70 hours post infection
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It is evident thairf8 Ss%embryos infected witls. Weltevreden C2346 or mock
injected have a higher survival rate than similanbeyos challenged witls.

Typhimurium SL1344. Thus, the attenuated phenotfp& Weltevreden C2346 is
significantly independent of the presence of malcages. This indicates that the

mechanism of attenuation is not macrophage depéondassociated.

5.3 Discussion

The initial phenotypic characterisation &f Weltevreden described in the previous
chapter revealed an overall attenuated phenotypdifiarent models of disease
compare t&5. Typhimurium SL1344S. Weltevreden was significantly attenuated in
mouse models and in the ability to infect Hep 2scel an invasion assay. At this
point, the mechanism of attenuation remains unkndwnterestingly, in the face of
this ‘attenuated’ phenotype many reports are ligkims serovar to serious cases of
illness in humans. Thus, the correlation betweasdhmodel systems and human
infectivity is not absolute. Indeed, others haveporéed significant levels of
attenuation in mouse-virulence and invasivenesk atiherSalmonella for example
the ST313S. Typhimurium associated with invasive diseaseub-Saharan Africa
[16, 267]. Again, in these cases the mechanismattehuation remain unknown,
although genome degradation similaroTyphi has been reported [16]. However,
we found no evidence for significant levels outttod norm forS. Weltevreden (see
Chapter 3).

Seafood and water based products have been ingali@tpotential source and/or
transmission route for infection witB Weltevreden. This association prompted in
part this investigation into the ability & Weltevreden to infect zebrafish embryos.
A comparative analysis of infectivity was undertakay setting up simultaneous
infections with eitherS Typhimurium SL1344 toS. Weltevreden C2346S
Typhimurium SL1344 is known to be significantly wient for zebrafish embryos
and this strain and simil&. Typhimurium have been extensively characterisgd b
others in this model [257].

S. Weltevreden C2346 exhibited a significant level attenuation following

microinjection into young embryos even if differedbses were used. Whereas
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embryos infected witts Typhimurium SL1344 routinely succumbed to infenti
embryos similarly challenged witB. Weltevreden C2346 normally survived and
were even able to clear the infection challengéiwitd8-72 hours post challenge.
Importantly, this lack of virulence @& Weltevreden C2346 was even present when
embryos defective in macrophage productiof8 (- mutant) were challenged. This
indicates that the mechanism of attenuation is ifstgmtly independent of
macrophages, which are known to be key cells irealin the pathogenesis and
control of Salmonellainfections in fish and other animals [268]. Theligb of
macrophage-deficientir{f8 7~ mutants) to clear the infection suggests a potentia
involvement of neutrophils in controlling Weltevreden infection. Whateve§
Weltevreden C2346 displays significant levels dembation in multiple classical

virulence models yet the serovar can still caugeifitant disease in humans.

In a natural setting, infection may occur in adighes with fully developed immune
systems, likely via the oral route. Thus, it would interesting to explore the
virulence of S Weltevreden in adult zebrafish but this would uiegf an animal

licence not available during this study. Furthedgs in adult fish populations could
help unravel the true relationship betweBnWeltevreden and fish confirming
whether the serovar is a natural commensal or pgatfio or simply attenuated in this

particular host.

The attenuated phenotype®fWeltevreden in zebrafish embryos remains of eger
and further experiments are planned beyond the orateescope and time-frame of
this thesis. RNA-seq analysis will be used to eslhhe nature of the host response
to S Weltevreden compared to S. Typhimurium infectaond other isolates d&.
Weltevreden should be used in this model to askess broadly the attenuated
phenotype is present in the serovar. Additionatper mutant zebrafish lines could
be used to explore further the mechanisms of adteyny for example to identify
mutant lines that succumb $Weltevreden challenge.
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6 Summary and future directions

In this study, a combination of whole genome sequngpy phylogenomics anuh-
vitro/in-vivo phenotyping were used to characterise the serBvaleltevreden.
Additionally, a complete reference genome was gerdrthat will prove of value
for further genetic work on this serovar. This gsa@ revealed that the avera8e
Weltevreden genome is larger than those of mangr &hentericaserovars, with an
average size above 5,000,000 base pairs. Much iefatiiditional DNA can be
accounted for in the accessory genome, where wirojghage and additional phage-
related elements are commort Elizabethville and S Goldcrest were
phylogenetically the closes$. entericaserovars toS. Weltevreden amongst the
serovars for which other whole genome sequencesa#able. InterestinglyS.
Elizabethville shares common core serological prigee with S. Weltevreden but
this serovar is not a common pathogen in humanweMer, it will be interesting to
see if these related serovars increase in theaceg®on with human diseases in the

future.

S Weltevreden appears to be a monophyletic ser@assignable to 2 major
phylogenetic clusters of largely ‘Continental ckrstand ‘Island cluster’ isolates.
Thus, there is evidence of a significant level ebgraphical clustering withits.
Weltevreden. Some geographical clustering is alsteafable within the sub-
phylogeny, suggesting that t&eWeltervreden serovar continues to evolve within a
specific geographical region rather than frequesplyeading from one location to
another. Geographical subclustering has been @eteatother serovars, including
the S, Typhimurium ST313 clades within sub-Saharan Afrj269]. This suggests
that Salmonellaclades can become established in an environmeat opulation

where they persist and evolve.

One hundred and twelve SNPs were found to be clsptific and these could be
of value in epidemiological tracking. For exampteyill be interesting to determine
if this type of data can be used to map potentiahgmission routes within

populations. Can solid phylogenetic links be ideedi between seafood and
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Weltevreden in human diseases? Is there evidenleensén-to-human transmission?
Here, some of the cluster-associated or even pri&Ps will be exploitable in
simple SNP-based assays for the rapid identifinatics. Weltevreden isolates in the
field. Such approaches have been developed for 8tilenonellaserovars, including
S Typhi [270, 271].

It is significant that the phylogeny &Weltevreden does not correlate with date of
isolation, disease type or source (environmentmahihuman) of the isolate, making
it impossible to link particular genotypes to angedse syndrome. The inability to
link genotype to human disease is intriguing andgssts that factors such as
infectious dose, host susceptibility or environmentild be influencing the patterns
of disease. Here, more thorough epidemiologicalissuwill be required to try to
link isolates either in environment to human, aniteahuman or human to human
transmission routes. Such studies could be perfdrmecountries with significant
levels of endemicS Weltevreden disease or by analysing transmissighin
outbreaks, should they be identified. We are plagrio perform such studies in
Vietnam, where the incidence & Weltevreden is currently comparatively high.

Here SNP-based assays will be applied.

The analysis o6 Weltevreden plasmids revealed the presence afge land highly
conserved plasmid among the isolates, despite itleesity of geographical origin.
More detailed recent analysis identified a numbircandidate genes that could
influence the phenotype o& Weltevreden and possibly persistence in the
environment and host (Figure 6.1). For exampleargd tandem non-ribosomal
peptide synthetases (NRPSs) of respectively 838118804 bp were found on the
plasmid adjacent to a transporter, a rare scemaribe Salmonellagenus. Tandem
NRPSs, in combination with polyketide synthasesqP&e commonly involved in
small antimicrobial peptide synthesis [272]. Theeraare usually implicated in a
wide range of bioactivities including antibiotic gouction [273, 274], toxins,
immuno-suppressants [275], anti-cancer moleculég][@nd anti-fungals [277, 278].
The use of small antimicrobial peptide by the baateemains unclear; previous
studies have speculated their potential use intifighrival microorganism [279].
Nevertheless, the fact that this plasmid is rethimethe population suggests that it

may offer a selective advantage $ Weltevreden in some environments. The
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generation if plasmid-less derivatives or even-ditected mutations in specific
genes would facilitate studies on metabolism andilemce and it would be

interesting to see if any plasmid-associated mutatwere picked up in any future
virulence screens.
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PaeR7I - Sfr2741 - Slal - THI - Xhol (3301)

Mrel (5325)
Pasl (6899)

(92,074) AhII - Bcul - Spel

(89,093) MssI - Pmel
(87,809) PaeR7I - PspXI - Sfr2741I - Slal - Tlil - Xhol

(83,846) FspAl

(83,229) Pacl

(82,513) AhII - Bcul - Spel
(81,957) Bsp19I - Ncol

MssI - Pmel (15,475)

AsiSI - Rgal - SfaAl - SgfI (17,876)
AsclI - PalAI - SgsI (18,045)
(79,132) Bsp19I - Ncol KfIT - SanDI (19,692)

(78,722) Pasl

Smil - Swal (22,448)
(75,368) AhII - Bcul - Spel
SW 10259 plasmid
98,787 bp

Mrel (28,360)
(69,733) AhII - Beul - Spel MauBI (28,536)
Pasl (29,661)

MssI - Pmel (32,048)
(65,087) Mrel

(62,422) Mrel

(61,797) Smil - Swal PaeR7I - Sfr274l - Slal - Tlil - Xhol (37,004)

(56,618) Bsp19I - Ncol
(52,915) Smil - Swal
(52,520) Smil - Swal

(51,759) KflI - SanDI Bsp19I - Ncol (51,008)

Pasl (44,016)

Figure 6.1: Circular map of S. Weltevreden 10259 plasmid
The restriction sites are marked on the plasmie. durple and blue arrows represent the non-ribospemide synthetase found on the plasmid adjaceatputative transporter

(orange arrow).
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Antibiotic resistance is currently not commonly @gated withS. Weltevreden. In
fact, only a few antibiotic resistance genes weret in a few isolates. These very
rare antibiotic resistant isolates harboured nopklsmids of types previously
described in other bacteria. Thi®,Weltevreden clearly has the capacity to acquire
resistance and to evolve multiple antibiotic resise. It will, thus, be important to
maintain surveillance on the serovar in order ttecteearly any trend to increasing

resistance.

Phenotypic characterisation & Weltevreden in comparative analysis showed an
overall attenuated pathology in in different models disease compare t8&
Typhimurium SL1344.S. Weltevreden isolates were significantly less imw@asn
terms of their ability to enter and replicates iepH2 cells. Indeed, membranes
ruffles, key hallmark oSalmonellainfection on the cell surface were less likely to
be observed in cells infected wig Weltevreden. In contrast, less robust structures
were observed in the surface of the Hep 2 cellosag taS. Weltervreden. Similarly

to what observed in vitro in the Hep 2 cefls\Weltevreden isolates were moderately
attenuated in the mouse in both intravenous anldstnegptomycin treated infection
models, compare t& Typhimurium SL1344. In fact, mice intravenoushfected
with S Weltevreden were able to survive 4 days posttide while by day 2 post

infection, somes. Typhimurium SL1344 infected mice were clinicathoribund.

Infection challenges ofS. Weltevreden in zebrafish embryos also revealed an
extremely attenuated phenotype and lack of virideewen in macrophage deficient
zebrafish larvae. Considering that in a naturalirsgt infection is more likely to
occur in adult fishes with fully developed immungstems via oral gavage, this
exceptionally attenuated phenotype in laboratotiingesuggests that the serovar is
likely to be non-pathogenic for adult zebrafish.fdftunately, we were unable to
assess the virulence 8f Weltevreden in adult fish due to constraints an @animal
licence but this work will be progressed in theufet Further studies in fish will be
required to explain the prevalence®fWeltevreden in marine products. In addition
to the lack of virulence observed with this serowarthe fish, the ability of
macrophage-deficient mutants to clear the infecsioggest a critical involvement of
neutrophils in controlling. Weltevreden infection.
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Despite the lack of antimicrobial resistance repa@nd the high level of attenuation
reported in all diseased models explored in thislyst more reports are linking
Weltevreden to serious cases of foodborne illnesd s predominance as a
foodborne pathogen, particularly in the South-Eesan region. These data support
the case for additional studies must be undertakenthe pathogenicity of
Weltevreden. However, the options for studies omduu disease are limited. One
option might be to exploit human models based dferdintiated human stem cell.
New advances have facilitated the generation démdint cell types and organoids
from human induced pluripotent stem cells [280-28%hese include human
macrophages and intestinal organoids that havelize#h used previously to explore
Salmonella pathogenicity [285-287]. It would be interesting evaluate the
interaction ofS. Weltevreden in such systems and studies of yipie &re planned.
Alternatively human challenge studies similar tosh undertaken witls. Typhi
could be performed witB. Weltevreden [288].

A number of other questions remain to be answereadcluding:

Does the accessory genome impact ¢h Weltevreden infection and regional
spread?Despite the low level of antibiotic resistanceaed inS. Weltevreden, the
serovar is successful in colonising, causing deseasd spreading, as observed
throughout South-East Asia. It is not clear yet hbwg has been driven but this is
unlikely to be only associated with the core genowigch is broadly shared across
S. enterica Phage and other mobile elements are known to eye dkivers of
diversity and evolution withirs. entericg128] and such elements might be worth
interrogating experimentally in order to get a éethnswer on the geographical
predominance of this serovar. However, additioeglugncing coupled with a larger
sample collection will be required to better chégeise the accessory genome. The
work presented here might be the foundation foth&mr functional genomic work,
including mutagenesis, RNA-seq and proteomics antm link the genotype to

different phenotypes.

DoesS. Weltevreden exploit alternative regulatory pathwg to invade and cause
disease?S Weltevreden appears to have normal SPI-1 locuketesmined by DNA
sequencing and comparative DNA analysis. Howevefedals in invasion and/or
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intracellular colonisation were observed in bathvitro and in-vivo systems. In
addition, the utilisation of alternative carbon sms commonly associated with soil
and plant organism might suggest ttat Weltervreden inhabits different host
environments compared to oth8almonella For example, the accessory genome
may encode novel effector proteins that could eitkeploit alternative survival
pathways. AlternativelyS Weltevreden might have evolved novel regulatory
systems that impact on the expression of the S&dl other virulence-associated
system. Experiments manipulating different pathwalgmgside RNA-seq analysis

might begin to unravel the mechanismssoWeltevreden interaction with the host.

Are neutrophils key in controlling S. Weltevreden infection?In our zebrafish
infection studiesS. Weltevreden control appeared to coincide wtitd peak of the
emergency granulopoiesis, previously reported @@monella infection in larvae
by others [289]. We found that macrophage-deficimbrafish larvae survivei

Weltevreden infection, suggesting that neutropimight be essential in controlling
such infections. Future experiments addressing rifle of neutrophils inS

Weltevreden infection might include using mutatiotisat block neutrophil
development in zebrafish embryos, such as Csf30][28 Runxl [291]. Here,
morpholinos could also be used to inhibit neutrbgfector mechanisms like
reactive oxidase production [291]. Other approackesld involve depleting

neutrophils in mice with antibody.

Is S. Weltevreden a commensal in zebrafish and potentig other marine
animals? Initial experiments presented here & Weltevreden infections in
zebrafish embryos suggest an extremely attenuatedngbype. Monitored
experiment in adult population replication the makuscenario in the wild could
provide insight in the relationship betweé&n Weltevreden and marine animals.
Indeed, it is possible th& Weltevreden is a commensal in such populatidnlg, @
colonise without causing disease. This would paaémtany threat to humans who
consumed contaminated food. Thus, it might be waqudrforming extensive
environmental studies, particularly in potentiatigntaminated environments, to try
to capture the true habitat 8fWeltevreden. Finally, it is clear th&tWeltevreden is
emerging as a potential threat to human healthanynparts of the world and that we

know very little about the epidemiology of diseam®d the pathogenicity of the

146



serovar. Clearly there is a need for continuingdistsl in this serovar, some as
outlined here.
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Appendix 1. Samples’ information (metadata)

The table below summarises key information of athples used in the phylogenetic
analysis. This includes the origin (country andiory of the isolates, year and
source of isolation and antibiotic resistance peofi
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2013 Food @ndategetables) Susceptibl&usceptible 2
2013 Seafoofishnd Susceptible Susceptible 1
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1120Human Ampicillin  Resistant
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9472 _3#9 30291 Vietnam
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9472 3#7 20372 Vietnam

South and Souf2h812
East Asia

South and Souf2812
East Asia

South and Sou2iB12
East Asia

South and Sou2810
East Asia
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East Asia
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East Asia
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East Asia
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East Asia

South and SoutB009
East Asia

South and SoutB009
East Asia
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Seafood and fish

Seafood and fish
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Human
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Human
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Human
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Human
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Vietnam

Vietnam

Vietnam

Vietnam

Vietnam

Vietnam

South and SoutB009
East Asia

South and SoutB009
East Asia

South and SoutB009
East Asia

South and South005
East Asia
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East Asia
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East Asia

South and Soutk910
East Asia

South and South910
East Asia

South and South910
East Asia

South and South910
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Vietnam

Vietnam

Vietnam

Vietnam

Vietnam

Vietnam

Vietnam

Vietnam

Vietnam

South and South910
East Asia
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East Asia

South and SoutB007
East Asia

South and Southo07
East Asia

South and Sout&2007
East Asia

South and Southo07
East Asia

South and SoutB©09
East Asia

South and SoutB007
East Asia

South and SoutB007
East Asia

South and Sout007
East Asia
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Human
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Vietnam

Vietnam

Vietnam

Vietnam

Vietnam

Vietnam
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South and SoutB007
East Asia

South and SoutB007
East Asia

South and SoutB007
East Asia

South and SoutBo07
East Asia

South and Sout2007
East Asia

South and SoutBo07
East Asia

South and South910
East Asia

South and Sout2009
East Asia

South and Sowfi1
East Asia

South and Sou2iB13
East Asia
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Human

Human

Human

Human
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Human
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Human

SusceptibleSusceptible

SusceptibleSusceptible
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SusceptibleSusceptible

SusceptibleSusceptible
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SusceptibleSusceptible
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10900_1#32
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2010_08825
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09_4703
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SR046
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Thailand

Malaysia

Laos

Indonesia

Indonesia

Thailand

Thailand

Indonesia

Vietnam

Vietnam

South and Sou2iB13
East Asia

South and Sou2iB10
East Asia

South and Soud®10
East Asia

South and So@b10
East Asia
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East Asia
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South and SoutkA
East Asia

South and SoutkA
East Asia
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Human
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Human
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Human
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Human

Animal

Animal

SusceptibleSusceptible

SusceptibleSusceptible

SusceptibleSusceptible

SusceptibleSusceptible
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SusceptibleSusceptible

SusceptibleSusceptible

SusceptibleSusceptible

Susceptible Susceptible

Susceptible Susceptible



10868_1#91

10868_1#90

10868_1#89

12227 3#52

74 V_379

7_H_437

71_V_366

2013_690

Vietnam

Vietnam

Vietnam

Unknown

South and SoutkA Animal
East Asia

South and SoutkA Animal
East Asia

South and SoutkA Animal
East Asia

Unknown 2013 Seafoddish
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Susceptible Susceptible

Susceptible Susceptible

Susceptible Susceptible

Susceptible Susceptible



Appendix 2: lllumina HiSeq output

The table below summarises the outcome of the ilaniSeq runs of all samples

included in the study.

Mapping De novo assembly

Name Reads Mapped Coverage Length  Contigs N50 Genes
%

10868_1#89 3889532 98.1 73.94 5044941 97 112822 4949
10868_1#90 4688928 98.7 89.64 5006424 78 144704 4905
10868_1#91 4260526 93.1 76.88 5044922 177 147001 4919
10900_1#31 2801512 95.5 51.83 5151860 80 143020 5053
10900_1#32 3599042 99.4 69.34 5045168 76 149123 4951
12216_4#40 5144766 99 98.65 4868524 71 134434 4748
12216_4#41 4699890 98.4 89.61 4859440 65 144627 4757

12216_4#42 4363564 98.5 83.26 4906994 64 133432 4769

12216_4#43 4341900 94.4 79.43 5007548 57 214657 4946
12216_4#44 4519078 99.5 87.12 5004210 78 149409 4894
12216_4#45 4708460 97.7 89.15 5011241 63 164965 4917

12216_4#46 4592746 98.2 87.41 4944440 74 139950 4871
12216_4#47 4703734 84.5 76.97 5005467 62 172717 4948
12216_4#48 4753954 99.2 91.38 4952303 72 161583 4828
12216_4#49 4917208 99.2 94.49 4842349 69 175797 4722
12216_4#51 4428042 97.9 84 4966191 60 195013 4857
12216_4#53 4566100 98.4 87.07 4895076 72 162400 4784
12216_4#54 5162754 97.9 97.93 5020258 67 195411 4933

12216_4#55 4871450 95.8 90.43 5072792 52 284108 4980

183



12216_4#56
12216_4#57
12216_4#58
12216_4#59
12216_4#60
12216_4#61
12216_4#62
12227 3#1

12227 3#10
12227 3#11
12227 3#12
12227 _3#13
12227 _3#14
12227 3#15
12227 _3#16
12227 _3#17
12227 _3#18
12227 _3#19
12227 _3#2

12227_3#20
12227 _3#21
12227 _3#22
12227 _3#23
12227 _3#24
12227 _3#25
12227 _3#26

12227_3#27

5284370
4568892
3952184
4459446
4151724
4393012
4618592
5194158
4570594
4926752
4813016
5236316
5412332
5730108
6052146
5260846
5372556
5187148
5011300
4480874
4586082
5036370
5827672
5502848
5068292
4538930

5409458

97.4
94.5
98.4
98.5
98.9
97.5
94.3
98.5
98.1
99.1
98.3
98.9
95.8
99.2
97.8
97.4
97.4

98
98.3
98.5
98.1
95.5
98.6
99.6
95.7
99.1

99.5

99.69
83.68
75.33
85.1
79.58
83
84.36
99.12
86.89
94.61
91.62
100.31
100.44
110.09
114.67
99.3
101.37
98.48
95.47
85.54
87.16
93.18
111.31
106.16
94.01
87.17

104.31

184

5052883
5090761
4976493
4921713
4960208
5007607
4945027
4962601
5042864
4751595
4924337
4915900
5101676
5042706
4996706
5008621
4988534
4883424
4965443
4923384
4978574
5035718
4944434
5023404
5101214
5038836

5047209

88
83
67
50
57
55
49
50
79
47
50
55
58
76
56
58
71
50
54
48
83
69
57
81
59
67

73

146745
149007
161403
195414
195403
195318
251959
215020
146957
238100
251914
159187
214999
189557
261708
143289
195207
212167
214985
195388
146469
195212
159186
149196
296488
167656

149174

4960
4987
4871
4790
4831
4916
4840
4842
4934
4605
4795
4771
4997
4943
4900
4908
4869
4755
4852
4780
4857
4909
4818
4907
5009
4945

4959



12227 _3#28
12227 _3#29
12227 _3#3
12227 _3#30
12227 3#31
12227 3#32
12227 _3#33
12227 _3#34
12227 3#35
12227 _3#36
12227 3#37
12227 _3#38
12227 _3#39
12227 _3#4
12227_3#40
12227 _3#41
12227 _3#42
12227 _3#43
12227 _3#44
12227 3#45
12227 _3#46
12227 _3#47
12227 _3#48
12227 _3#49
12227 _3#5
12227 _3#50

12227_3#51

5104036
5053162
5867244
4883262
5537958
5310382
4583850
4717704
5417350
5565292
5349784
4578170
5412292
5644922
5413274
4807198
5387826
5302882
5684572
5291962
5332544
5327502
4881750
4881894
6169240
4635114

4746446

99.5
97.7

98
98.5
98.3
97.8
98.3

96
99.1
97.7
97.8
98.4
97.9

98
97.6
90.9
97.8
98.4
97.2
98.2
97.6
98.7
98.6
98.1
98.7
99.5

99.5

98.35
95.65
111.44
93.17
105.48
100.65
87.29
87.75
104
105.32
101.4
87.26
102.62
107.2
102.32
84.64
102.04
101.13
107.07
100.69
100.78
101.85
93.29
92.82
117.95
89.37

91.5
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5048510
4976937
4851166
4965221
4946827
4865035
4947501
5068657
4891302
5019360
4995518
4917439
4955321
5045161
5010535
5226277
4905900
4920067
5089435
4946756
5007769
4926290
4926529
4986584
4954924
5007888

5048359

76
55
52
48
58
47
64
56
56
58
59
44
69
69
58
59
47
60
79
58
56
52
53
56
75
72

76

146959
195293
251953
214747
159194
195395
159222
255910
162271
214869
255919
282900
162412
175809
195289
195402
236046
175603
176985
227814
205697
206554
236317
160361
162452
149266

149111

4953
4860
4690
4847
4816
4764
4819
4958
4755
4915
4890
4786
4847
4929
4924
5169
4774
4792
4997
4822
4919
4775
4780
4868
4808
4887

4955



12227 _3#52
12227 _3#53
12227 _3#54
12227 _3#55
12227 _3#56
12227 _3#57
12227 _3#6
12227 _3#7
12227 _3#8
12227 3#9
9472_3#1
9472_3#10
9472_3#11
9472_3#12
9472_3#13
9472_3#14
9472_3#15
9472_3#16
9472_3#17
9472_3#18
9472_3#19
9472_3#2
9472_3#20
9472_3#21
9472_3#22
9472_3#23

9472_3#24

5429082
4376474
4530426
5260556
5363480
4621298
5679188
6293382
6262826
5228332
12568808
9411182
10538574
9721890
10502146
9740586
9668256
9882038
9964280
8627588
9728464
9987104
10661266
10592012
9617680
9213008

10013626

98.2
97.3
97.2
97.3
96.6
96.2
94.4
98.3
97.2
98.4
96.3
96.6
99.5
96.9
97.4

99
99.7
98.8
96.3
99.5
97.6
97.9
98.7
96.9
99.3
99.4

97

103.28
82.47
85.3
99.17
100.36
86.09
103.83
119.83
117.96
99.63
234.35
176.06
203.19
182.41
198.08
186.89
186.76
189.1
185.89
166.34
183.97
189.32
203.89
198.87
185.04
177.34

188.12

186

4965012
5133374
5130868
4927651
5132332
4977137
5098879
4841149
5001905
4991840
4935559
5135834
5052882
5165454
5161880
5066549
5012030
5058896
5029157
5045229
4934937
4988511
5015618
5169321
5014284
5064218

5166931

51

87
50
79
55
66

57

74
78
74
74
92
54
70
85
86
75
87

92

201132
192470
146957
256825
181687
251917
195247
176642
195413
146861
195369
146736
175982
146725
198510
175906
147037
150539
175836
175630
215006
162584
143410
145882
162533
146103

134459

4850
5036
5022
4811
5031
4858
5018
4704
4902
4875
4858
5055
4976
5088
5095
4997
4921
4991
4934
4957
4818
4888
4919
5086
4920
4996

5079



9472_3#25
9472_3#27
9472_3#28
9472_3#30
9472_3#31
9472_3#32
9472_3#33
9472_3#34
9472_3#4
9472_3#5
9472_3#6
9472_3#7
9472_3#8

9472_3#9

11974942
9596238
8842562
8930070
8948484

10228588

11191750
7232246
8464880

10708366
8478962
9953400
9396910

11845904

99.4
99.8
96.9
89.8
98.3
94.4
90.5
87.2
98.6
97.8
98.2
97.4
99.3

99.5

230.49

185.5
166.04
154.96
170.44
187.04
195.31
121.62
161.76
202.92
161.31
187.83
180.81

228.27

187

5020379
5005406
5148340
5010158
5085083
5197912
5039988
5160889
5003613
5042617
5087212
4939069
5044982

4998331

70
72
87
73
65
101
69
79
73
75
67
70
77

75

147031
146959
146762
175874
195350
134125
243732
146730
146959
195368
175850
162515
147011

162227

4938
4899
5056
4916
4995
5125
4975
5074
4963
4974
5003
4850
4959

4890



Appendix 3: SNPs defining the major

phylogenetic clusters

A hundred and twelve SNPs were found to enableigorichinate between the 2
major clusters. The table below provides a comprsie description of each SNP,

their position in the genome and putative functiohthe genes they were found in.
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Coordinates

38110

53518

150218

159866

165171

171185

186542

455296

482321

493751

551959

553182

555948

623261

666014

667137

Continental

- >» >» o » o -

®

—

> r» T O O©

Islands

> >» O 6 6 o0 6 >» O 0 O©

—

® O O >

Type

Nonsynonymous
Nonsynonymous
Synonymous
Intergenic
Synonymous
Nonsynonymous
Intergenic
Intergenic
Nonsynonymous
Intergenic
Nonsynonymous
Intergenic
Nonsynonymous
Intergenic
Intergenic

Intergenic

Change

M1l

V1M

287R

48V

Y110H

T116A

D132N

R136C

189

Name

yhcR
ribF

murD

lysR_1

hofB

yajl

ybaN

SBOV4431

Fction

secreted 5'-nticlase

riboflavin biodyeis protein RibF

UDP-N-acetylmurdrheglanine:D-glutamate ligase

LysR family trai@onal regulator

protein transpmtein HofB

lipoprotein

Inner membg@oéein YbaN

chaperosteip HtpG



694039

731339

877723

882274

885476

928510

969008

1087552

1102354

1151458

1202670

1283933

1461980

1539870

1560429

Nonsynonymous
Nonsynonymous

Nonsynonymous

Nonsynonymous

Synonymous
Synonymous

Intergenic

Synonymous

Nonsynonymous

Synonymous

Nonsynonymous

Synonymous

Intergenic
Intergenic

Intergenic

Al4V

N142K

L16P

N160T

245N

217L

94D

L171F

268T

S177P

70P

190

entF enterobactint®tase component F
citF 2 citrate lysisleunit alpha
sdcS_1 cation tratepo
10259 0084 .
6 - membrane protein
gpmA phosphoglycerorautas
ybhL 1 membrane protein
cvdD cysteine/glutathione ABC transporter membrane/ATP-
y binding component
dmsB_2 anaerohiettiiyl sulfoxide reductase subunit B
10259 0111 . .
1 amino acid:proton symporter
pepN aminopeptidase
10259 0125 : .
- hypothetical protein



1625658

1669118

1694992

1697445

1703784

1720617

1735902

1743929

1782320

1792507

1827483

1842679

1904277

1938526

1945318

® > O O©

> O >» >

Intergenic
Intergenic
Intergenic

Nonsynonymous

Nonsynonymous

Synonymous

Nonsynonymous

Synonymous

Intergenic
Synonymous

Intergenic

Nonsynonymous

Synonymous
Nonsynonymous

Nonsynonymous

P186L

L19R

76N

V190I

37R

243Y

P191L

33P

Y191H

A206T

191

SBOV16411 putatimer membrane protein

20259—0169 protein ydcJ
gatC_1 phosphotransfenssyme
ydcR_1 GntR fartidyscriptional regulator
10259—0173 ssrAB activated gene
gals 1 transcriptioeglilator
10259 0182 .
lipoprotein
7
ydhJ multidrug resigtafitux pump
sseC pathogerigtand 2 effector protein SseC
SSrA sensor kinase



1948148

1952986

1955378

2072991

2104434

2155215

2179555

2306947

2312418

2327448

2349279

2368620

2388569

2397768

2487266

2571886

2644752

- o o o 4 >» 4 » o o -

0o > o

® » o 4 » 4 o O o -

—

Nonsynonymous
Nonsynonymous
Synonymous
Synonymous
Intergenic
Synonymous
Nonsynonymous
Nonsynonymous
Nonsynonymous
Synonymous
Nonsynonymous
Nonsynonymous
Nonsynonymous
Intergenic

Nonsynonymous

Synonymous

Nonsynonymous

P212A

N234H

391L

395H

29G

124T

1253V

V262L

20L

G266D

P271H

G3R

N31H

233G

A315V
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ycgE_1
ttrB
ttrA

dosC

mnmA
ycfS
ackA 1
dacD
hisC
rfoD_2

wcaC

yegN

yeiO

arnB

folC

MerR fatndgscriptional regulator
tetrathiomatkictase subunit B
tetrathionate otglse subunit A

diguanylate cylase

tRNA-specific 2inidylase MnmA
LD-transpesid#cfS

propionatade

penicillinelity protein

histidinol-phosptahinotransferase
dTDP-4-dettythmnose reductase
glycosylteask

RND family tpeomter protein

sugar efflangporter

UDP-4-amino-4-deoxy-L-arabinose--oxoglutarate
aminotransferase

folylpolyglotate synthase



2655437 C A Intergenic

2745065 A G Synonymous 152R xapA purine nucleoghesphorylase

2751842 T C Intergenic

2806294 A C Nonsynonymous T319I dapE succinyl-dierpimelate desuccinylase
2830342 A G Nonsynonymous I1331S ppXx exopolyphosseat

2918022 A C Nonsynonymous H332D dmsA 4 putativeeaotzic dimethylsulfoxide reductase
2939599 T C Nonsynonymous L349Q ;0259—0293 reductase

3029090 G Nonsynonymous L36P nadB L-aspartatéase

3044150 G A Synonymous 372K kgtP alpha-ketoglueatt@insporter

3165103 G T Nonsynonymous G366S gabR DeoR fanahystrriptional regulator

3192557 G A Synonymous 87L srlA Glucitol/sorbit@rmease 11IC component
3247227 A G Synonymous 216Q spaR virulence assacgscretory protein

3250702 G A Synonymous 120 spal \s/ﬁﬁlr::lrey) apparatus ATP synthase (associated with
3258960 A C Intergenic

3323082 G A Nonsynonymous w394C SBOV30001 consenypdthetical protein

3469564 A G Synonymous 84Q yqgD inner membraneejrot
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3502405

3559237

3638294

3710463

3715222

3734518

3784257

3798695

3844549

3861654

3933453

3935103

4022010

4054900

4087478

—

® >» >» O ®

- > O » o

> O @

Nonsynonymous

Nonsynonymous

Nonsynonymous

Synonymous

Intergenic
Intergenic
Synonymous
Synonymous
Intergenic
Synonymous
Intergenic

Synonymous

Nonsynonymous

Nonsynonymous

Intergenic

R422L

E431Q

R451L

1221

260V

51P

68*

226S

A49V

D498G

194

10259_0350 FIC domain-containing protein

9
STY3343 putatip®egd protein
tdeD propionatéddedinase
monofunctional biosynthetic
mtgA
transglycosylase
acrF acriflavin resistgprotein F
fmt methionyl-tRNA fohmansferase
aroB 3-dehydroquinatet®se
php phosphotriesterase
10259 0402 o .
3 - putative inner membrane protein

xylR xylose opesgulatory protein

peptidoglycan



4151451

4179949

4183764

4202714

4231325

4343874

4464873

4469553

4478528

4525097

4528083

4537997

4613302

4651837

4659202

® O > o >

—

Intergenic

Synonymous

Intergenic

Nonsynonymous

Nonsynonymous

Nonsynonymous
Nonsynonymous
Nonsynonymous
Synonymous
Intergenic
Intergenic

Intergenic

Nonsynonymous

Intergenic

Synonymous

81N 10259—0417 putative secreted protein

A51T dsdX permease

M5118T ;0259—0422 2-oxo-3-deoxygalactonate kinase
S55R hemC porphobilinaigaminase

L550Q siaT_2 integral brame transport protein
A561E CpxA two-comporsemisor kinase protein
175K yicJ_2 sodium:galadeosymporter

T68A i0259—0459 histidine biosynthesis protein

224N bepC type-| secretiotejn
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4676493

4740492

4783210

4785518

4794271

4863047

4865401

4867756

4867800

4872126

4883973

4901727

4982215

—

® O & O O > O

Nonsynonymous

Intergenic
Nonsynonymous
Nonsynonymous
Nonsynonymous
Intergenic
Nonsynonymous
Intergenic

Intergenic

Synonymous

Synonymous
Nonsynonymous

Nonsynonymous

N697H

P7S
H71Y

S75T

F78l

359D

37E
G84D

R88Q

196

10259 0464 . . .
- Ig domain-containing protein

1
Sugk SugE protein
frdB fumarate redset iron-sulfur protein
psd phosphatidgpkseleécarboxylase proenzyme
iolB 5-deoxyglucaterisomerase
10259 0482 .
6 lysosomal glucosyl ceramidase
pmbA peptidase PmbA
mgtA magnesium-prarig ATPase MgtA
mdtM sugar trangpotéin



Appendix 4. MLST data

The table below summarises the sequence type (®Nhe alleles numbers for the
house keeping genes used to compile the MLST praofilall samples used in the

study and the ones that were discarded.
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Isolate-LANE ID
10868_1#89.contigs_velvet
10868_1#90.contigs_velvet
10868_1#91.contigs_velvet
10900_1#31.contigs_velvet
10900_1#32.contigs_velvet
12216_4#40.contigs_velvet
12216_4#41.contigs_velvet
12216 _4#42.contigs_velvet
12216 4#43.contigs_velvet
12216_4+#44.contigs_velvet
12216_4#45.contigs_velvet
12216 _4#46.contigs_velvet
12216_4#47.contigs_velvet

12216 4#48.contigs_velvet

ST
1500
1500
1500
1500
1500

559
1500
1500

559
1500
1500
1500
1500

1500

aroC
130
130
130
130
130
130
130

130

130
130
130
130

130

dnaN
97
97
97
97
97
97
97
97
97
97
97
97
97

97

198

hemD
25
25
25
25
25
25
25
25
25
25
25
25
25

25

hisD
125
125
125
125
125
125
125
125
125
125
125
125
125

125

purk
422
422
422
422
422
U
422

422

422
422
422
422

422

SUCA
9
9

thrA
101
101
101
101
101
101
101
101
101
101
101
101
101

101



12216 _4#50.contigs_velvet
12216 _4#49.contigs_velvet
12216_4#51.contigs_velvet
12216_4#52.contigs_velvet
12216 _4#53.contigs_velvet
12216 4#54.contigs_velvet
12216_4#55.contigs_velvet
12216_4#56.contigs_velvet
12216_4#57.contigs_velvet
12216 _4#58.contigs_velvet
12216 _4#59.contigs_velvet
12216_4+#60.contigs_velvet
12216_4+#61.contigs_velvet
12216 _4#62.contigs_velvet

12227 3#10.contigs_velvet

1500
1500
1500

518
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500

1500

130
130
130
101
130
130
130
130
130
130
130
130
130
130

130

97
97
97
41
97
97
97
97
97
97
97
97
97
97

97

199

25
25
25
40
25
25
25
25
25
25
25
25
25
25

25

125
125
125
184
125
125
125
125
125
125
125
125
125
125

125

422

422

422

76

422

422

422

422

422

422

422

422

422

422

422

101
101

101

101
101
101
101
101
101
101
101
101
101

101



12227 3#11.contigs_velvet
12227 3#12.contigs_velvet
12227 3#13.contigs_velvet
12227 3#14.contigs_velvet
12227 3#15.contigs_velvet
12227 3#16.contigs_velvet
12227 3#17.contigs_velvet
12227 3#18.contigs_velvet
12227 3#19.contigs_velvet

12227 3#1.contigs_velvet
12227 3#20.contigs_velvet
12227 3#22.contigs_velvet
12227 3#21.contigs_velvet
12227 3#24.contigs_velvet

12227 3#23.contigs_velvet

1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500
1500

1500

130
130
130
130
130
130
130
130
130
130
130
130
130
130

130

97
97
97
97
97
97
97
97
97
97
97
97
97
97

97

200

25
25
25
25
25
25
25
25
25
25
25
25
25
25

25

125
125
125
125
125
125
125
125
125
125
125
125
125
125

125

422

422

422

422

422

422

422

422

422

422

422

422

422

422

422

101
101
101
101
101
101
101
101
101
101
101
101
101
101

101



12227 3#26.contigs_velvet
12227 3#25.contigs_velvet
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Appendix 5: Phage search in Phast

The table below shows an the outcome of the phegeels performed on Phast for 4

S Weltevreden isolates.
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S. Weltevreden 10259 contig 1 undefined product 1:5@836 forward .5062936, GC%: 52.16%, length = 506283 ps

Total : 13 prophage regions have been identifieehoch 9 regions are intact, 3 regions are incatell regions are questionable.

DET

REGION REGION_LENGTH COMPLETENESS SCORE #CDS | REGION_POSITION POSSIBLE PHAGE GC % AlL

PHAGE_Cronob_vB Csa 53.59%
3 32.9Kb guestionable 70 9 1057625-1090615 M_GAP32_NC 019401, 371 Detail

PHAGE_Entero_HK106_ | 51.78%

5 11.8Kb incomplete 40 12 1431061-1442946 NC_019768, Detail
\

. i PHAGE_Aggreg_S1249 | 50.88% .

0,
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S. Weltevreden C2346 Contig 1 5129845 forward .5129%4GC%: 52.18%, length = 5129845 bps

Total: 11 prophage regions have been identifiedylo€h 8 regions are intact, 3 regions are incotepl@ regions are questionable.
POSSIBLE

REGION REGION_LENGTH COMPLETENESS SCORE #CDS | REGION_POSITION PHAGE GC % DETAIL

‘
PHAGE_Cronob_
vB_CsaM_GAP3 .
1022187-1049025 2 NC_019401, 53.51% Detail

Detail

N

10 24.8Kb incomplete 30 14 4996913-5021741 PHAGE_Entero_ | 49.57% Detall




P4_NC_001609,

S. Weltevreden 98_11262 Contig 1 4897142, GC%: 52.18%ngth = 4897142 bps

~Total : 8 prophage regions have been identifiedyl@th 4 regions are intact, 3 regions are incomeple regions are questionable.

REGION REGION_LENGTH COMPLETENESS SCORE #CDS | REGION_POSITION ES?CS;IEBLE GC % DETAIL

PHAGE_Ralsto_|

2 6.3Kb questionable 90 13 792695-799011 hiRSA1_NC_009 | 48.41% | Detall
382, ......
PHAGE_Entero_

3 12.1Kb incomplete 40 17 801306-813443 P4_NC_001609, | 50.81% | Detail

incomplete 4513062-4532052 PHAGE_Cronob | 53.58% Detall
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vB_CsaM_GAP3
2_NC_019401,

S. Weltevreden99 3134 Contig 1 4977779, GC%: 52.15%, length = 487779 bps

Total : 11 prophage regions have been identifiedshich 7 regions are intact, 3 regions are incatgll regions are questionable.
POSSIBLE

REGION REGION_LENGTH COMPLETENESS SCORE #CDS | REGION_POSITION PHAGE GC % DETAIL

PHAGE_Ralsto_

3 6.3Kb questionable 80 12 1162475-1168791 hiRSA1 _NC 009 | 48.41% Detall
382, ......
PHAGE_Entero_

4 23.5Kb incomplete 30 14 1158855-1182435 P4 NC 001609, | 49.37% Detall

PHAGE_Cronob_|

. vB_CsaM_GAP3 .
24.8Kb incomplete 50 8 3911226-3936104 2 NC_019401, 51.64% Detail

100
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PHAGE_Entero_
10 11.8Kb incomplete 40 12 4279868-4291753 HK106_NC_0197| 51.79% | Detail
68,

Legend:

REGION: the number assigned to the region

REGION_LENGTH : the length of the sequence of that region (in bp)

COMPLETENESS: a prediction of whether the region contains adghbr incomplete prophage based on the aboveiarite
SCORE: the score of the region based on the above ieriter

#CDS the number of coding sequnce

REGION_POSITION: the start and end positions of the region orbteerial chromosome

PHAGE: the phage with the highest number of proteinstrsiogilar to those in the region

GC_PERCENTAGE: the percentage of gc nucleotides of the region

DETAIL : detail info of the region
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Appendix 5: Microarray (Biolog) data

The graphs below show the results of the metabadisay for each Phenotype
Microarray (PM) plates used. Each data set conthm$emplate of the PM with the
respective graph of the results.

Each well displays the kinetics of the utilisatiof a specific metabolite (see
template). The blue lines represent the metabalifésation by S. Typhimurium
SL1344, the green lines represent the metaboliglsation by S. Weltevreden
C2346 and the red lines represent the metabolitBfisation by S. Weltevreden
10259. Each experiment was conducted in dupliciesfore each well display 2
line per isolates.
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PM1 MicroPlate™ Carbon Sources

A1 3 A3 m A5 A& AT [ag A8 50 AT1 A2
Negative Contral |L-Arabinose N-Auiyl;\:- | DSaccharie Acid | Succinic Acld O-Galactosa. L-Asparfic Acid  |L-Proling D-Adaning oM Duicitel
Glucosa
B IE3 B I3 85 B5 187 B8 BY I B11 181z
D-Sering D-Serbitol | Glyceral L-Fucose Acid (DL D-xylase L-Lactic Acid Formic Acid D-Mannital L-Glutamic Acid
Acid Phosphate
= 2= IE I 13 B3 &7 3 fea (=] ez
O,L-Malic Acid | D-Ribose | Tween 20 L-Rhamnose D-Fructose Acetic Acid u-D-Glucose D-Melibiose Thymidine
Phasphata | Acid--Lactane
[oa 122 [53 I E3 EG o7 [oE 13 [o7 (71 51z
L-Aspsagine | D-Asparfic Acid | D-Gliscosaminic |1,2-Propanediol | Tween 40 o-Heto-Glutarie rie  |a-Methyl-D- a-D-Lactoss Lactuloss Sueross Uridine
Acid Acid Acid Galacteside
i IE3 = |Ex E5 IE3 1G] IE] |E2 |E10 |En ez
L Acid | D-Fructose-6- Twaen 80 3 ¥ Adanital Mattotriosa. 2-Dnaxy Adenosing
Phoa pida Phosphate Glutaric Acidy- | Butyric Acld Glucesidn Adenosine
Lactone
72 & [Fe 5 I T & 1 Fi0 i1 FiZ
Glycyl-L-Aspartic | Citric Acid menesital |D-Threcning Fumaric Acid Broma Succinie |Propienic Acid | Mucic Acld Giycalic Acid Glyoxylic Acid | D-Celiobiosa. Inosing
Acid Acid
[& I3 IE =3 |5 E3 &7 [58 |s8 (B0 [t [5%2
Glyeyl-L- | Tricarbaliylic | L-Serirsa L-Threanine L-Assaine L-Alanyl-Glycine | Acetoacetic Acid |N.Acotyl 4.0 Mona Methyl  |Methyl Pyruvate | D-Malic Asid L-Malic Acid
Glutamic Acid Acid
i 163 |2 I3 [ g (5 K3 &l [Aio (A | 53
Glycyl-L-Proline Tyramine D-Picose L-Lynose Glucuronamige  |Pyruvic Acid L
Phenyl Acatic Phanyl Acatic Acidy-Lactone | Ackd amina
Acid Acid

PM1

PM 1 dataset

213




PM2A MicroPlate™ Carbon Sources |

A1 AT AB AR A0 Al Az
Wagative Control W B- Detrin Galatin Glycagan Inulin Laminarin Mannan Pactin
Sultate C

Bl IEES IEE] B4 |85 IEQ G2 B8 I B0 B 81z
K-Acetyl-D- N-Acatyl. D-Arabinose D-Arabital L-aranitol | Arbutin D-Fucose 30-p-D-Gatacto-

Acid Riboss pyranosyl-D-

Arabinose
c1 Cz I £ [c8 [c8 [e7 e B3 GH ez
Gentiobiose L-Glucoss Lactitol D-Melozitose  [Maititol 1 B |3-Methyl Glucose y
. Acid Xyloside
o IE3 IES D4 £ 3 Tor IECH IED [o1o o7 IEEE3
D-Raffinose Salicin Sedoheptulosan |L-Sorbose " Turanose ylitol N-Acetyl-D- -Amino Butyric |&-Amino Valeric | Butyric Acid
Giucosaminitol [ Acid Acid
Bl = & I |Es |e8 G IE3 IE E10 [€71 IGH
Capric Ackd Capraic Acld Acid Acid |- 2-Hydroxy £ Hydroxy B-Hydraxy - Hyreny a-KotoMaloic  |Haconic Acid  |5-KntoD-
Benroic Acid | Benzoic Acid | Butyric Acid Butyric Acid Acia Gluconic Acid
F1 FZ F3 T 5 ¥ FT F& & Fi0 Fi1 Fiz
DLactic Acid Malonic Acid Melibionic Acid | Oxalle Acid (Oxalomalic Acid | Quinic Acid D-Ribono.1 4. Sabacic Acld | Borbic Acid Succinamic Acid | O-Tartaric Acid | L-Tartaric Acid
Maothyl Ester Lactana.
(&7 G2 12 62 I3 B3 &7 IED I3 (&7 =) IG5
Acetamide L-Alaninamide | N-Astyl-L L-Arginine Glycine L-Histidine L-Homoserine | Hydroxy-L. Lissleucing L-Leucine Ldysine LM
Glutamic Acid Proline
H1 %= I [re 0] 153 IGH IED |Fa |Hie THe IEEER
L-Ornithine L-Phenylalanine |L-Pyroglutamic  |L-Valine D.L-Carniting DL 2.3 -Bi 3-Hydroxy 2-
Acid Acetone

PM 2 dataset
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PM3B MicroPlate™ Nitrogen Sources

AT G A3 A4 AS Al AT AR A Ato A A2
Negativa Contral | Ammania Nitrita Kitrata Urea Biurst L-Alanina L-Arginine L-Asparagina L-Aspartic Acid | L-Cystalna L-Glutamic Acid
B 13 IR }ﬁa (E IE3 1EH I3 15 |81 I6E 181z
L-Glutamina Glycing L-Histidina L-Isaloucing LLaucing LLysing L-Mothionina L-Phanylalaning | L-Pralina L-Serine L-Throanine L-Tryptophan
e I3 IER 3 (53 6 I I3 I |cim Gl ez
L-Tyrosine L-Valine D-Alaning | D-Asparagine D-Aspartic Acid | D-Glutsmic Acid |D-Lysine D-Saring D-Valine L-Citrulline LHomoserine  |L-Ornithine
(63 52 5= IE3 IE9 3 IE IE3 fo7 (B (% oz
NoAcetyl-L- N-Phthaloyi-i- L N-Armyl N Ed Agmating
Glutamic Acid Glutamic Acid Acid

] = B3 |Ea |Es B3 = |E8 IE |Ew IER [Ez

- Tyraming A id O.L-Lactamide  |B. . 0. N-Acatyl-0. M-Acatyl-D-
amira
T F2 F3 4 I3 F& [ F& Fa Fi0 i F12
-0- Adening Adonosine | Cytiding Cytosing Guaning Guanosine Thymine. | Thymidine Uracil Uridina Ingsine

Mannosaming

&1 3] o1 lea 53 GE G7 IE] IE] 50 &1 [5%2
Xenihine Hanthosine Uric Acid  Alloxan Allantoin Acid (oL ¥ D,L-g-Amino-

Butyric Acid Butyric Acid Coproic Acid | Caprylic Acid  [Valeric Acid Valeric Acid

[A7 Ik I3 |Fe [A% [F& 77 IE3 s | G | =z
Ma-Asp Alz-Gin  Als-Glu | Aa-Gly Ala-His Ala-Leu Ala-The Gly-Asn Gly-Gin Gly-Glu Gly-Met Met-Ata

PM 3 dataset
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PM4A MicroPlate™ Phosphorus and Sulfur Sources

Al Ad A5 AG AB A3 AlD Al Atz
Nagativa Cantrol | Phosl Trimeta- Tripoly- Tricthyl Adenosing. 2= | Ad - 5. 2,3 | Adenasine- 3.5
Bl eyclie eyslic
B IE3 IS IEl E |58 I I3 188 570 I 158
OLaGlycsral | -Glysaral Carbamyl 0-2.Phospha- | D-3-Phaspho- ' . ¥ s g
Phosphate Phosphate Phesphata Glycoric Acki | Glyceric Acid cyslic eyelic
& ] &= 5] e T &7 I I 570 T ez
Phasphosnal Phegphe- D-Ghucose-1- D-Glucass-6- 2-Deexy-D- D-Glueosamine- |6-Phasphe- Cyliding- 2+ Cytifine- - Cytidine-5'- Cytidine-2,3- | Cytidine- 3,5
Pyruvate Glycolic Acid | Phasphatn Fhasphate Glucos & G-Fnosphate | Gluconic Acd cyslic cyelic
Phasphate
I 152 o3 04 0% 0§ o7 [oE |08 010 [ 012
D-Mannose-1- D-Mannose-6- Cysteamine-8- Phospha-L- O-Phesphe-D- O-Phespha-L- ©-Phospho-L- Uridine- 2°- Uridine- 3'- Uridine- §'- Uridine- 2'3"- Uridine- 3",5"-
ol S o Arginine Sering Serine eyelic eyelic
Bl EL 1E] Te4 E5 I BT [E8 =] TEw 1D (BH
©Phospha-0- | O-Phospho-l- | Phosphocrastine |Phosphont O-Phosphoryl- | Phosphona Thymidine-3'- | Thymidine- 8- |nosital Thymiding 3,5
Tyrosine Tyrosine Chaoline Ethanolaming Acetic Acid Acid
Acid manaphasphate
F1 F2 F3 Fd FS§ 6 ) F8 (] F10 F11 Fiz
Negative Sontrol | Sulfate i LEysteine O-Cystoing LCystainyi- LCystoic Acld | Eysiaamine L-Cysisine
Glycing Sulfinic Acid
G1 a1 =] |e= G5 GE G 7 7] G0 G [E]
Nedcetyl-L- i-L- L DL-Ethionine  |L-Methionirs D-Methionine Glyoyl-L- yl-D Le L- L
Cystoina Cystaing Sulfone
] 7z IS I [ [Fe 7 1E3 13 wio (A7 |
L-Djenkolic Ackd | Thiourea 1-Thig-§-0- DL-Lipoamide | Taurochelic Acid | Taurine |Hypataurine p-Aming Butane Sulfonic | 2-Hydroxyathane |Methane Sulfenic | Tetramethylene
ucosa B Acid SuMoaic Acid Aeid Sulfone
Acid
PM3A 1 2 II.'I3 IE] b5 06 0T [0 09 10 11 12

PM 4 dataset
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PM9 MicroPlate™ Osmolytes

A1 Az A3 A4 Al AT AR AS ATD A11 A12
NaCl 1% NaCl 2% Mat 3% NaGl 4% Nacl 5% NaCl 5.5% NaCl 6% NaCl6.5% NaGi 7% Nal 8% NaCl % NaCl10%
&
B1 IE3 B8] IE] (3 IEQ BT 1IE3 3 818 13Kl B2
NaCl 8% NaCl 6%+ MaCl 6% + NaCl 6% + Nacl 6% = NaCl 6% + NaCl 6% + NaCl 6%+ Naci 6% + NaCl 6% + NaCl 6% + NaC! 8% +
Betaing N-N Dimethyl  |Sarcosine Dirmethyl MOPS Ectaine Chline Phosahoryl Creatine | Creatinine L- Camitine
Glycine. sulphanyl Chaline
mropienate
& €z |ex |ea |ex ] 5] IED feo B0 11 5H
NaCl 6% + NaCl £% + MNaGl 8% + NaC1 8% + a1 6%+ NaC1 8% + NaCl 6% + NaG1 6% + NaGH 6% + NaC1 6% + NaCl 6% + NaC1 6% +
KC1 L-Proline. M-Acatyl B-Glutamic Acid | y-Amino -N- Glutathione Glycaral Trzhalose Yrimathylaming- |Trimethylamine | Octopine Trigonelline.
L-Glutaming Butyric Acid Neoxide
& o2 IEE] |oa I3 |08 o7 IED I3 |ote |E |
Potassium ] Sodium sulfate | Sodium sulfste | Sodium sulfate  |Ethylene glycol | Ethylene glycol | Ethylene glycol | Ethylene giycol
chioride chioride chioride chiorida 2% 3% LS &% 5% 10% 15% 20%,
3% % =4 B
=] IE3 IE |E® |Es 5 IE IE] |Ea |ET0 [ET IEH
Sodium formate | Sodium formate | Sodium formate | Sodium formate | Sodium formate | Sodium formate | Uraa Urea Urea Urpa Urea Urea
15 N 3% 4% 5% % 2% 3 4% 55 5 T

F1 FZ 3 Fd F5 FE F7 F& B Fi0 F11 F1z
‘Sodiem Lactate | Sodium Lactate |Sodium Lactate  |Sodium Lactate | Sodium Lactate  |Sodium Lactate  (Sodium Lactate | Sodium Lactate | Sodium Lactate  |Sodium Lactate  |Sodium Lactate  |Sodium Lactate
1% 2% 3% 4% 5% 8% 7% 8% 10% 11 12%

[&1 ez [a3 I |5 [EQ 163 153 |8 (50 G0 |62

Sadium Sodium Sodium Sadium Sodium Sodium Sodium Sodium Ammonium
Phasphats pH 7 | Phosphate pH 7 |Phosphate pH 7 |Phosphate pH 7 | Benzoats pH 5.2 |Senzoate pH 5.2 [Bsnzoate phi.2 | Benzoats pH 5.2 |sulfate pHE sulfate pH & sulfate pH & sulfate pHE
20mm Somm 100mMm 200mM 20mM E 100mM 200mM 10mM 20mm S0mm 100mM

il 52 [z I (3 B 177 [rE [Fe [Fia [F 7z

Sedium Mitrate | Sodium Nitsste | Sofium Nitrste | Sedium Nitrate | Sodium Nitrate | Sodium Nitrate | Sediuem Nitrite | Sodium Nitrite | Sedium Nitrite  [Sodium Nitrte [ Sedium Nitrits | Sodium Nitrite
10mM 20mM 40mM EamM 20mM 100mM 10mM 20mM. 40mM 60mM HOmM 100mM

PM 9 dataset
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PM10 MicroPlate™ pH *

i m A5 & AT AB ] A ATl Az
pH LS pH4 pH 45 pH & pHS.S pHE pHT PHE pH &S pHS pPHOS pH 10
B I3 IR 85 I3 187 |BE IE3 |B10 871 BB
PH 45 PHAS+ pH45 4+ pH 4.5+ pHAE+ pH 4.5+ (pH 4.5 + pH4S+ pH 45+ 454 pHAE+ pH45+
L-Alaning L-Arginine L-Asparaging L-Aspartic Acid L-Ghrtamic Acid | L-Glutaming Glycing L-Histiine L-isoleucing Laucine
e 3 I 2 5 6 IR I3 €3 G0 fen I8
BHA5+ pHA5. BH 4.5+ DH 45+ pHAS+ pH A5 pH A5+ pHAS5+ pH 45 pHAS BHAS+ GHA5+
L-Mathianing. L-Phonylalanine |L-Proline L-Serina L-Threanine L-Tryptopl L-Citrulling L-Valina Hydroxy- L-Ornithina L-Homoargin| L-Homesaring
L-Profine

[ 52 5= 3 (65 [ 57 I3 I3 670 IGE GBS

45+ pHAS oH 4.5+ BH 4.5+ pHAS+ pH A5+ pH A5+ pHA5+ pH 45+ pHAS pHA5+ pH 45+
Antheanilic Acid |L-Nerleusina  |L-Norvaline o Amine-N- | p-Amine- Acid |D-Lysine S-Hydrory S-Hydrexy D.L-Diaming | Trimethylamine- |Ures

id ‘Banzolc Acid Lysino. Tryptophan pimafic Acid N-axida
E1 IE3 IE] Ed E5 [EE IE 8 B E10 G0 ez
aHO% pHASH pHO5 pH 8.5+ pHES+ pHES+ AHEE+ PHES+ pHES pHES pHOE+ pHE5+
L-Alanine L-Arginine L-Asparagine  |L-Aspartic Acid  |L L-Glutamine | Glyzine L-sistidine Lisoloucing | L-Leusine L-Lysine
Gl & B 5 Fe G FE ] o T GB
pHOS+ pHES+ pH9.5+ pH 8.5+ pHES+ pH9.5+ pHA.5+ pHa.5+ pH9.5 pHES5+ pHRS+ pH 8.5+
L-Mathionine L-Phanylalanina |L-Proline L-Sarina L-Threanine L-Tryptophan L-Tyrosine L-Valina Hydroxy- na L-Homoarginine |L-Homosaring
L-Praiine
a1 G2 & 1E3 I3 IE3 67 IE3 I3 (10 IGH 572
pHOS+ PHOS+ GHO.5+ RS pHES pHBS . pHO5+ pHO5+ pHBS« pHAS pHES+ pHO5+
Anthranilic acid | L-N L-Narvaline Putrasi ¥ Tyraming Creating Trimathylamine- |Urea
H-axide

Gl 53 163 53 163 e 1B |7 e 150 (iR IGiE
X-Capeytate *-a0- Xa-D- X-B-D- xa-0- Xp-D- x5-0- x50 X-a-0- X-PO4 %504

PM 10 dataset
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