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Abstract

Our knowledge and understanaly of how bacterial pathogens have evolved has been limited

by inadequate information on the full ecology of these organishewgescale population

genomic analyses have enabled a higholution view of variation at the core and accessory
genome level, whin and between bacterial populations, revealing previously hidden patterns

of variation among microorganisms. This shédht on the evolution and maintenance of
ecologically distinct populations of bacteria and has raised the question of whetheathe s
approach can uncover novel information on the ecology of established, clinically important
pathogens.Yersinigoseudotuberculosiand Escherichia coNB LINE A Sy i WY2 RSt Q 21
study of microbial evolution, but given thégh degree of nichewerlap in both species, their

ecology is largely unknown.

In this study, genomic analysesYofpseudotuberculosstrains, obtained from various habitats
worldwide, revealed a phylogeographic split within the population, with an Asian ancestry and
subseuent dispersal of successful clonal lineages across the rest of the world. These lineages
were differentiated by CRISPR arrays and we demonstrated that genetic exchange between
lineages is restricted. Despite the coexistence of these lineages for thausdngkars, the
discrete lineage structure of the population is maintained due to the restriction of-lmeage
genetic exchangeThe analyses did not identify a role for ecological barriers in defining the
distinct lineage structure of the species, gegting thaty. pseudotuberculosisa host generalist

able to succeed in multiple habitats.

The relative abundance of multidrugsistant extraintestinal pathogent€. coli{ExPEC) among

E. colinhabiting nonhuman niches is undetermined, owing to mastydies selectively isolating
resistant bacteria. To compare the population structur&o€olfrom non-human environments
with the weltdefined population structure of humadlinicalE. colj unbiased sampling &. coli
isolates from river water andetail poultry samples was undertaken. Genoraitalysis of
isolatesrevealed a low prevalence of clinicadlgsociated sequence types and potential ExXPEC
strains among nomumanE. coliwhen contrasted with humadclinical E. coli suggesting two
distind populations. Comparative genomic analyses further supported this, reveating
noticeable difference in accessory genome content between the two populations and low levels
of genetic exchange between closely related strains. This suggests ecological basigtisg

in gradual genetic isolation, may have contributed to the divergence of these-agsweriated
populations ofE. coli The investigatiortoncluded that thenon-human population oE. coliis
unlikely to contribute significantly to the weight diospital and communityacquired

extraintestinal infections in humans.
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CHAPTER 1

Introduction



1. Introduction

1.1. Unravelling microbial ecology

Microbial ecology examines the diversity of microorganisms famd they maintain diversity
through the interaction with each other and with their enwvionment. Microbial ecological
studies have traditionally concentrated on two areas: (i) microbial diversity, which encompasses
the isolation, identification, and quantification of different microorganisms in various habitats;
and (ii) microbial activity, hich pertains to what microorganisms do in their habitats and how
this contributes to the observed microbial divers{tyu, 2006) The study of microorganisms
began in the late 1'7century, through the work of Robert Hke and Antore van Leeuwenhoek,

who individually published the first original observations of siggliled organisméGest, 2004)
Thediversityof microorganismsn the environment can be measured at various levethsas
phylogenetic diversity, species diversity, genotypic diversity, and gene divéxXsity2006)
Microbial populations were traditionally understood at the species level and above solely
through culturebased technigas, of which less than 1% of microbes are culturghl@annet

al., 1990) and typically require numerous physiological and biochemical tests for full
characterisation. Classical microbiology primarily consistesbtdting microbes, growing them

as pure cultures, and identifying biochemical properties of these organisms, such as cell wall
structure by @Gam staining, oxygen tolerance, and carbon or nitrogen sources that supported
their growth. These techniques can bery timeconsuming, laborious, and require prior
knowledge of the organisms of interest to selectively and successfully culture from a complex
microbial community. There are several limitations to cultdependent methods, most
important of which is a ias towards eadily cultiable organisms, thus ignoring naalturable
bacteria, which comprise the largest proportion of microl{gs, 2006) Furthermore, even
among culturable microorganism#)e true diversity found imature may not be accurately
represented by the observed diversity on standard microbiological métiiis is because even
though many different variants of media and growth conditions have been developed over the
years to culture microorganisma, is impossible to explore all of the conditions required to
culture every microorganism. Aore accurate estimation of microbial diversibas been
achieved over the past two decades due to the application of cuinalependent genomics
tools. Immunological mdtods, such as enzymimked immunosorbent assay (ELISA) have been
used to characterise and identify baderfrom a variety of ecosystems.otdever, these
techniques are still limited in assessing functionality and have only been used sparingly due to

the need for specific antigens/antibodies. Consequently, the focus of many recent microbial



ecological studies has turned towards development of molecular approaches for understanding

these complex communities which, in some cases, eliminates the need foringlheforehand.

1.1.1. 16S ribosomal RNA sequencing

Molecular techniquesiavesupersededraditional microbiological methoddue to the ease of

use, reproducibility, sensitivity and speed of working with nucleic acids that these technigues
provide. Cuture-independent approaches such as DNA cloning and polymerase chain reaction
(PCR) have been used to detect specific members as well as functional genes within a microbial
community. Functional genes such #% 16S ribosomal RNA (rRNA) gamel 5S rRNA ene

have been used as molecular markers for studying phylogenetic relation3hipgRNA gene
consists of different regions, some of which are highly conserved across all phylogenetic
domains of lifei(e. bacteria, eukarya, and archaea) and are morestast to mutations, while
20KSN) NBarazyas OFffSR WK2G aLRdaQs | .NBs JI NA
variability allows for inferring phylogenetic information from microorganisms inhabiting
different ecosystem¢Clarridge, 2004 Anothermolecularmarker would includefte recAgene

whichis essential for the repair and maintenance of DNA in all spemieshas been used to
define the phylogeny o¥ibrio cholera€Stineet al., 2000).In addition, the rpoAgene encodes

the alpha subunit of RNA polymerase and has also proved useful in determining phylogenetic
relationships (Fox andSorhannus 2003) A new era began with the innovation of Next
Generation sequencing (NGS) technologies, whiahsformed the existing gold standard
techniques of microbial community analysis. NGS allows large sets of sequence data to be
generated in parallel, utilising phylogenetic markers such as theREB3gene, inexpensively

and in considerably less tim&he highthroughput (amount ofDNA processed per unit time)
results generated by 16S gene sequencing enables comprehensive analysis of community
microbiota from various environmentas well as providing insights into the interactions with
their ecosystemsln general differentiation between organisms at the genus level across all
major phyla of bacteria can be achieved througk comparison of 16S rRNs&quence data.
Although 16S rRNA gene sequencing is highly uagtfuregardsto bacterial classificatio, this
technique does carry several limitations and sometimes exhibits low phylogenetic resolution at
the species leveldue to sequence similarities between species that exhibit different

phenotypes, and in some cases, offers poor discriminatory powesdime genera.

1.1.2. Metagenomics

A possible solution to thee taxonomic problems is to utilise metagenomics, which is another

highthroughput sequencing technology used to reveal microbial diversity in natural
3



environments.Metagenomicsis the cultureindependent analysis of the collective microbial
genomes (termed the metagenome) in an environmental community, using an approach based
either on expression or sequenci(igiesenfeld, Schloss and Handelsman42@®uchmicrobial
communiies may include a soil or water sample that contains substantially more genetic
information than is availablgom the cultured subsetMetagenomic studiessuallyrequire the
cloningof DNAfragments isolated directly from migbial samples, followed by sequencing and
functional analysis of the cloned fragments, ultimately to make taxonomic assignments to
characterise the microorganisms. Fully sequencing the DNA within a sample allows investigators
to study the taxonomic divensi of all microbes within a sang and not just the culturable.
However, one of the mairssues presented by metagenomics is that functional genes are not
usually analysed. Metagenomics is often limitedawonomyg analysis of the 16S rRNA gene
which B used to identify organisms with the aim of determinithg speciespresent in an
environmental sampleA specific function often cannot be reliably inferred from identification

of the microorganism. Shotgun metagenomics studies are now starting to gregpartunities

for unravelling microbial community diversity, such as speciestygihg and strairlevel
profiling; however, the genomic resolution of single isolate sequencing is still higher than what
can be achieved for single organisms in a metageoseontex{Quinceet al., 2017) Increasing

the profiling resolution to the level of single strains would Wil for in-depth population
genomic analyses and the study of microbial ecology and epidemiglapymething which
currently can only be achieved at a high resolution when using a wgesleme sequencing

based approach.

1.1.3. Combining a culturébased approach with wholggenome sequencing

Before the development of molecular techniques, microbial ecologitadies were largely
reliant upon traditimal methods ofisolation and identificationto probe the structures of
microbial populations. Culturbasedapproaches have not disappear@ad indeed are still
used, together with molecular analyses, to fully erstand bacterial population dynamics.
Advances in DNA sequencing technology, starting with the widespread implementation of
automated DNA sequencing techniques in the 1990s, have revolutionised our understanding of
microbial processes, from the physiologfysingle cells to largecale population biology. The

last two decades haveseen an increase in the use of higfinoughput or nextgeneration
sequencindgechnologies, enabling investigations of microbial communities with unprecedented
resolution, underpining important research in pathogen epidemiology and evolution. To
comprehensively characterise the complexity of a population of a particular bacterial species to

the strainlevd of classificationgulture-based techniques must be complemented by thetva
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array of information obtained from cultursndependent techniques, such as NGS technology.
Whole-genome sequencing (WGS) provides more resolution through the generation of genome
wide information for a cultured microbial population. WGS has emergeldeagdld standard in
bacterial typing, enabling successful tracking of worldwide epidemics, regional outbreaks, and
foodborne outbreaks, and demonstrating that the fiseale resolution provided by WGS
facilitates our understanding of the structure of mibial populations and the spread of
infectious agentsThere are several WGS platforms available that have revolutionised the field
of microbial ecology, ranging from traditional Sanger sequencing biochemistry to second
generation (llumina)and third-genemtion (singlemoleculg sequencing technologs (Schadt,

Turner and Kasarskis, 2010)
1.1.4. Advancements in wholegenome sequencing technologies

The first generation of wholgenome sequencing waiitially devdoped by Sanger and
colleagueg1975)and in parallel by Maxam and Gilb¢i977F ¢ KA OK ¢ SNB -0 SNX S
GSNXYAYIFGA2Y YSGK2RQ YR (KS NeQROBHE WOhethods,S1j dzSy
Sanger sequencing ultimately prevailed given that it was less complex andfarorgableto

being scaled up than thehemical sequencingiethod (Schadt, Turner and Kasarskis, 2010)

Sanger sequencing typically results in a read lengtb800 bases, which may be extended to

above 1,000 basdSchadt, Turner and Kasarskis, 20¥@hile fully automated implementations

of this approach were the mainstay for original DNA sequencing technology, rtreeir

limitation was the low throughput results, as well as high cost, which resulted in a fundamental

shift in methodology, leading to secomgneration sequencing technologies, also generally

known as nexgeneration sequencing (NGS) or htghoughput seguencing technologies.

Secondgeneration sequencing technologies are known faremely high throughput, resulting

in an overalllow cost per identified base. However, the tifteresult for these methods is
generally long and can take up to several dmysomplete, due to thaequirement ofmany

scanning and washing cycléSchadt, Turner and Kasarskis, 201dmina NGS workflows

include four basic steps: library preparation, cluster generationueeqging,and data analysis

A sequencing library is prepared by random fragmentation of the DNA sample into short
FNIIYSyidaz F2f{t26SR o0& (AL GAZ2Y 2F pQ IyR of
For cluster generation, the library is loaded into a fleeil where the fragments attach to a lawn

of surfacebound oligonucleotides complementary to the library adapter sequences. Each
fragment is then amplified, using a bridge amplification technique, where copies are generated

in situ, resulting in distinctlonal clusters oD1,000 amplicons of each fragmenedsiencing of

GKS GSYLX FGdSa Aa OF NNRA S-Bysyitesis(SES)achnglogy, ivtiedzY A y I ¢
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all four nucleotides are added to the flow cell simultaneously, along with DNA polymerase for
the incorporation & bases into the DNA template strands. Each nucleotide is fluorescently
labelled with a different colour, and each incorporation is a unique event due to the chemical
0f 20171 I 3 SOHgmoupiaft $rcompdation (lllumina, 2097 The flow cell is imageafter

each incorporation step and the emission from each clusteecorded. Each base is identified
using the emission wavelength and intensity (lllumina, 20This cycle is repeated a specific
number of times to create a read length mhumber of b@es. Integrated software checks the
quality of each read and removes any paprality reads from the genome construct.
Bioinformatics software can then align the newly identified sequence reads to a reference
genome. Following alignment, many different it of analysis are possible, such as
identification of single nucleotide polymorphisms (SNPs) or insertions and deletions, read
counting for RNA methods, phylogenetic analysis, and more. One of the limitations of second
generation sequencing is the gendmt of short reads, which leads to highitpgmented
assembliegSchatz, Delcher and Salzberg, 2010)

The demand for technologies that can operate at higher speeds and produce longer reads
resulted in the thirdgereration of sequencing. These sequencing technologies directly target
single DNA molecules, enabling riale sequencing where reads aawailable for analysias

and whenthey hawe passed through the sequencékhadt, Turner and Kasarskis, 2010)

2014, Oxford Nanopore Technologies (ONT) released a newgdmeration sequencing
platform, known as the MinlON, which is a portable, #t#@le sequencing device. ONEtforms
arecapable of producing incrediblgrig readswith a maximum read length up to a few hundred
thousand base pair@_averet al.,, 2015) On theother hand, ONT reads have high error rates,
gAGK I OO0dzNI O& NI(bAR® ¢ R0THE)NBWEVe g tolitysyaall size and low
costing equipment, the MinlON sequencer has attracted considerable interéiseé genomics
community, particularly for pathogen surveillance and clinical diagnostic applications, as these

areas can best exploit the retiine nature of this sequencing platform.

1.1.5. Using population genomics to uncover patterns of microbial emgy

With the developnent and application of genomimols, microbial ecology is undergoing a
resurgence. Genomic tools, which now offer highality reads at decreasing cosiad high
throughput, have given usunprecedented access to microbial diveysiWholegenome
sequencing is increasingly being utilised as the gold standard approach to study the population
structure ofclosely related microbeis place of mee traditionalmolecular techniques such as
pulsedfield gel electrophoresis (PFGE) and 16SArB&guencing. In the past, only single 'type

strains' were sequenced to reveal information on the genome content of the species in question
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due to the high costs alVGS(Avasthiet al., 2011) Recent advances haemabledlargescale
sequencing projects to investigate variation within and betweescterial populations.
Evolutionary forces of recombination and selection are responsible for shaping microbial
genomes and maintaining diversity, leaving signatures thatke identified using comparative
population genomics. Recently, studies have analysed genome sequericeexample to
identify genes under positive selectignn order to discover ecologically distinct populations of
bacteria and how they adapt to fifrent niches. Wholggenomesequence datayhenanalysed

with the appropriate statistical and computational methods, can provide insighto the
structure and functionof closelyrelated populations ofmicrobes in their naturahabitats
Ultimately, theg analyses reveal that microbial evolution is usually driven by a divergence in
populations that are adapted to distinct ecological niches. Lineage distinctness is then
maintained by barriers to gene flow, which in some cases, are a consequence of etologic

specialisatior(Shapircet al.,, 2012)

The traditional niche theory of evolution would assume that organisms of different species
occupy different ecological niches due to their spegaipscific properties andhe niches are of
limited similarities. In contrast to thishé neutralmodel of evolution assumes that microbial
species are ecologically and functionally equivalent and that stochastic prodeasdem drift

of mutant alleles that are selectively neutkrar nearlyneutral) are the main factors shaping
ALISOASAQ RAAGNROGdzi A 2 y(Hubbélly2R0)L Oeré amdzyatledist sondeli NJzO (i
examples wher@eutral models are able to reconstruct and predigliative species abundance

in manyenvironmentalmicrobial communitiegWoodcoclet al., 2007 Sloaret al., 2006). More
recent studies however, particularly those on the human and animal microbiome, seem to
provide more negative cases than positive cases with regards to the neutral fiNetakergut

et al, 2013) It is perhaps mostikely that both niche and neutral mechanisms are in effect in
microbial communities, but niche effect is often more prevalent ttneutral effect(Jeraldo

et al, 2012;Dumbrellet al, 2010)Many bacterial lineages have astiry of frequent and
continuous horizontal gene transfer and loss, as evidencedvast differences in genome
content, even amongisolates that are closely related’he evolution and maintenance of
ecologically distincpopulationsof bacteriaunder suchconditions of rapid genexchangehas

been an area of investigation for many researchers. A review of recent population genomic data,
by Polz, AlIm and Hanage (2018gmonstrated theémportance of habitat and nie indirecting
horizontal gene transfeand evolution Thisled to a model of ecological speciatidghrough a
mechanism ofjradual genetic isolatioasa result of divergent nich@ssociated populations,
where subpopulations can evolve through gene exgrawithin the local gene podPolz, Alm

and Hanage, 2013This insight provides an explanation for why, despite the potential for free
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gene flow, bacteria remain genotypically and phenotypically clustered.pélation genomics
study byShapiroet al. (2012)provides an examplef how ecologicativergencemay drive
genotypic differentiatiorof bacteria Twopopulations ofVibrio cyclotrophicughat are almost
geneticaly indistinguishable buére ecologically divergentwere subjectedto whole-genome
sequencing tanvestigate how the populationkad diversified. Téise populations coexist in
coastal oceanbut exhibitdifferential proclivity for occurring adree-living bacteriaor attached
to zoo and phytoplankton. Analysis of whetgenome sequence datavealedthat in these two
recently diverged populations, ecological differentiation had occurred through a mechanism of
gradual genetic isolation in which a feyenormic regions rather thanwhole genomeshave
sweptthrough subpopulations in a nickepecific manne(Shapiroet al., 2012) Furthermore,
analysis of homologous recombinatioevents within and between the populations
demonstrated that both populations had been actively recombining in the, pestever the
most recent recombination events had become populatiorspecific, suggestinggradual
separation of the gene pools ariddependent evolutionary trajectory of these pdations
(Shapiroet al.,, 2012) Theseinferenceswould further supporta modelexplaining genotypic
cluster formation, in whiclthe ancestral, ecologically uniforrand recombining populatioof

bacteriadivergesinto unique, ecologically distinctubpopulationgShapircet al., 2012)

Genome comparisonsin another previous studyhave shown that several clades
of Escherichiapp.isolated frompredominantlynon-host envionmentsare more adapted to

life outside of hostsyhilst gastrointestinal clades & colpossessed genomic features adapting
them to the human gut environmer{tuoet al., 2011) In an approach using the inventory of
gene functions derived from the human microbiome proj¢Qin et al., 2010) the authors
showed that genes that are common in other gut bacteria are also present in thasgatiated

E. coli but not in the environmeratl clades.Furthermore, genoméased analysis of
recombination rates indicated thahese environmentalrelatives ofE.coli havehistoricallynot
sharedecologywith E.coli strains that classically inhabit the gastrointestinal tract of humans
The authos describedfrequent recombination among the environmental clades and among
the intestinal E.coliclades, buhot betweenthe environmentabndintestinalclades providing
evidence for an ecological barrier tecombination(Luoet al, 2011) Further phylogenetic
analysis of the environmental clades ®ghan and Kopac (201dgnfirmed each environmental
clade to be distinguished as ecologically distinct from the humiastimal E. coli and that finer
divisions within each clade suggests that a greater extent of ecological diversity exists among

these bacteria.

Given that evidence of population divergence associated with ecological specialisation has been

described irbacteria previously, it raises the question of whether we can use the same approach
8



to uncover novel information on the ecology of clinically important and-ateltlied bacterial
pathogens. The current study proposes a similar wiggleome sequencingasedapproach of
single isolates to conduct population genomic analyses of closely related genomes obtained
from various environmentslwo particular specie¥,ersinigpseudotuberculosiand Escherichia

coli, representdhodekdbrganisms for the study of micr@d populationgenomicsdue to their
environmental ubiquity and culturability under laboratory condition8oth Yersinia
pseudotuberculosiand Escherichia coliill be investigated in the present study to determine
whether population genomics can providealuable further insightsnto the ecological and

geneticstructuresof these important human pathogens

1.2. Yersinia pseudotuberculosis

1.2.1. The pathogenicrersinia

The genusYersiniabelongs to the Enterobacteriaceaa, large and diverse group @rant
negative bacteria that includes many harmless commensals, along with pathogenic organisms
such ashose belonging to the gene@almonellaEscherichigKlebsiellaandShigellaDefinition

of the genusYersiniais based on classical systematics amathemical specieslassification
methods, which resulted in the description ¥érsiniabeing a highly diverse genus comprising
18 distinct speciegSaviret al., 2014; Hurset al., 2011; MurrosKontiainenet al., 2011a; 2011b;
Merhej et al., 2008; Spraguet al., 20@; Sprague and Neubauer, 2005; Wren, 2003; Carniel,
2003) Of these)Y. enterocoliticaY. pseudotuberculosiandY. pestisare the most studied and
are the only species that cause disease in mammals, including huaasterocoliticand Y.
pseudotubeculosisare both zoonotic pathogens that cause detfiting enteric infections in
humans,whilst Y. pestisthe causative agent of plag, is a pathogen ifieasand rodentsthat

can occasionally be transmitted to humahcNallyet al., 2016b) The further 15 known species

of the genus are commonly isolated from soil and aquatic environments and are typically non
pathogenic to mammals. Sonveersinisspecies however, are pathogenic in other hosts, such as
Yersiniaruckeri (Sulakvelidze, 2000which causes red mouth disease in Salmonidae, and
Yersiniaentomophagawhich has insecticidal activifHurstet al,, 2011) With regards tathe
phylogenetic relation of the pathogeniersiniaeY. enterocoliticaepresents a distant relative

of Y. pseudotuberculosand Y. pestistheir relatedness i®ften compared to that between
Escherichia caindSalmonellapeciegAchtmaret al., 1999) Recent phylogenetic investigation
based on wholeggenome singlenucleotidepolymorphism (SNR)ased analysis of the entire
Yersiniagenus has allowed an accurate assessment of its population stru@Renateret al.,

2014) This robust sequendeased taxonomy revealed that the genus contains 14 distinct
9



species clusters, which differed from the existing taxonomic description of the genus that was
largely constructed on the basiof biochemical differences and 16S rRNA gene phylogeny
(McNally et al, 2016b) The analysis also showed that the mammalian pathog¥ns
enterocoliticaand theY. pseudotuberculogj¥. pestispecies complex formeparate branches

at opposite ends of th&ersinigphylogenetidree and do not cluster together as was previously
believed, and are thus genetically distir{®euteret al., 2014) The chromosomal DNA &f
pestisand Y. pseudotuberculosis extremely similar and global phylogenomic studies have
identified recent evolution o¥. pestisrom a clone ofY. pseudotuberculosias a result of gene
loss and subsequent global disseminat{&eguteret al., 2014; Morelliet al,, 2010; Achtmaret

al., 1999) The dispensability of metabolic functions¥npesti€an be explained by adoptiarf

a lifestyle which bypasses the gut infectionage.Proteins necessarpr transmission by the
faecatoral route would therefore no longer be needed, resulting in the lack of selective pressure
against mutations in genes such ame (urease against gastric acidpy, ail, and yadA (all
essential fotranslocation across the intestinal barrjé&chtmanet al., 1999) One commonality
between thethree pathogenic specids that they alshare aD70 kb plasmid that encodes for
various Yersiniaouter proteins (Yops) that are key virulence factors for pathogenesis. The
enteropathogenicyersinia are genetically more diverse than the more recently evolved plague
bacteriumY. pestisY. enterocoliticalemonstrates greater diversity and it is categorised into 6
biogroups and more than 50 different serotypes, whilst pseudotuberculosigs been

classified into 21 distinct serotypé&age, 2012)

1.2.2. Hidden ecological patterns in the pathogenitersinia

Largescale population genomic analyses have previously been carried out for the human
pathogenicYersini@, Y. pestisand Y. enterocoliticdReuteret al., 2015; Reuteet al., 2014;
Morelli et al., 2010) enabling a highesolution understanding of the ecology, evolution, and
population structure of these organisms. A population genomic investigatiyn erfiteroolitica

was performed in a recent study by our group, which involved carrying ougjpaame analysis

to examine patterns of recombination in both the core and accessory genomes of the species
(Reuteret al., 2015) This studyighlightsa restriction in genetic flow between phylogroups of

Y. enterocoliticawhen gene flow does occur, it is largely unidirectional with one phylogroup
acting primarily as a reservoir for recombination with the rest of the speciethdfarore, the

data uncovered hidden ecologigadtternssuggesting that the genetically distinct phylogroups

of Y. enterocoliticanay be ecologically separated, with phylogroup 1 (PG1) being ubiquitous and
most commonly isolated from nehuman environmentswhilst PG25 are more commonly

associated with human disease cag@&euteret al, 2015) This parallels with a microbial
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ecological study of the model bacterial speciEscherichia cgliwhere wholegenome
sequencing revealed that core genome recombination occurs between environmisolates

or between humananimal isolates, but never between environmental and human/animal
isolates (Luo et al,, 2011) Within the important mitidrug-resistant nosocomial pathogen
Enterococcus faeciymt has been suggested that subpopulations colonise distinct hospital
niches, and once adapted to these new environments, these populations become isolated and
recombination with other populationdecline(Willemset al., 2012) The observation of host
restricted lineages o€ampylobacter jejurin another study(Sheppardet al., 2014)provides
further supportive eidence of ecological separation playing a major role in limiting genomic
recombination, and thus shaping the evolution of an important bacterial species through the
formation of distinct ecotypesGiven the observation of ecologically separated lineages. in
enterocolitica and considering thatY. pseudotuberculosiss also a member of the
enteropathogenicYersini@ and is heterogeneous and ubiquitous in nature, it would be

reasonable to investigate whether the ecology of this species overlaps with geaégcns

1.2.3. An introduction to theY. pseudotuberculosispecies

First isolated in 1883 from tuberculosgike lesions in guinea pi¢Baff, Triplett and Saari, 1976)

Y. pseudotuberculosise characterised b§ramnegative rods with rounded ends (coccobacilli)

and are facultative anaerobes. As with the rest of the genus, they are cajada#tére but
oxidasenegative, and are relatively slow growing in comparison to other members of the
Enterobacteriaceae. Mih likeY. enterocoliticaY. pseudotuberculosis a coldtolerant species

that is motile at temperatures below 30 °C but are fontile at temperatures above 37 °C. One
feature of the genu¥ersinids that its members are wedldapted to survive in thenvironment

with an ability to grow in conditions of minimal nutrients and at temperatures ranging from 4

43 °C(Brubaker, 1991)Y. pseudotuberculosand Y. enterocoliticaare the most divergent
species of the gnus, and are now thought to have gained pathogenicity independently,
although they cause very similar gastrointestinal diseases in humans and animals. The two
organisms also share pathogenicity islands and other virulasseciated geneswhich are
suggested to have been gained independently, perhaps initially from other genera, and then
later via transfer within the geny®euteret al., 2014) As wholegenome sequence data for the
genus became increasingly avalgb many strains of bacteria first typed a¥.
pseudotuberculosigere consequently reclassified into other species that are now included in
GKS LIKeé&f 23Sy SiAa Oy. gselBotzbarcilosi22eYyL XL SikkahekiNGioset al,,

2011) This species complex includéspseudotuberculosis/Y. pestfs similigfSpragueet al.,

2008) and the recently characterisél wautersio LINS @A 2 dza f @ NB F FNEBR dziI® 0
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which is proposed to have pathogenic potenti@hvinet al., 2014) Y. pseudotuberculosind
Y.pestigt KI NB x @172 ydzOft S20ARS aS1jdzSyO0S Kbeskgaili A G &
et al, 2015) Due to this close evolutionary relationship with pestis, Y pseudotuberculdsis
believed to have been the progenitor of the plague bacillus and is considered a model species
for bacterial evolution (McNally et al, 2016b) Y. pestisis effectively a clone ofy.
pseudotuberculosjsestimated to have evolved from its ancestor approximate50a6,400

years ago, in Asi@chtmanet al., 1999)

1.2.4. Pathogenesis o¥. pseudotuberculosis
1.2.4.1. Transmission of the bacteria to humans

Y. pseudotuberculosisauses zoonoses in a wide range of hosts, including both wild and
domesticated animals and bird#IcNallyet al, 2016b) With Y. pseudotuberculosiseing a
zoonotic pathogen, it can therefore be transmitted to humans through various roues.
pseudotuberculosimfection, though less common than those causedybyenterocoliticahas

also beenimplicated in foodborne disease in humans, which is known as yersiniosis.
Transmission of the bacterium is usually via the fagwal route, and human infection can
result from ingestion of contaminated food products or water possibly through cross
contamination during food preparation. Typical sources of infection include dairy products,
inadequately cooked meat, and certain vegetables such as lettuce and raw difanigaset

al., 2008; Nuortiet al., 2004) BothY. pseudotuberculosidY. enterocoliticare coldtolerant
species that can survive and proliferate slowlyd&tC accounting for growth in coldtored
foodstuffs.Y. pseudotuberculosis also found widely in the envinment, including soil, and in
animals it causes tuberculodike disease. Pigs, rodents, rabbits, sheep, goats, cattle, horses,
dogs, cats, deer, and sometimes birds serve as reservoiis fmseudotuberculosi®ersorto-
person transmission has also lmeeeported, though less frequently, as has transmission via
blood transfusionChileset al., 2002) Most humans can serve as asymptomatic carrier¥.of
pseudotuberculosjhowever, several cases have been linkeldandling and closeontact with
infected animals.Patients exhibiting clear symptoms of infectibend to shed significant
amounts of bacteria for up to¢3 weeksInfected individualsvho are left untreateccan become
carriers and shetacteria for as Ing as2¢3 months(Gage, 2012)uccessful infection of the
host requires a reasonably large dose of bacteria (median infective dosé€qif0lbacteria),

and the incubation period is believed to be73days afte ingestion.Although incubation
periodsof 2¢20 days have beeseenin sporadicoutbreaks,and symptoms typically appear at

an average time of daysafter exposure(Gage, 2012)
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1.2.4.2 Epidemiology ofY. pgudotuberculosisassociated yersiniosis

Human yersiniosis caused by pseudotuberculosis usually sporadic and such cases generally
occur worldwide (Sunahara, Yamanaka and Yamanishi, 2008 majority of natbnwide
gastrointestinal outbreaks of foodborne infection have been reported in countries of the
Northern Hemisphere or countries of largely temperate climates. Most casesy.of
pseudotuberculosigfection occur in the winter and early spring, a trend vihig likely related

to the enhanced growth characteristics of this pathogen in cold temperatures that occurs during
long-term storage of vegetables during the wint@alindoet al., 2011) The first conclusive
report of a community outbreak ofY. pseudotuberculosiwas described in 1984 among
schoolchildren in Kurashiki, Jap@moueet al., 1984) Y. pseudotuberculosisfection in Europe
would appear to be highly prevalent@ermany, and there is sonseiggestiorthat higher meat
consumptionin this country particularly porkwhencompared to other European nations might
correlate with the higher incidence of yersiniosis Germany(Gdindo et al., 2011) The
prevalence off. pseudotuberculosisfection in the United States is currently unknown.
Sporadic cases of. pseudotuberculosisfection are likely to be underreported because stool
cultures are not routinely requested for paties presenting with mild, selfmiting clinical
features, such as diarrhoea. Furthermore, the need for specific differential culture media for
isolation has restricted the presence of active surveillance in many other countries, including

those of AfricaAsia, the Middle East, Latin America, the Caribbean, and others.

A report by Nuortiet al. (2004)at the National Public Health Institute of Finland provided solid
documentation thatYersinia pseudotuberculogian be transmitted through food, following a
nationwide outbreak in 1998 that was detected by routine surveillancerfasiniaspecies. In

this widespread outbreak, contaminated iceberg lettuce was strongly implicated as the vehicle
of Y. pseudotuberculossgrotype O:3 infections, with 71% of case patients reported having
eaten iceberg lettuce prior to hospitalisation. Prior to this study,pseudotuberculosisas
presumed to be a possible foodborne pathogen, by virtue of its similari¥. ®nterocolitia,

but the evidence for this assumption was limited to a few suggestive clusters and to a large
Canadian outbreak in 1998, which was epidemiologically linked to pasteurised homogenised
milk and was the first recognised outbreakYofpseudotuberculoséerotype O:1h(Nowgesiet

al., 1999) The investigatiom Finlands the first totracean outbreak of human illness to a likely
environmental reservoir via contaminated food, and suggests that some cases of \gssinio
which appear to be sporadic, may be part of unrecognised outbreaks caused by contaminated
fresh produce(Nuorti et al, 2004) In 2004, an outbreak of several cases of gastroenteritis in
schoolchildren in nortarn Finland was reported, and at the same time, an increasg.in

pseudotuberculosisases was reported from other parts of the country. Kangas amndockers
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(2008)carried out an investigation which providedarobiologic and epidemiologic evidence
that traced the school outbreak to consumption of raw carrots contaminated at the production
farm. The longerm storage of raw carrots at cold temperatures would have favoured the
growth of Y. pseudotuberculos@dthus result in human infectiofKangat al, 2008) More
recently, in 2014, a sustained outbreak of yersiniosis dué. feseudotuberculosigas reported

in all of the major cities of New Zealafilliamsonet al., 2016) This study presented one of
the largest globally reported outbreaks of hum#npseudotuberculosisfection to date, with

a total ofover 200laboratory-confirmed cases of infection reported. Prtorour study, the New
Zealand study had provided the most inclusive genatede analysis of . pseudotuberculosis
population. Genomic and epidemiological analyses indicated a single -gminte
contamination of the food chain, with subsequent natiodwidistribution of contaminated
produce. Furthermore, the analysis carried out in this study involved incorporation of publicly
available reference genomes within the context of a globally and taxonomically diverse dataset.
This revealed thaY¥. pseudotubreulosisis a highly diverse species and that the New Zealand
strains represented a geographically isolated clad¥.gfseudotuberculosf{8Villiamsonet al.,
2016) This study serves as an example of the esgtioin of pathogen genome sequence data
and the contribution of population genomic analysis to understanding the epidemiology and

spatiotemporal spread of clinically important bacterial pathogens.

1.2.4.3.Virulence factors ofY. pseudotuberculosis

The gnomes of the pathogeni¢ersini&, Y. pseudotuberculosi¥. enterocoliticaandY. pestis
are 97% identical, however the three organisms cause diffengres ofdiseases in humans,
despite sharing atropism for lymph nodeqFig. 1.1; Bergsbaken and Cookson, 2008¢
different routes of infection, types of infections, and severity of disease in huraumsed by
the pathogenicYersiniaeare influenced by the distribution of shared and uniquieulence
associatd geres (VAGs)Both chromosomal and plasmiltrived virulenceassociated genes
contribute to the pathogenesis dfersiniaspecies and the establishmeand progression of
yersiniosisRecent work by our group, which delineated thleylogenyof the genusYersinia
including 31 isolates of. pseudotuberculositevealed important information on the population
structure and collection of virulence genes which define the géRasiteret al., 2014) Much
like the other human pathogenicYersini&, the pathogenicity ofY. pseudotuberculosis
dependent on the presence of @70 kb virulence plasmid associated wittersiniavirulence,
pYV(Portnoy and Falkow, 1981)he pYV plasmid differentiates pathogenic strains from-non
pathogenic strains, because it is required for virulence. Aigihothe pYV plasmid is commonly

thought of as a single entity, it is highly variable between species and strains of species,
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containing different origins of replication as well as exhibiting variable genetic architecture
(Reuteret al., 2014; Portnoy and Falkow 198However, all pathogeni¢ersiniastrains harbour

the large genetic locus encoding the Ysc type Il secretion system (T3SS), located on the pYV
plasmid(Reuteret al., 2014; Portnoy and Falkow, 198The Ysc T3SS, which was the first T3SS
to be fully characterised, functions by mediating the targeted deliveryesiniaouter protein

(Yop) effector proteins into host e Yops are the key virulence factors in all pathogenic
Yersini@; injection of Yops and contact with host macrophages results in the inhibition of the
pro-inflammatory cytokine response and ultimately, apoptotic death of the infected
macrophages(Cornelis and WoNVatz, 1997) Additional virulence determinants that are
variably present irlY. pseudotuberculosiaclude the chromosomal higbathogenicity island
(HPI), which is present in almost all European s$raif Y. pseudotuberculosigerotype O:1
(Carniel, 1999)HPI encodes proteins that are involved in the biosynthesis, regulation, and
transport of the iron uptake systenYersiniabactinY. pseudotuberculosilso habour the
Yersinisadhesion pathogenicity island (YAPI), which includes a pilin gene clustpil,aperon,
encoding a type IV pilus that contributes to pathogeni@@pllynet al., 2004) The vast majority

of allY. pseudotuberculosssrains originating from the Far East of Asia additionally produce one
of three variants of a chromosomalgncoded novel superantigenic toxin YPM (tNe
pseudotuberculosiderived mitogen), encoded by theamgene. The YPMa varit is encoded

by the ypmAgene(Ramamurthyet al.,, 1997)and plays a more crucial role in systemic infections
than in gastroenteritis. YPMb and YPMc are the other two variants of the superantigen, which
are enco@d by theypmBandypmCgenes, respectivelyRamamurthyet al,, 1997) A small
conserved RNA chaperone protein, known as Hfq, is essential for the full spectrum of virulence
in a variety of pathogenic bacteria, cinding both Y. pseudotuberculosisand Y.
enterocolitica The Hfq protein plays an important role in the regulation of motility, intracellular
survival, and production of T3SS effectorsYin pseudotuberculosi&chiano, Bellows and
Lathem, 201Q)

1.2.4.4 Pathophysiology ofY. pseudotuberculosisifection

After ingestion by humany,. pseudotuberculogmss into the small intestine and adhere to the
mucosal lining of the ileum, where intracellular infections i @ SND&a LI G OKSa s Y dx
macrophages can occyFig. 1.1; Gage, 2012yvasion of the ileal mucosa is favoured by the
presence of numerous virulenaessociated genesoding forfimbriae, flagellar poteins, and

adhesins, such as invasin (Inv), YadA, and the attachment invasion locus prot€DaiAiBl,

2003) The invasin protein prompts the internalisation of the bacteria, which translocate across

the epithdium (Pepe and Miller, 1993As a result, an inflammatory response occurs causing
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the characteristic symptoms of fever, abdominal pain, and diarrhoea, which are typical of acute

gastroenteritis and mesdaric lynphadenitis. Uterative ileitis, and extraintestinal conditions

4dzOK |4 YSaSyGaSNRAO FRSyAdArAazr SNREGKSYI y2R2ad

in more advanced casd3alaveet al., 2006) If the regionhdefences of the ileum are broken,
the bacteria can disseminate and cause sepsis, or even abscesses of the liver ofkseaeh

et al, 2012) Polyarthritis, a type of arthritis that involves five or more joiatsd usually
associated with autoimmune conditions, may also occur at a later stage of illness, particularly in
human leukocyte antigen (HL-BR7positive individual{Gage, 2012)Bacterial cells that are
replicating in the intestinal tract can also attack the host lymphoid tissues, mucl ligestis
Invasion of these tissues and resistance against the host defences rely on the possktbson
pYVplasmid which encodes genes for various Yops and the VeantigrV)Gage, 2012)The
products of this plasmid work together to silence phagocytic immune cells assweltiuce
inflammation, resulting in suppression of the host immune response. This favours persistenc
of these bacteria in the body, allowing them to replicate extracellularly and form aggregates in

the mesenteric lymph nodes, which can lead to septicad@age, 2012)
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Figure 1.1Routes of transmissio and mechanisms of pathogenesis of the human pathogenarsinia
species.

The routes of transmission fahe enteropathogenicrersiniaspecies Y. pseudotuberculossdY.
enterocolitica are usually associated with the consumption of contaminated ragetables
(lettuce/carrots) and undercooked meat (mainly pork). They are ingested via the contaminated food and
enter the lymphatic system through the M cells in the small intestine. They can then progress to cause a
localised infection of the liver or sgn, or in rare cases, lead to systemic infection such as septicaemia.
The main reservoirs Of. pestison the other hand, are rodents and fleas. Transmission of the bacteria to
humans occurs through the bite of an infected flea resulting in buboniogplBgeumonic plague can arise
whenY. pestiseaches the lungs, via the bloodstream, and is transmitted to other individuals through the
release and inhalation of respiratory dropldtgyure adapted frorhleroven and Dersd2014)

M cell: microfold cell.
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1.2.5. Clinical manifestations o¥. pseudotuberculosimfection

After an incubation period of around 3 to 7 days, gastroenteritis usually develops, which can be
difficult to distinguish fromSalmonellaor Campylobacterassociated gastroenteritis. Patients

with Y. pseudotuberculosassociated infections typically present with clinical syndromes
characterised by acute mesenteric adenitis with fever, diarrhoea, vomiting, and bloody stools
(Gage, 2012)Young children are more likely to develop enterocolitis, whilst older children more
commonly experience acute terminal ileitis, mesenteric adenitis, and systemic disease. Sepsis is
generally uncommon and is most likdb occur in individuals with prexisting conditions and

risk factors such as diabetes mellitus, cirrhosis, immunosuppression, older age, and
haemochromatosis.Splenic abscesses, meningitis, or endocarditis can develop in septic
patients, and the mortatly rate in these cases is close to 50%. Erythema nodosum is identified
in about onethird of all patients and in approximately 10% of adu{tSage, 2012)Y
pseudotuberculosimfections are more common in merhdn in women. However, post
infection complications, such as erythema nodosum and reactive arthritis, are more common in
women. Children aged 5 to 15 years comprise greater than 75% of patientsy with
pseudotuberculosimfection. lliness typically last to 3 weeks, but symptoms may persist in
some patients for several monti{&age, 2012)Although fever and selimiting gastroenteric
symptomsare the primary clinical manifestations &f. pseudotuberculosisfection in Europe

those occurring in Japan, Korea, and the Far East of Russia include not only symptoms of
gastroenteritis but also a variety of systemic manifestations such as scarletiniform rash,
desquamation, and arthriti€Gage, 2012)This disease variant is called Far East sdiltéetever,

which is associated with specific superantigemtaining strains o¥. pseudotuberculosi¥wo
research groups have previously reported considerable geographitadolyeneity between

the Far East of Asia and Europe regarding the prevalence of-lgflllacing straingUeshibaet

al.,, 1998; Yoshin@t al., 1995) The investigators reported an absence of ffmAgene in
strains belonging to serotypes O:1 and O:2 from Europe, however this gene was present in
almost all strains belonging to serotypes O:1, O:2, O:4, and O:5 from Asia, indicating the
importance of theypmAgene in strains causing Far East scdiet fever(Ueshibaet al., 1998;
Yoshinoet al,, 1995) In Russia and Japa¥i, pseudotuberculosigfection is regarded as a
national health problem and was added to the national notificaigatem in 198§Tsenevaet

al., 2012)

1.2.6. Treatment and prevention

Antibiotics generally do not improve the course of uncomplicated enterocolitis or mesenteric

adenitis, and antibiotic treatment regimens aretrrecommended for intestinal forms of the
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disease (Bottone, 1997) However, such therapy has been recommended for
immunocompromised patients, individuals with septicaemia, and those with systemic disease
or extraintestinal progression of disease. Bregdctrum cephalosporins, sometimes
accompanied by aminoglycosides, have resulted in successful outcomes in patients with
extraintestinal forms of yersiniosis, including septicaen(Bottone, 1997) Antimicrobial
resistance is generally less commorYirpsedotuberculosishan inY. enterocolitic§Bonardiet

al., 2016) Prevention of contractiny. pseudotuberculosisfection relies on measures intended

to protect individuals from direct contact with contaminated elviments, foods, wastes, as

well asother infected humans and animals. Some of these approaches include using proper
sewage disposal methods, protecting water supplies from contamination, as well as using

appropriate food hygiene, preparation, and storageasuregBottone, 1997)

1.2.7. Identification and typing ofY. pseudotuberculosis
1.2.7.1. Serological characterisation of. pseudotuberculosis

Diagnosis of yersiniosis begins with isolation of the causatiganism, using selective media,
fromthe hunt y K2aidiQa adGz22ts 0f22RX 2N @2YAGZ |FyR
(surgical removal of the appendixiotyping and serotypin@f Y. pseudotuberculosisan

provide useful epidemiologic information when tracking the source of community outbreaks.
Classically, identification and typing 8f pseudotuberculosis commonly based on the
lipopolysaccharide (LPSyantigen, which is used for the serological characterisation of strains.
The LPS is a lipoglycan present on the cell surface of mostii&gative bacteria, and for many
pathogens includiny. pseudotuberculosithe LPS represents an important virulence fa¢itto

et al, 2008) The structure of the LPS is comprised of three key components: lipid A, the core
oligosaccharide, and-€pecific polysaccharide (OPS; also termed tlantyen). The @ntigen
serotyping scheme used fof. pseudotuberculosisvolves differentiation of the variable OPS
subunits (O units) using serology. It has been suggested thatthe serotyping scheme can

be implemented for the identification and typing of all members of thepseudotuberculosis
complex, which include¥. pestisY. similisandY. wautersii(Sain et al, 2014; Laukkanen
Ninioset al.,, 2011) Some of the 15 major serotypes (@ D:15) ofY. pseudotuberculosee

divided into ten subtypes (O:1a, O:1b, O:1c, O:2a, O:2b, O:2c, O:4a, O:4b, O:5a, O:5b), thus
resulting in a total of 21 known serotgp (Skurnik, Peippo and Ervela, 2000he efficacy of
serotyping in investigating potential outbreaksYofpseudotuberculosis Europe is very limited

due to the vast majority of strains isolated from human caselsnging to serotypes O:1 and

0:3, whereas serotypes O:2 and @415 are primarily found in As{&ukushimeaet al., 2001)

Previous studies have indicated that a large proportion of strains isolated from hunsas ca
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belong to serotypes O:1a, O:1b, and QA8lliamsoret al., 2016; LaukkaneNinioset al., 2011)
The application of serotyping methods ¥ pseudotuberculostherefore provdes only low
level resolution when studying the ecology and diversity of this important human pathogen,

thus suggesting the need for higher resolution typing methods.

1.2.7.2 Y. pseudotuberculosisultiiocus sequence typingMLST)

Population genomic argses ofY. pseudotuberculodmave revealed greater details about the
population structure of tis species and its relationship the other closely related species of
the Y. pseudotuberculosisomplex. Sequenebased analysis provides a more detailed
classification system than biochemical characterisation to differentiate between phenotypically
indistinguishable strains, as has been demonstrated with the recently described spesienlis
(Spragueet al, 2008) which is biochemically similar t¥. pseudotuberculosidMultilocus
sequence typingMLSY is a molecular typing method, developed in 1998, with the aim of
improving the portability and accuracy of epidemiological and molecular typing information. It
was proposed to provide a highly discriminating typing system for the unambiguous
characterisation of isolates of most bacteria and other organi@viedenet al., 1998) Soon

after MLSTanalysis wafirst describedaresearch group led by Mark Achtman developed a new
MLST scheme fof. pseudotuberculos{saukkanesNinioset al.,, 2011) The MLST scheme was
based on allele profiling of fragments of sewempseudotuberdosishousekeeping geneginA

thrA, tmk, trpE, adk, argA andaroA (LaukkanerNinioset al, 2011) The MLST scheme was
applied to a diverse collection of 417 isolates from 29 countries representingraihents in
order to characterise the molecular epidemiology, population structure, and diversitly. of
pseudotuberculosjsadding further granularity to the serotype classification method. This
analysis grouped serotype O:3 strains into a distincteldesignated ST19, which consists of
singlelocus variants ST50 and ST57. It has previously been suggested that these strains are
associated with lowered pathogenicitifukushimaet al., 2001) however, these stras harbour

the pYV plasmid and the chromosoniall gene and are sometimes responsible for fatal
diarrhoea in cattlgMartins, Bauab and Falcao, 199R)was revealed that serotype O:1 strains
formed a distinct clde of strains which represented a large nmber of sequence type
complexes. Thisdicated a genotypically diverse population of bacteria within the sgpatO:1
group and thus an overall high diversity among diseaaasingY. pseudotuberculos@rains

(LaukkanerNinioset al., 2011)
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1.3. Escherichia coli
1.3.1. Anintroduction to theE. colispecies

The second model organism used in this study to investigate microbial ecolegghsrichia

coli. The speies was first discovered in the late nineteenth century by Theodor Escherich, a
GermanAustrian paediatrician who believed that intestinal diseases in infants were caused by
the infant gut microbes. Escherich isolatédcolifrom the faeces of infants @hsubsequently

VI YSR (i KSBa2tétiHm oflicammu®> ¢ KA OK ¢ | &EschefichiSoddiftedB y I Y S
9 4 OK S NA OK(eagker Rugl Bligdehler, 2007) E coli is a member of the
Enterobacteriaceae, which are wisbread in nature and are most commonly found in the
intestinal tracts of mammals, but can also be isolated in high concentrations from soil, water,
and agricultural land, due to faecal contaminatiMiinn et al., 2006) The genugscherichia
which contains six distinct specids. Coli E. albertij E. fergusonjiE. vulnerisE. hermannjiand

E. marmotag, is the most commonly encountered genus of the Enterobacteriaceae in the
clinical setting. Within te genusEscherichigE. coliis the only member to exhibit pathogenic
traits, and due to its environmental ubiquity and ability to grow easily under laboratory

conditions, it is also one of the most extensively studied model organisms in microbial genetics

The bacterium is a Gramegative, rodshaped, norsporulating, facultatively anaerobic
coliform, typically 2 um in length and 0.5 um in diamepdfinnet al., 2006) The bacterial cell
characteristicallyhas peritrichous flagella projecting in all directions, which enable a level of
motility for the bacterium, a trait which is thought to contribute to bacterial fithess and virulence
(Laneet al., 2005) Despitethe metabolic complexity dE. coli the species can be distinguished
from other members of the Enterobacteriaceae based on distinct metabolic characteristics,
which includes its ability to produce indole from the metabolism of the amino acid tryptophan.
E colican also reduce nitrate to nitrite, and produce pyruvic acid from glucose, which can be
demonstrated using the methykd indicator(Winnet al., 2006) Most strains oE. colare also

able to ferment lactose, which is often used as a feature to distingtskolifrom the closely
related specieShigellaWinnet al., 2006) and this can easily be demonstrated by a change in
colour of the indicatoron differential culture media, such as CLED (cysteilaetose, and
electrolytedeficient) agar and MacConkey agar. The metabolic adaptability. afolimay
provide it with a fithess advantage over fastidious organisms, allowing it to survive andlynultip

in nutritionally poor microenvironments, such as the human bladder.
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1.3.2. Commensak. coli

CommensaiE. colare strains which colonise humans and animals, but do not trigger an immune
response or cause disease in the h&stcoliare one of the fist bacteria to colonise the human
intestine, with initial colonisation occurring during the early stages of infancy. This may be due
to the transmission oE. colifrom the mother to the neonate, or even through nursing staff in
the hospital(Watt et al., 2003) E. coliare lifelong commensal coloniseof adults,where the
species has adapted its metabolism very successfully to the nutritional ecological niche of the
gut, withstanding competition from more than 500 othbacterial specieg¢Tenaillonet al.,

2010) As a consequence of being a gut micrabecoliare regularly excreted into the wider
environment, and despite being intricdyeadapted to life insidex host,E. colmust also be
adapted to successfully acclimatise to harsher conditions outside of thegagageau, 1983)

E. coliare able to persist in the environment untihe next host consumes viable bacteria in
contaminated food or water. One of the stress conditions facedEbygolifollowing ingestion is

the acidic pH of the stomach, which it survives by evoking protective acid resistance systems
(Foster, 2004)E. colimust then acquire the nutrients required to proliferate once reaching the
colon. Successful colonisation of the colonBhycolidepends on competition for nutrients with

an extremely large and diverse microbiota, penetration of the intestinal mucus layiéty &0

avoid the host defences, and grow rapidly, beyond the turnover rate of the mucugGyeway

and Cohen, 2015E. colipersists in the mucus whilst some cells that are sloughed off into the
lumen of he intestine are eliminated in the host faeces and the cycle repeats with a new host.
This circle of colonisation and extraintestinal survival represents the life cycle for both

commensal and pathogenic strainskfcoli

In addition to colonising the iestinal systems of humans, commeng&al colialso typically
colonise the urinary tract and cause a condition known as asymptomatic bacteriuria (ABU),
which is characterised by the presencd=ofcolin urine but the host does not exhibit any of the
classtal symptoms associated with a urinary tract infection (UTiyas traditionally thought

that commensakE. colstrains simply did not possess viruleragsociated genes in their genome
and were therefore unable to cause disedbtabbettet al., 2009) In fact, more recent studies

of the ABU isolat&. colB3972 have shown that this strain does possess virulence geadser

they have become attenuated due to deletion events and are no longer functionabsdt
postulated that this occurred through adaptation to the new environment of the bladder, giving
avirulent strains the advantage of residing within the host without eliciting the lethal action of

the immune responséviabbettet al., 2009)
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1.3.3. Intestinal pathogenickE. coli(IPEC)

Despite the fact thaE. colexistsas a commensal species in the intestinal microbiota of a variety
of animals including humans, not all strains are harmless, and some csa debilitating and
sometimeslife-threateningdiseases in humans as well as mammals and bBd&ngeret al.,
2011) PathogenicE. colistrains are classified into two groups: thoieat cause intestinal
infection and those thattause extraintestinal infectiotnlike the intestinal commensél. colj
intestinal pathogenicE. colistrains have acquired virulen@ssociated genes (VAGS), giving
them the ability to cause many serious intestinal disegd®eper, Nataro and Mobley, 2004)
Among the intestinak. colithere are eight recognised pathotypésig. 1.2 enteropathogenic

E. coliEPEC), enterotoxigeriic coliETEC), enteroinvasite coliEIEC), enteroaggregatite
coli(EHAC), enterohaemorrhagic (Shiga teptioducing)E. col{(EHEC/STEC), diffusely adherent
E. coliiDAEC), enteraggregativehaemorrhagice. coliEAHEC), and adherent invasivecoli
(AIEC)Clementset al., 2012) These pathotypes are capable of causing varying severities of
disease ranging from mild, sdifniting diarrhoea to diseases such as haemolytic uraemic
syndrome (HUS), which is characterised by haemolytic anaemia, acute kidney failureyand |
platelet count. The type of disease caused by an intestinal pathogenic strdin obliis
influenced by the types of viruleneessociated genethat the strain possesses. The profile of
VAGs and the type of disease caused by strains is used to baaskjfy intestinak. coliinto

one of the eight pathotypes, which are used to inform diagnosis and treatment of diseases.
There is increasing crossover betweEn colistrains of different pathotypes as a result of
horizontal recombination, and thus newathotypes are often proposed, increasing our

understanding of the evolution of this important pathogen to humans.

EnteropathogenicE. coli(EPEC) are pathogens that colonise the small intestines and are a
common cause of severe, watery diarrhoea in ms$aof developing countrie€lrabulsi, Keller

and Tardelli Gomes, 2002 industrialised countries, the prevalence of these organisms has
decreased, but they continue to be an important cause of diarrhd&saro and Kaper, 1998)

The primary mechanism of EPEC pathogenesis involves attaching and effacing (A/E) lesions,
which are characterised by microvilli destruction, adherence of the bacteria to the intestinal
epithelium, pedestal formation, and aggregation of polarised actin and other elements of the

cytoskeleton asites of bacterial attachmer{Nataro and Kaper, 1998)

EnterotoxigenicE. coliETEC) are strains that colonise tmucosa of the small intestines of
humans and cause a mild, skfhiting diarrhoeal disease. In immunocompromised hosts, the
disease may progress to a more severe, longer lasting infection akin to that of cholera. ETEC is

one of the leading causes of dihoea in the developing world, and it is the most common cause
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approximately 210 million cases and 380,000 deaths per (detinek and Kollaritsch, 2008)

EnteroinvasiveE. coli(EIEC) is an intracellul&. colipathotype which is genetically and
biochemically very similar tdShigella another genus of enteric pathogen within the
Enterobacteriaceae. Both EIEC &tdgellapossess thapaHinvasive genéKaper, Nataro and
Mobley, 2004)and cause invasive disease which may lead to severe illness in otherwise healthy
individuals Since EIEC aghigellaare so closely related it has preusly been suggested that
they should be classified as a single pathotypd&otoli howeverShigellakeeps its species

designation due to the association with the disease shigel(@msxen and Finlay, 2010)

Enteroaggregativee. coli(EAEC) was first described in 1987a child suffering from acute
diarrhoea in Lima, Pel{iNataroet al., 1987) Since its discovery, EAEC have been associated with
persistent diarrhoean children living in EAE€hdemic areagNataroet al.,, 1987) individuals
infected with the human immunodeficiency virus (H{Mpthewsonet al., 1995) and as a cause

of diarrhoea in travellers from industrialised countries visiting the developing world. The
pathogenesis of EAEC is determined by its ability to adhere to intestinal cells, produce
enterotoxins and cytotoxins, and induce inflammation of the intestinal WABAEC are
characterised by the ability to colonise either the small or large intestinal mucosa, but primarily

the colon, by aggregative adhesion

The diffusely adherenE. coliDAEC) are considered a diarrhoeagenic class of organisms that
colonise the smihintestines, causing diardea in children between the agd 18 months and 5

years in developing countri€gdansanAlmeida, Pereira and Giugliano, 201Bhese strains are
characterised by the diffusadherence pattern on cultured epithelial cells HelLa or Bep
(Croxen and Finlay, 201@)AEC strains are able to produce finljez projections that extend

from the surface of infected Ca¢b or HER cells (Cookson and Nataro, 1996Yhese
LINEP2SOGA2ya adz2lil2aSRte aSYOoOSRE GKS oF OGSNRIEF =
without complete internalisation of the cell, however the role for this phenotype in

pathogenesis has not yet been determined.

The enterohaemorrhagi. col(EHEC) pathotype was first defined in 1983 after two outbreaks
of gastrointestinal illness characterised by severe abdominal cramps, watery diarrhoea which
progressed to extremely bloodijarrhoea, and was not accompanied by fef{Rileyet al., 1983;
Karmaliet al., 1983) EHEGwvas defined based on the serological evidence and presence of a
specific cytotoxin derived from tise two outbreaksEHEC strains comprise a subgroup of the
Shiga toxirproducingE. col{STECWwhich encompasses EHEC and the lesser virulent/avirulent

STEC. Owing to their human pathogenicity, some STEC strains are also designated as EHEC
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(Nataro and Kaper, 1998The major defining feature of EHEC is the production of phage
encoded Shiga toxjistx1 and/or Stx2, which are responsible for serious disease in hysuaiis
as HUS and HC.

In2011, anoutbreak straimssociated with haemolytiaraemic syndrome and bloody diarrhoea

in Europewasidentified asan EAEC strain that acquired the propha&gpeoded Shiga toxin of
EHEC, thus combining the virulence potentials of two different patho@@ssamur, 2011)This
combination of genomic features, associating characteristics from both EAEC and EHEC, gave
rise to a new pathotype: the enteroaggregatiiaemorrhagicE. coli(EAHEC). This outbreak
highlighted the ability oE. colto recombine and produce new combinations of genes, resulting

in new lineages. The EAH&Ebreakalso provided a good example of the application of modern
sequencing technologies to rapidly and accurately identify causative strains, which in the past,
relied heavily on low resolution methods such as serotyping of infectious orgafidemamur,

2011)

The adhereninvasiveE. col(AIEC) are a pathotype Bf colithat have been implicated in the

LI G K2 3 Sy S SxiseaskDarfelildBi¢hgud, 2002)AIEC are unusual among intestinal

E. colipathotypes in that they are not associated with diarrho&€bhe high prevalence of
adherentE coliisolated fromthe £ f Y dz02al 2F LI GASyda sAGK
characterisation of several strains, which failed to detect any virulasseciated genes that

are traditionally present in typical pathogenic species. One characteristic of these strains is the
ability to adhere to and invade intestinal epithelial cells, as well as the ability to replicate within
macrophages, which discerns them from other varietieg.ofolj including commensals. These
strains were therefore categorised as the specific pathogemiamknown as AIE@arfeuille
Michaud, 2002)

1.3.4. Extraintestinal pathogeni®. coli(EXPEC)

Extraintestinal pathogenic. coli (EXPEC) are facultative pathogens which colonise the
gastrointestnal tract of many healthy individuals, where they exist as commensals and do not
cause enteric disease, contrary to the intestinal pathogénicol(IPEC)EXPEC strains colonise

sites outside of the intestinal tract, such as the urinary tract, bloo@sireand brainFig. 1.2

EXPEC are considered the primary aetiological agent of urinary tract infections (UTIs), as well as
a common cause of bacteraemia and sepsis in the community. Other EXPEC strains are
responsible for surgical wound infections, netalaneningitis, and neonatal sepgRRon, 2010;

Russo and Johnson, 200BXPEC strains which reside in the gastrointestinal tract differ from

normal commensal strains, in that they possess vircdetraits that allow them to colonise more
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inhospitable environments, such as the urogenital trg&ith, Fratamico and Gunther, 2007)

In addition to these bactertapecific traits, hosspecific factors are als@quired in order to
cause disease. EXPEC is therefore considered a necessary but not sufficient cause for
extraintestinalE. colinfection, and as a result, additional factors are required for an infection
to occur (Singer, 2015)Consequently, EXPEC are considered opportunistic pathogens for
causing ExPE&3sociated disease. When provided with an opportunity in individuals who might
be susceptible in some way (e.g., compromised immune system), or through thenivdlof
specific risk factors, the bacterium can be transferred to the urogenital tract where it can cause
a UTFoxman, 2014)Similar to the intestinal pathogenkt: colidescribed earlier, EXPEC strains
are also ategorised into pathotypes as defined by the anatomical location of the disease they
cause and the molecular virulenessociated genes that they carry, although few traits appear

to be exclusive to one specific EXPEC subgroup.

1.3.4.1. Avian pathogenic.coli (APEC)

Avian pathogeni&.coli(APEC) are responsible for causing systemic extraintestinal infections
such as aerosacculitis, polyserositis, and septicaemia in avian hosts such as chickens, turkeys,
and other wild and domesticated birgsanges, 2016)APEC are typically part of the intestinal
microbiota of healthy birds and infections typically result from environmental exposures and
increased host susceptibility. More recently, APEC are also thought to dperrgible for
infections in humans, due to similarities in virulence determinants found in APEC and human
EXPEC straindohnsonet al., 2008) For instance, it has been demonstrated that genome
content, virdence gene profiles, phylogeny, biofilm formation, aimdvivo transcriptional
activationare shared by APEC strains and the human EXPEC serotypes 018:K1:H7, O78, and
02:K1:H{Bauchartt al., 2010) Other studie®f pathogenesisn vivoandin vitro have shown

that APEC can cause disease in mammalian hosts and converselyjdoid&dfrom human
infections can cause disease in avian mo@kg&dsenet al., 2012; Tivendalet al., 2010) These
findings have led to the supposition that APEC is a zoonotic pathogen contributing to the weight
of EXPEC infections in humans, particularly UTIs, and that consumption of retail poultry may be

a source ofnfection (Platellet al., 2011b; Tivendalet al., 2010)

1.3.4.2.Neonatal meningitisE. coliNMEC)

Neonatal meningiti€. coliNMEC) have the ability to cross the bldw@in barrier (BBB) and
are the secondeading cause of neonatal meningti¢eath, Nik Yusoff and Baker, 2008jusing
high mortality and neurologic sequelae in affected neonates. NMEC commonly inhabit the lower

gastrontestinal tract, but become niche pathogens upon entry to the bloodstream and central
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nervous system (CNS). NMEC are able to penetrate the BBB due to their ability to persist in the
bloodstream by surviving engulfment by macrophages, multiplying in highbets, and thus
allowing successful invasion of the meninges of infants and causing men{Kagipisr, Nataro

and Mobley, 2004)NMEC are resistant to the host immune response, due to the possession of
a Kl capsuleThis capsule is a thick polysialic acid layer that safeguards the bacterium from
ingestion by phagocytic cells, and also from fusion with intracellular lytic vacuoles. As a
consequence of the protection that the Kl capsule provides, significant numbermldé
bacterial cells are transported across the BBB and into the CNS, where they can cause oedema
and neural damage. It is most likely that these factors contribute.toolassociated neonatal
meningitis carrying the significantly high mortality andnmdity rate (1&30%) associated with
neonatal meningitiscaused by NMEC during the neonatal perfgdper, Nataro and Mobley,
2004)

1.3.4.3. UropathogenicE. coliUPEC)

The pathotype oE. coliresponsible forcausing urinary tract infections (UTIs) is referred to as
uropathogenicE. coli(UPEC). Among the common urinary pathogens associated with the
development of UTIs, UPEC are the primary cdliedizzi, Gribaudand Maffei, 2017)UPEC

are defined by their ability to cause extraintestinal infections of the urinary tract (bladder,
kidneys, ureter, and urethra), and are characterised by a plethora of both structural (fimbriae,
pili, flagella, capsules) and secrétgoxins, iroracquisition systems, proteins) virulence factors
that contribute to their capacity to cause disease. UTls are globally widespread and affect a large
proportion of the human population. Approximately 150 million people worldwide develop a
UT each yea(FloresMireleset al., 2015)and roughly 11% of women suffer an episode of UTI
per year(Foxman, 2014)UPEC are thought to be responsible for up to 804nobmplicated

UTls in female@-loresMireleset al.,, 2015) UPEC are particularly walllapted to surviving in

the urinary tract and possess VAGs enabling them to scavenge iron from the environment and
catabolise the amino acid -Berine, which is present in uring-loresMireles et al., 2015)
Additionally, UPEC are also notable for their ability to adhere to host epithelial cells in the urinary
tract, and ths represents the most important determinant of pathogenicity for UPEC. In severe
cases where a UTl is left untreated, UPEC can ascend the urinary tract to cause infection of the

kidneys and bloodstream.

UPEC strains that have invaded the bladder cellg Ineareleased and ascend to the kidneys via

the ureters. Adherence to the kidney epithelial cells is mediated by bindingfiaitPiae to
digalactoside receptor§Kaper, Nataro and Mobley, 2004)pon colonisation othe kidney,

UPEC virulence factors such as haemolysin and secreted autotransporter toxins (SAT) result in
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damage to the renal epitheliumieading to pyelonephritis. &teria that have made it to this
stage are then able to penetrate the endothelial celithe proximal tubes and gain access to

the bloodstream, resulting in bacteraemiaper, Nataro and Mobley, 2004)he process of
ascending infection from UTI to bacteraemia, involving the bladder, kidneys, andishieams

is known as urosepsis. The incidence of bloodstream infection is becoming more prevalent and
is associated with higher rates of mortality. Bacteraemia causes. loplinfection, which can

be community or hospitahcquired, is reported with ineasing frequency worldwidéRon,

2010) accounting for 1@37% of bacteraemia cases globally (Russo and Johnson, 2003). Studies
have reported thatE. coliis the most frequent organism isolated from septicaemia resgiltin
from an initial UTI. A UKased study revealed th&. coliaccounts for~75% of Granmegative
bacteraemia cases of urinary origifAtHasan, EckdPassow and Baddour, 2010Yhe

association of bacteraemia causbyE. coliand UTI origin is therefore significant in the UK.
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Figure 1.2 Sites of colonisation of the human body by pathogenic straindgstherichia cali

Pathogenic strains d&. coliare able to colonise various parts of the human body and caussequent
disease, an ability that is attributed to the genome plasticity of the species and the carriage of specific
virulenceassociated genes (VAGs). The human extraintestinal pathégeoni{ExPEG)evelop infections

at anatomical sites exterito the gastrointestinal tract. Neonatal meningiiscol(NMEC) have the ability

of crossing the bloctirain barrier (BBB) into the central nervous system and cause meningitis, whilst
uropathogenid. col{(UPECjolonise and cause infection along vasiparts of the urinary tract, including

the bladder and the kidneys, from which they can disseminate to the bloodstream and cause septicaemia.
The intestinal pathogenig. colicolonise various parts of the gastrointestinal tract. Enteroinv&siveli

(BEC), enteroaggregati¥e col{(EAEC), and the particularly virulent entaggregativehaemorrhagic.

coli (EAHEC) and enterohaemorrhagie coli (EHEC) colonise the large intestines, whereas
enteropathogeni&. col(EPEC), enterotoxigeric col(ETE), diffusely adhereri. col{(DAEG)as well as
adherent invasiv&. coliAIECYolonise and cause infection in the small intestines. Enteroaggregative

coli (EAEC) have the ability to cause disease in both the large and small intEajunesadapd from

Croxen and Finlg2010)to include the recently identified pathotypes, EAHEC and AIEC.
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1.3.5. Antibiotic resistance in extraintestinal pathogeni€. coli

Antibiotic resistance ilE. colis a major pro8 Y FIF OAy3 (G2RIF&Qa KSIf GKC
common cause of nosocomial infection and the leading causative agent of urinary tract infection

and bacteraemia.The prevalence of antimicrobial resistance has been increasing in
uropathogenic bacteria in ment times and the management of infections caused by these
strains has been hampered as a result. The cephalosporins, fluoroquinolones, and
trimethoprim¢sulphamethoxazole drug classes have often been used adirffigsantibiotics to

treat community and bspitatacquired infections caused Hy. coli Increasing resistance to

these agents is responsible for impediments to the appropriate therapy, resulting in more
frequent cases of morbidity and mortaliffumbarelb et al., 2007) Up until the late 199Qs

EXPEC were known to be relatively susceptible to-lfivstantibiotics, but surveillance studies

during the 2000s in Europe and North and South America have shown &tv¥#8%00f EXPEC are
resistant to multiple dug classes, including the cephalosporins, fluoroquinolones, and
trimethoprim-sulfamethoxazole (Foxman, 2014) -Lactam antibiotics, in particular the
penicillins and thiregeneration cephalosporins, are a major drug class used to treat sdfious

coli infections acquired in the community or the hospital settifigvermae and Woodford,

2006) Amonge. colt -fil OGF YIF &S LINPRdAzOGA2Y NBYIl AMgctam G KS
NB & A & (HaciardeSed aré usually plasmedcoded enzymes produced by many Gram
yS3ar GA @S o6 Ol S Nictad antibioticsi by Rydrdl & & ¥ Bladiaé 8rig of the
0FaA0 LISYAOAtftAYy &aA0GNH2OGdZNBE:X GKdza R@ivetnok @1 G Ay
and Woodford, 2008p ¢ K S -lagtdmisdesi to be described were TEM (named after
Temoneira, a patient in Greece from which THMvas first isolated) in the 1960s, and later the

SHV QuIfHydryFM NR& | @ - ©idi | iV & Sd  dagtamades/dre eficbded by thdarem

and blasnv genes, respectively. These enzymes quickly became commoheirhaspital
environment and allowed many genera of Graegative bacteria to become resistant to the

commonly used antibiotics at the time.

TheTEMM Syl &yYS Aa (KS Y2 & (lacrgayerreGfamegatde/b@ceday (i S NB
It is thought that up to 8% of ampicillin resistance k& colis attributed to the production of

TEM1 (Livermore, 1995)Although TEMi & LJSctamases are most often foundh colandK.
pneumoniag they are also found in other epies of Granmegative bacteria with increasing
frequency. TEM has the ability to hydrolyse penicillins and early cephalosporins, such as
cephalothin and cephaloridin@Paterson and Bonomo, 2005Jhe TEM deriative, originally

reported in 1989, was the first TEWM& Ld&ctamase that displayed the ESBL phenotype, but in

the years since the first report, over 100 derivatives of TEM have been des(fPietison and

Bonamo, 2005) SHVL shares 68% amino acid homology with TEEhd has an overall similar
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structure. The SHWM -lactamase is most commonly foundKn pneumonia@nd is responsible

for approximately 20% of the plasmidediated ampicillin resistance in thigexies. AKlebsiella

ozaenaeh a2t I S 61 a4 ARSYGATASR Ay Dfadambsg &vhichy ™ @
efficiently hydrolysed cefotaxime, and to a lesser extent ceftazidiKmothe et al., 1983)
Sequence analysi 2 F (GKAa A&2f ! dftambse difdretl &dtn SHK byi (1 K S
replacement of glycine by serine @bsition238. This point mutation accounts for the extended

& LIS Ol NHzY LINE ld&andase Svhich2vads deésigratad SHPaterson and Bonomo,

2005) Within just 15 years of the discovery of this enzyme, organisms possessing the SHV
lactamase were found in every inhabited continent on E&ptitersoret al., 2003) E. colis also

a typical clinical host of SHype enzymes, with previous studies reportadigh prevalence of

E. coliproducing SH¥ & L3&ctaimases thought to be a significant cause of commeumityet

infections(Memarianiet al., 2015)

Of importance with regards to EXPEC infections in the community and hospital environment is
the increasing numbers of isolates developing resistance against newly developed antibiotics.
These include the plasmidedA I G S R -lactamlisesi(e.g., CMY typesdrbapemmases

and extendedd LJS O (i -Mitavhaseés (ESBLs). ESBLs are able to hydrolyse third and fourth
generation cephalosporins, but are catalytically less efficient than the parent enzymes and are
therefore s O S LJG A-lactadaséiighibitors, such as clavulanic #Bidterson and Bonomo,

2005) To date, over 150 different types of ESBLs have been characterised, with a large
proportion of ESBLs derived from point raul A 2 Y & A y -ladtdn&sed, JFENISTEN2, |

and SHW> gKAOK FfGSNJ GKS YAy2 | OAR O2y-TA3IdzN
fLOGFYIFaSad ¢KAa S Elacky Ratbioick hat dahJBeOdlisddptible & F |
hydrolysis by these enzym@aterson and Bonomo, 2008 n increasing number of ESBLs that

are not of the TEM or SHV lineage have recently been described, which carry tremendous clinical
significance. The CIX type ESBLs are so named as thmfgrentially hydrolyseCefoTaXime

and were first discovered iNunich in 198GPitoutet al.,, 2005) These enzymes, encoded by
blactxv, are plasmigmediated and are thought to have evolved separately fréva TEM and

{1+ FlLYAfEsS &a GKSe& 2yfeé KI-&amasefTzoudekkisdzf,y OS K
2000) When these enzymes were first discovered they were named HIQbi®this was later
changed to CEM (Peirano and Pitout, 2010CTXa -lactamases have mainly been found in
strains ofSalmonella entericaerovar Typhimurium anB. coli but have also been described in

other species of Enterobacteriace@@radford, 2001)It is thought that the extended spectrum
activity of the CT¥-{i & Ld&ctamases is attributed to the serine residue at position 237, which

is present in all of the CTM enzymeqTzouvelekigt al., 2000) Strains expressing GIWktype

i -lactamases have been isolated from multiple locations around the world, but have most often
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been associated with focal outbreaf@radford, 2001)Since the emergence of the CWXamily

of ESBLs in the UK in 2002, they have become a major concern in the healthcare setting,
particularly CT-15 and-14, due to their highly transmissible nature. The production ofCTX
M-M p -lactamases was first reported in &n colisolate in India in 200Karimet al., 2001)and
they have spread rapidly around the world, becoming an important cause of muklidsigtant
hospitat and commuiity-acquired urinary tract infectiongPeirano and Pitout, 2010)
Consequently, CTM-15 is now the most globally widespread eM>nzyme, due to plasmid
associated dissemination coinciding with the emergencemdrticularly successftl. colclone,
025hb:H4 ST13(@Peirano and Pitout, 2010he impact of ESBIroducingE. colihas spread
beyond the humarclinical setting. A wide range of ES§Bbducing EXPEC isolatdétbm
domesticated animals has been reported, primarily of -®IFX in chicken and CT®-14 in
cattle, while CT#1-15 prevails among companion animéisverset al., 2014) Furthermore,
CTXM-producing strains of clinitig-associated clonal groups &f colihave been identified in
surface watergGomiet al., 2017b)and retail poultry(Johnsoret al., 2017;Leversteinvan Hall

et al., 2011) suggesting that potential nehuman reservoirs of MDR EXPEC may exist.

The OXAype enzymes (oxacillinase, encodeddigoxsd are another evolving family of ESBLSs.
¢ K S aldstarhases differ from the TEM, SHV, and-&ITidmilies (class A) in that they belong
to molecular class D and functional group(Bdadford, 2001)OXAtype ESBLs confer resistance
to multiple antibiotics, including ampicillin and cephalothin, @mdchaacterised by increased
hydrolytic activity against oxacillin and cloxacillin, whilst being poorly inhibited by clavulanic
acid. While most ESBLs have been found in species suit:hcal Klebsiella pneumoniaend
other members of the Enterobacteriaceathe OXAype ESBLs are more commonly found in
Pseudomonas aeruginogBradford, 2001) The most common OXigpe ESBL is OXAwhich
has been identified in roughlycl0% ofE. coliisolates. TheblaOXA48 ¢gene encodes a
Ol ND I LISy S Y I-lactmade thatiwaas fist identified . pneumoniadrom Turkey in
2003 (Poirelet al., 2004) followed by subsequent reports of OXA producers irE. colifrom
Israel, Seegal, and North AfricéPoirelet al.,, 2011a; Moquett al., 2011; Cuzoet al., 2010)
Further reports have indicated that OX&-producingE. colihave started to spead into the
community in EuropgPoirelet al, 2011b) and can be an important cause of carbapenem
resistance in extraintestinal infectionaside from class D carbapenemagbsre are also class
A carbapenerases (mostly of the KPC type, producedkbypneumoniagand the metallg -

lactamase®f classB (such as NDM).
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1.3.6. Source attribution

In nature,E. colis principally a constituent of the gut microbiome of wabheoded mammals,

but it can also bdéound, albeit less frequently, in the gut microbiome of birds, reptiles and fish,
as well as ubiquitously in the environmeirt soil, water, plants and in fogq@®ublan Mdeet al.,

2014, Bertheet al., 2013; Platelet al., 2011b; Brennast al.,, 2010; Tenailloet al.,, 2010) Due

to its ubiquity in nature and agriculture, there is a significant risk associated \aitisrtrission

to humans if the appropriate control measures are not consideedolis a cause of zoonoses

¢ infections that can be transferred from animals to humans through a variety of mechanisms.
Most commonly, human infections wit. colioccur dueto poor hygieneclose contact with
infected animalsor the consumption of contaminated food productranket al, 2011)
Although not alE. colistrains isolated from the environment are capable of causing disease
humans, it is likely that some pathogenic strains can find thayr into the food chain (Fig. 9.3

E. coliis shed in the faeces of natural hosts into the environment, where it can survive in soll,
water or on food for several days. The successfiditation of E. coliin these secondary
environments is reliant on several key factors, such as the availability of nutrients and water,
temperature, and aciditfvan Elsa®t al, 2011) Considering thakE. coliis a predominantly
intestinal inhabitant, presence d&. colin food or water is an indicator of faecal contamination

or poor hygienic practices.

Animals are a significant risk factor for the transmission of pathodgeniolto humans, due to

the abundance of these microbes in the intestines of domesticated animals, such as sheep and
ruminants. A previous study has shown tliatcoliis well adapted to survive in the faeces of
these animals, with an extinction range af®days, and has highlighted tipotential risks
associated with the contamination of food products by animal marfiveriarty et al., 2010)
Several outbreaks have been associated with contaminated or undercooked processed meat
products suh as beef burgers, sausages, and poufifincentet al.,, 2010) Other studies have
isolatedE. colifrom plants and seeds, suggesting that leaching from the soil leads to uptake of
the organism into the roots wheri¢ can be disseminated to the leaves of plants such as lettuce
and cabbagéOliveiraet al.,, 2012) Studies have suggested that the survivaEotolin plants,

which may be consumed raw or without the necessaashing or preparation, is of particular
concern in the event of contamination with pathogettc colicapable of causing significant
morbidity and mortality(Franket al,, 2011) Other studies have indicate. coli outbreaks
associated with contamination of animdérived products such as unpasteurised milk and
cheese (Gaulin et al, 2012) Studies have reportel.coliresemblingthe EXPEC strains
responsible forhuman extrainteinal infection being recovered from waterwaysind retail

poultry, leading to the suggestion thatultiple northuman reservoirs for human ExP&st.
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Figure 1.3 lllustration depicting the potential ecological habitat and routes of transmission of
Escheichia coliin a global ecosystem.

E. colis a natural constituent of the gut microbiome of waslhnoded mammals, including humans, but it

can also be found in the gastrointestinal tracts of birds, reptiles, and fiskpatomgenic and pathogenic

E. colstrains alike, when shed in the faeces of natural hosts into the environment, can survive in manure,
soil, water, or on vegetation for several days. Furthermore, dgbneelin human faeces can survive the
sewage treatment process and be discharged #seets into natural waterways such as rivers and
streams, and bodies of water such as lakes and the sea. If the appropriate control measures are,not taken
there is a significant risk for transmissiorEofcolito humans via the food chain, specific#isough the
consumption of contaminated water or food. The most common food sources for acquisiorcalf

would include fresh produce such as raw vegetables, dairy products such as unpasteurised milk, as well as
undercooked ground beef and poultry theave become contaminated due to the slaughtering and food
preparation processes. Furthermorg, colican be transmitted through direct contact with infected

animals, as well as between humans, due to poor hygiene and sexual activity.
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1.3.6.1. Surfacewaters as an environmental reservoir for EXPEC

An inevitable consequence of being an intestinal or extraintestinal microbe is to be regularly
excreted into external environments. Environmental and urban waterways act as a passive
carrier for coliforms suchsE. coli which is often used as an indicator of faecal contamination
by water quality testing procedures. The major sources of faecal contamination in various
watersheds include humans, agricultural and domesticated animals, and wild animals. Surface
waters across the globe are contaminated with bacteria carrying antimicrobial resistance genes
(Gomiet al., 2017b; Muller, Stephaand NuescHnderbinen, 2016; Cheet al., 2016; St al.,

2012; Dolejskat al., 2011b) Among these bacterid. coliare recognised as a contributor to

the dissemination of antibiotic resistance genes in natural environmé&unighermore,
freshwater ewironments are recognised as reactors for the evolution and dissemination of
antibiotic resistancéMarti, Variatza and Balcazar, 201%he major source of resistant bacteria
and resistage genes is human sewage. Matveloped countriesaround the worldtreat
human sewage to reduce the bacterial load before releasing effluents into surrounding lakes,
rivers, and oceans, or spreading it on land. However, previous studies indicate that treated
sewage effluentand the water into which it is releasedemain heavilycontaminated with

antimicrobiatresistant bacterigGomiet al., 2017b; Dolejskat al., 2011b)

Recent environmental studigseporting the presence of MDR and pathogenic EXPEC strains of
E. coli indicate that surface water is considered to be one of the important #muman
reservoirs of MDR ExPE&bmiet al., 2017b; Muller, Stephan andulschinderbinen 2016) It

has been suggested that contamination of surface waters by clinically important pathogenic
clones ofE. colimay increase the risk obatracting waterborne diseasg§omiet al., 2017b)

Ore of the factors which link the occurrence of EXPEC in surface waters with an increased risk
of waterborne disease is the capability®f colistrains to survive in open environments. Every
aspect of the external environment, whether it concerns nutritidemperature, oxygen,
moisture, pH, and/or the surrounding microbial community, can vary drasti¢8Hyageau,
1983) The ability to use nutrients and develop methods of overcoming these various stressors
plays a crucial role in their survival in such environmdatgolirom livestock faeces is known

to survive on grass pastures for 5 months or more, allowing the opportunity for pathogenic
colito be recycled by wild and domesticated anim@sery, Moore and Hutchison, 2004y to

be introduced into aquatic environments following rainfall or irrigati®he presence of EXPEC

in aquatic environmentsnay appear to bea common denominator linking a diverse range o

transitory habitats and trasmission to animals and humans.
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1.36.2. Retail poultry meat as a reservoir for EXPEC

With the widespread prevalence &:. coliin the environment it ipossiblethat pathogenic
strains may be introdced into the food chainEnvironmentaE.colithat resemble the EXPEC
strains responsible for human extraintestinal infections have hdentified in environmental
and urbanwaterways, sewage, domesticated and wild animals, soil and other environmental
samples, suggestindpat variousnon-human reservoirs for human ExPE@y exist(Platellet

al., 201l1a; Ewerset al, 2010) Ithas also been demonstratethat humanto-human
transmission of geneticallyearlyindistinguishable ExPBCcursbetween household members
and sexual contact¢Johnson and Clabots, 2006hdicating that humans are definitely a
reservoir for EXPEC. The magnitude of the contribution of thesmusmroutes to EXPEC
infection, however, is not known. Given that the foodborne route is arguably the major
contributor to the transmission of enterig.coli pathotypes, multiple studies haveonducted
investigations into footborne transmission routes fohuman ExPEQVuller, Stephan and

Nueschlinderbinen, 2016; Bergeraet al., 2012; Platekt al.,, 2011b; Vincenet al., 2010)

A number of reports hae suggested a higirevalence of EXPEC on retail chicken, beef, and pork
meat, althoughrecovery of EXPEC hagidentlybeenhighestfrom chicken meatJakobseret
al., 2010; Johnsoat al., 2005a2005b) These studies have also suggested twetsumption of
contaminatedpoultry meat may play a role in human extraintestinal infections. The hypothesis

that retail poultry meat productsnay provide a reservoir for humasmxtraintestinal infectioris

based on several lines of evidence. Studies have identified genetic relationships between avian

pathogenicE. coli(APEC) and human ExPEBaoet al, 2009) and addionally, there are

experimental studies showing the pathogenic potential of APEC in mammalian models and the

pathogenic potential of human EXPEC in avian modelkobseret al., 2012;Tivendaleet al.,
2010) Furthermoregclose genetic relationships betweén colisolates recovered from human
extraintestinal infections, poultryand retail chicken medtave been shown througmolecular
epidemiological datgJohnsonet al., 2008; MoulirSchouleuret al., 2006) E.coliST131 and
other pandemic EXPEC lineages (ST69, ST394, ST95, ST10 andhe&€1ABviously been
identified in both human extraintestinal iettions and inpoultry reared for consumptioror
retail meat source¢Bergeroret al.,, 2012; Vincengt al., 2010) A study in Sweden revealed that
E.colisequence types ST6ST117, and ST10 comprised 50% of the exterdlddS O i NXzY
lactamase (ESBpjoducingE.colipopulation recovered from domestic chicken meltwas
found that asubstantial amount of chicken meat@hickens imported into Sweden, that were
contaminated wih ESBipositive E.coli, had actuallyspread from imported parent broilers to
broiler meat(Egervarret al, 2014) This indicated that the occurrence of themetimicrobiat

resistantEXPEC lineages on chicken meas due to facal contamination at slaughtef study
36
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from the Netherlandglescribedfour sets oft.coliisolatesoriginating fromhuman and poultry
or retail chicken meat with indistinguishable ESBL gene typd®acrgu-1andblarem
52), plasmidsand MLSTgenotypes (ST10, ST58, ST117 and SL&dgrsteivan Hallet al.,
2011) The Netherlandstudy however, much like mamreviousstudies, focussed primarily on
antimicrobiatresistant EXPEC, specdily ESBlproducingE.coli, and therefore studies of ESBL
positive EXPEC lineages tend to be eegresented in the literature, and thus the true

population structure oE. colfrom non-human sources has not been accurately represented.

1.3.7. Population structure of extraintestinal pathogeni&. coli
1.3.7.1. E. coliphylo-typing

Thefirst bacterial species for which population genomic techniques were describe& vwadi
Through a technique known as multilocus enzyme electrophoresis (MLEE) réweated that
certain combinations of alleles had appeared on multiple occasions, leading to the
interpretation that E. coliis characterised by a clonal population structure with infrequent
recombination (Milkman, 1973. Further support for this conclusion was achieved through
subsequent MLEE analyses of thousands of natural and clinical isolates from humans and other
hosts; 72 of these isolates, known as tlie coliReference (ECOR) collection, were chosen to
represent the genetic diversity of the species known at that t{@ehman and Selander, 1984)
Based on the analysis of the ECOR collectionkEthmlispecies was traditionally split into four
main phylogenetic groupg\, B1, B2, and D. Phylogroups B2 and D are largely associat&d with
coli strains causing extraintestinal infections in humans, including those responsible for UTIs,
sepsis, and neonatal meningitis. In contrast, phylogroups A and B1 are mainly assodflate
commensal and nopathogenic strains oE. coli(Clermont, Bonacorsi and Bingen, 2000)
Phylogenetic analysis of housekeeping gene sequences from the ECOR collection indicated that
phylogroup D had diverggfirst, with groups A and B1 being sister groups that separated later
(Nelsonet al., 1997) Subsequent analyses suggest that perhaps phylogroup B2, rather than D,
is the ancestral groufEscobaiParamaoet al.,, 2004) In 2000, Clermont and colleagues described

a phylogrouping technique based on triplex P@Rermont, Bonacorsi and Bingen, 2Q00)
designed to be a simple and rag@tlernative to the traditional phylogrouping methods of MLEE
and ribotyping, which are both complex and tirnensuming techniques. The triplex PCR
method is of importance in biclinical practice and as a biotechnological screening tool for
elimination ofpotentially pathogenic strains, given the established link between phylogeny and
virulence. With the growing body of MLST and phylogenetic analyses based ongeholae
sequence data foB @ , Qu2 @inderstanding of the phylogroup structure for this species has

been refined in recent years. An improved phigping method based on quadruplex PCR was
37



developed by Clermont and colleagu@913) who described a total of eight recognisé&d coli
phylogroups. Seven of these phylogroups (A, B1, B2, C, D, E,and F) bglangt® 2 f A ,& Sy & dz
whereas theEscherichiaryptic clade € is considered to be the eighth coliphylogroup.Four

other crypic lineages of theEscherichiagenus (&l, Clll, CIV, and &/) have also been
described, which are phylogenetically distinct but phenotypically indistinguishable from typical

E. coli(Clermontet al., 2013) Thecurrent generation of enhanced phytgping and sequence

typing methods has revealed th&. colistrains, even within a single pathotype, can vary
immensely in terms of their evolutionary trajectory, which in turn can affect pathogenic

potential and fitness ofE. colistrains associated with human infectigwirth et al., 2006)

1.3.7.2.EXPEC genotyping

Due toits reproducibility and comparability between different laboratories, MLST is considered

to be the goldstandard for EXPEC genotypificartof et al., 2005) The seven housekeeping

genes forE. coliare adk, idh, fumG mdh, purA gyrB andrecA The Achtman scheme is the
established MLST typing scheme Borcolandthe database is available via a publicly accessible
website (Wirth et al., 2006) Analysis of MLST data can be used to track dissemination of
pathogenic variants in epidemiological studidg.ecent retrospectivetudy by Kallonen and eo
authors(Kallonenet al.,, 2017)analysed wholeggenome sequence (WGS) data for 1509coli

isolates derived from the national British Society for Antimicrobial Chemotherapy (BSAC)
collection(n = 1094) and a local collection from Cambridge University Hospital45). The
combined collection compriseH. coliisolates associated with cases of bacteraemia between
2001 and 2012. The 15@ colisolates were resolved into 228 unique STs. Mist prevalent

STs detected in the population were ST73 (17.3%), ST131 (14.4%), ST95 (10.6%), ST69 (5.5%),
ST12 (4.6%), and ST10 (2.@8A)loneret al., 2017) This study confirmed the findings of several
geneticstudies ofE. colilineages associated with UTIs and/or bacteraemia in England and the
US, which reported that the most prevalent sequences types are ST131, ST73, ST95, and ST69
(Alhashaslet al., 2013; Adam$Sapperet al., 2013; Gibreedt al., 2012) ST131, in particular, has
received muclscrutiny by investigatorillowing its apparent emergence within the past two
decades, due to its rapid disseminati@ecross the globeand frequent multidrugresistant

phenotype.

In the mid2000s, pulsedield gel electrophoresis (PFGE) analyses were performédmaTX

M-15 ESBproducingE. colistrainsthat were associated with communiyand hospitalonset

UTI epidemicén the UK and Canad®itout et al., 2007; Woodforcet al.,, 2004) Through the

introduction of MLST typing methodbese strains were revealed to belong to a single sequence

type, ST131, whit were characterised as serotype O25b:H4 and phylogenetic group B2, as
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determined by multilocus enzyme electrophoresis (MLBE¥EyolasChanoineet al, 2008)
Infections caused by ST131 are increasinglyenfiequent and are reported to be associated
with increased morbidity and mortalitfdohnsoret al., 2010) Several studies have reported a
high prevalence of ST131 isolates producing-K7D6 among ESBL macers and ST131 was
significantly associated with fluoroquinolone resistance in a population of-ESJitive strains
(Johnsoret al., 2010) ST131 is the leadirtg colsequence type causing antibiotiesistant and
MDR urinary tract infections in several countries in Eurapd Asia as well as Canadand
Australia(Kallonenet al.,, 2017; Peirano and Pitout, 201®). coliST13lare prevalentin both
community and hospitalacquired infections, but the source of infection is not well
characterised. The potential of companion and domesticated animals to transmit this pathogen
has previously been highlightéslicNallyet al., 2016a) as has an association with the food chain
(Platellet al., 2011b)and the environmen{Gomiet al., 2017b)

ST69 strains have been isolated wvide from cases of UTI arfehcteraemia from both
community-onset and hospitahcquired infectiongKalloneret al., 2017; Alhashastt al., 2013;
Croxallet al., 2011b) Most ST69 strains express an MDR phengtgftbough they do not
commonlyproduce ESBI(#jiboyeet al., 2009) In a hospitabased study oE. colbacteraemia
isolates collected in San Francisco betwe8f2and 2010, the ST69 complex was found to be

the fourth most prevalent ExXPEC ST after ST131, ST73, ST95-Gsgprat al., 2013), parallel

to a recent Ukbased study or. colibacteraemia isolategKallonenet al., 2017) ST6%trains

were obtained less than 48 hours after admission from 83% of all cases, which may suggest that
ST69 is a clonal EXPEC group circulating predominantly in the community as opposed to hospital
settings. Itis also thought that thereay be a norhuman reservoir foE. coliST69, with isolates

having been recovered from retail meats, domesticated animals, and the environment

E. coliST95 strains belong to phylogenetic group B2 and comptisecapsulaserotypes
(O1:K1:H7, O2:K1:Hand O18:K1:HYy that are traditionally linked to neonatal meningitis
(Tivendaleet al., 2010) The ST95 lineage also includes avian pathoderiolstrains which are
responsible for colibacillosis in wild addmesticated bird§Mora et al., 2009) ST95 isolates
were identified as the second most prevalent clonal group isolated from bacteraemia EXPEC
infections in the United StateGA\damsSapperet al., 2013) and the third most common ST
among bacteraemia isolates from Wised studiegKallonenet al, 2017; Alhashasbkt al.,
2013) In a French hospitddased stdly, the ST95 complex was the most comriortollineage
isolated from blood and ascitic fluid cultures between 1997 and 8@t et al, 2010) One
noticeable distinctiorof ST95 straing that theyare typically chracterised by a low frequency
of multidrug resistance. More than half of all STi9blates obtained froma San Francisco

hospitatbased studywere susceptible to all antibiotics tested, demonstrating significantly less
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resistancecomparedto ST131 isolat obtdned from the same studyAdamsSapperet al.,
2013) In addition toanimal hostsE. coliST95 is also commonly reported by environmental
studies, and the ST95 complex was identified as the most praveiaically important clonal
group (31%) among EXPEC isolates 68) obtained from river water in Japan (Gaghial.,
2017).

E. colST73 strains belong to phylogenetic group B2 and are only associated with serotype O6:H1
(Johnsoret al., 2008) In the UK, ST73 was identified as the most commonly encountered ST
among major EXPEC clonal groups isolated from cases of bacter@éaii@nenet al., 2017,
Alhashastet al., 2013)and urinary tract infectior{Gibreelet al., 2012) suggesting that th&.
colistrain O6:HIB2ST73 is a leading cause of human extraintestinal infection in this country.
Other UKbased studies have reported a high prevalence of ST73 strains associated with both
community-onset and hospitaacquired infectiongCroxallet al.,, 2011b) ST73has also been
reported to be one of the predominaEXPEC STs associated with expression of théicIbX
ESBIGibreelet al., 2012) ST73 strains with closely related PFGE types have been isolated from
humans, dogs, and cats, suggesting cspecies transmissioof this clone(Johnsonet al.,

2008) It may be the case the®T73 represesta longstanding, humaradapted EXPEC clonal
group as it has been responsible for causing UTIs in women from widely separated geograp

locales over a considerable period of tiffMangeset al., 2008)

E. coliST10 and closely related STs of the ST10 clonal complex belong to phylogenetic group A,
which is typically associated with commensalonisation of the human gastrointestinal tract.
There are numerous serotypes associated WtltoliST10. Although the ST10 clonal cospb
commonly encountered aslaman intestinal colonisesf low virulence and low antimicrobial
resistanceit has #so been associated with human infections and ESBL production (heapial
community-acquired infections), meat products, and food anim@&eiranocet al., 2012; Cohen
Stuartet al, 2012) E. coliST10 are also widespread in the environment and are commonly
identified in surface water@Gomiet al., 2017b; Jorgensegt al., 2017) In a study carried out in

the Netherlands, CTFM-producing ST10 strains were isolated from human blood cultures and
poultry, and TEMproducing ST10 isolates were recovered from human urine samples as well as
poultry (Leversteirvan Hallet al, 201). Furthermore, a study from Canada identified
multidrug-resistant E. coliST10 strains from humaclinical samples, chicken faeces, retail
chicken meat, pig faeces, and pork meat, indicating a strong associxtibis genotypewith

the food chainBergeroret al., 2012)
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1.4. Aims and objectives

The primary aim of this study was to carry qudpulation genomic analyses tmcover novel
information on theecology ofY. pseudotuberculos&dE. coliComprehensive genomscale
analyses focussed on the enteric pathogérenterocoliticgauggested that distinct phylogroups

of the species may be ecologically separated, through an exhibition of restricted genetic
exchange between phylogroups. The deasftsuchlargescale population genomstudies for

Y. pseudotuberculosiseans the ecology of this organism is not fully understdadinvestigate
whether similar hidden ecological pattesrtan beincoveredor this model organism, this study
offers a high-resolution contribution to the understanding of the ecology, evolution, and
dissemination of this important human pathogen. A large data set of globally and temporally
distributed Y. pseudotuberculosgenomes from multiple ecosystems were analysed iis th
study. To identify any genomic signatures associated with the ecology of Ythe
pseudotuberculosipopulation, core genome phylogenetic analysis was complemented with a
pangenome approach to effectively compare the entire gene contents of multiple geso

across the population.

In addition toY. pseudotuberculosis, E. agdis also investigated in this studyhere are many
reports in the literature of nofhuman E. coliresembling the EXPEC strains responsible for
human extraintestinal infectio that have been recovered from environmental and food
sources, particularly river water and retail chicken meat. This has led to the suggestion that there
may be several nechuman reservoirs for human multidrugsistant EXPEC. The majority of
these studies, howeer, selectively enrich for antimicrobiedsistant isolates, and thus, reports
of ESBiproducingE. colitend to be overrepresented in the literature. The relative abundance
of MDRE. coland EXPEC strains in the wider #Famman population oE. colistherefore largely
unknown. In this study, we sought to determine the true population structure ofimamank.

coli from river water and retail chicken by taking an unbiased cuthased approach to
sampling and not selectively cultivating resistant iteda This strategy was combined with
whole-genome sequencing dsingleisolates to allow comparative genomic analyses to be
performedbetween the norhuman population and humaalinical isolatesf E. colipreviously
obtainedfrom the same regionA pangenome approach was applied tbe two populations,
providing high-resolution genomic comparison to determirtbe extent of genetic overlap
between the norhuman and humadtlinical populationsindwhether any genetic overlap exists
between the norshuman anchumanclinical populations oE. colin Nottingham, and whether
non-human sources dE. coliare likely to contribute to the weight of extraintestinal infections

in this region
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The primary objectives of the study were to:

1 Reconstruct the phylogeny ofglobally dispersed population &f. pseudotuberculosis
from multiple ecological niches and identify any genomic signatures associated with the
ecology of theY. pseudotuberculosmpulation.

1 Investigate theevolutionary historyof Y. pseudotuberculosisy performing dating
analysis to date the phylogeny of the species.

1 Determine whether any patterns of gene flow exist within tWe pseudotuberculosis
population by analysing the core and accessory genomes of these strains.

9 Isolate a population oE. colifrom northuman (river water and retail chicken meat)
samples and sequence the genomes of a-bi@sed representative proportion of the
population, to generate a snapshot of the population structure of-hamanE. coli as
determined byin silicomultilocussequence typing and phylogenetic analyses.

1 Detect antimicrobial resistance genes and viruleassociated genes in the ndruman
population ofE. colito create a snapshot of the prevalence of potentially multidrug
resistant strains as well as human ExBE&E&ns.

1 Compare the population structures of ndnuman and humaitlinical E. coliisolated
from the same region, with regards to phylogengdathe prevalence of clinically
important clonal groups, antimicrobial resistance determinants, and human ExXPEC
strains in both populations.

1 Use phylogenetic analysis to situate representative -haman stains of clinically
important clonal groups within the wider populations of those clones obtained from
multiple hosts.

1 Identify genomic signatures of ecological seyimm by performing comparative
genomicanalysis of all noihhuman and humaitlinical strains oE. coli using a pan
genome approach.

1 Determine the extent of gene movement between closely related strains of the human
clinical and norhuman populations oE coli by comparing the pagenomes and
detected core genomerecombination events between strains ofinicallyimportant

clonal groups present in both populations.
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CHAPTER 2

Materials andmethods
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2.1. Media and reagents

2.1.1. Growth and storagemedia

Cystine Lactose Electrolyte Deficient ®BE ¢ A G K | Y R Nag&Ba preparad RithO | G 2 N
36.2gof CLED agar powdeZ23, Oxoid Basingstoke, Ukoer1 Lof distilled water.

| A/ N2EYSu !'¢L | 3FN gl & LINBLI NBR der 16686, Sigmabn 3
Aldrich Dorset UK per1 Lof distilled water.

LBagarwas prepared with 40 g of LB agar powder, Milleydtone 10g/L, yeast extract Fy/L,
sodium tloride 10g/L; BPL425 Fisher BioReagents, Loughborough,jg¢K1 L of distilled wat.

Tryptone Soya agar (TSA) was prepared with 40 g of TSA pandei 81, Oxoid, Basingstoke,
UK perl L of distilled waterAll agar solutions wersterilised by autodaving at 121 °C for 15

minutes and thercooledto 50 °Cbefore pauring into sterile Btri dishes.

Lysogenyroth (LB)was prepared with 40 g of LB broth powd&P(1426, Fisher BioReagents,
Loughborough, UKper 1 L of distilled water.

Buffered peptone water, a broth used for the culture of organisms for detecting indole
production with Kov O Q& NBI ISy iG> 41 & LINBLI NBR S6AGK HnA
(CMD509, OxoidBasingstoke, Ukper 1 L of distilled water. All broth solutions westerilised

by autochving at 121 °C for 15 minutes.

A broth used for the strage of bacterial cultuws at¢80 °C was prepareih a 1 mlcryotube vial
by suspending a single colony of bacterial culture from a CLED agar @Bat>inof LBbroth
withu nn >[ 0 glyesrol(Elgm@AidricR) ¥

2.1.2 API identification kit

Identification of bacteriagpecies was ¢eéed out using the API 20 E (20180oMérieux, Marg-
I'Etoile, France)dentificationsystem for Enterobacteriaceae and other Gragyative rods, by
following the manuacturer's protocol The APl Reagent K{20120)was used for tests that
require the addition of reagents when reading and interpreting the test s&RL Suspension
Medium (20150 was used for the preparation of the inoculum for the API test sifime
McFarland StandarHit (70900 was $sed to producea standard inoculum foAPI testing0.5
McFarland standardMineral 0il(70100 was required tgroduce anaerobic test conditions for

certain biochemical redions within the API test strip. Thapiweb identification database
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(40011,BioMérieux, Marcy'Etoile, Franckwas usd to interpret the results and identify the

species of the test organism.

2.1.3. Molecular microbiology reagents

DSYy2YAO 5b! 0635b! 0 ¢+ a LINBLI NBR dzad A(WAR110,K S
SigmaAldrich, Dorset, UK as per the manufacturer'sistructions.Polymerase chain reaction
(PCR) amplification assays were performed usingth€aq® Flexi DNA PolymerkiséM8306,
Promega,Southampton, UK Agarose gels were prepared usiAgarose Molecular Biology
grade powder (0766834 Fisher Scientif, Loughborough, UK50x TrisacetateEDTA TAE)
buffer (EG872, NationalDiagnostics supplied by Fisher Scientific, Loughborough, dsid

{ ., . wafe ONA gel stain S33102, Invitrogen, Renfrew, UK PCR amplicons were
electrophoresed on each gel with1®0 bp DNA.adder(N3231 New England Biolabs, Hitchin,
UK).

2.1.4. NGS reagents and sequencing kits

N4

vdzoAlGun Rasb! . w !aalé& YAl

Q32850 Invitrogen, Renfrew, UK

vdzoAln Ras5b! I { !taale YAl

Q32854 Invitrogen, Renfrew, UK

High Sensitivity D1000 ScreenTape
5067-5584 AgilentTechnologiesStockport, UK

High Sensitivity D1000 Reagents
50675585, AgileniTechnologies, Stockport, UK

Agencourt AMPure XP
A63881 Beckman Coulter, High Wycombe, UK

Nextera XT DNA Library Prep Kit
FCG131-1024, lllumina, Cambridge, UK

Nextera XT DNA Library Index Kit v2 Set A
FC131-2001, lllumina, Cambridge, UK

MiSeq Reagent Kit v2 (500 cycles)
MS-102-2003, lllumina, Cambridge, UK
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PhiX Control Kit v3
FC110-3001, lllumina, Cambridge, UK

SodiumHydroxidel0 M
10488790 Fisher Scientifid,oughborough, UK

2.1.5. Buffers andreagents

0.85% saline solution was prepared digsolving 1 saline tablet (BR0053, Oxoid, Basingstoke,
UK) in 500 mbf distilled water The solution was thesterilised by autoclavingt 121°C for 15
minutesto obtain 0.85% QY 2 N I f Q3 LIK & & Jsa@lifefoRito®l f = 2NJ A a20 2

1M TrisHCI (pH 8.0) was preparedwith 12.1 g of Tris baseBPE 152, Fisher Scientific,
Loughborough, Uxper 80 mL of distilled water. The pH was adjusted to 8.0 usMdHCIl.The
final volume of the solution was adjusted to 1 L using dist¥eder. The solution was sterilised
by autoclaving at 121C for 15 minutes andny final pHadjustmentswere madeonce the

solution cooled to room temperature.

Oxidase discg70439, Sigm#&ldrich, rset, UK were wsed to detect oxidaseroducing

organisms.

Y2 @l O0Qa forNdsloles $098B, Sigmaldrich, Dorset UK was sed to detect indole

producing organisms.

2.2. Y. pseudotuberculosiphylogenomics

2.2.1 Determining phylogenetic relationsips

A core genome alignment of the strains was constructed from localisditiear blocks using

the Parsnpool (v1.2)from the Harvest suitéTreangeret al., 2014) Parsnp was run with default
parameters, usinghe following commandine parsnp-r ! -d <genome_dir>c where the
MSFSNByOS 3ASy2YS gl a asSa G2 WHQ G2 LIAO] F+ N
path was specified to thelfirectory of genomes, and the)urated genome directory flag was

used to force inclusion of all genomes in the directory. Parsnp takes the directory of FASTA files

to be aligned and generatesmaximumiikelihood phylogenetic tree, reconstructed from the
alignment, basedon core genome SNP analysiMetadata encompassingnformation on

isolation (continent, country and host), serotype, and CRISPR motif for each strain were
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superimposed on the tree as coladbars, using the Interactive Tree of L{feOL)web-based

tool (Letunic andBork, 2016)

2.2.2. Analysis of CRISPR loci

Katja Koskel@University of Helsinki) hagkarchedhe genome assemblidser CRISPR logith
BLASTN,using the Y. pseudotuberculogjspecific CRISPR direct repedd I[sdzSy @S o p !
TTTCTAAGCTGCCTGTGCGGCAGTG@AR@s O2 YL SYSyYy (I NBE &ISyRzSy QS =
flanking sequences of the YP1, YP2 and YR&kattheir complementary sequencéisoskela

et al,, 2015) Identified sequences were submitted to the CRISPRFindesridbe CRISPRs Web

Server littp://crispr.i2bc.parissaclay.fr/Servely, together with the spacer dictionary compiled

earlier (Koskelaet al., 2015) This analysis increased the number of identified spacers iiYthe
pseudotuberculosispaer dictionary from 1902 to 2969. The complete lissthins and spacer
arrays used for CRISPR spacer clusterings available from
doi: http://dx.doi.org/10.1099/mgen.0.00013&s supplementary materiglSeecharraret al.,
2017)

2.2.3. Pangenome and acessory genome analgs

The LargeScale Blast Score Ratio-8SRY3.0pipeline (Sahlet al., 2014)was used to create
pangenomes from genome assemblies of all strains. The -pastix script
(fiter_BSR_variome.py) was run to isolate the accessory genomes from thgiepames. The
resulting accessory geme matrix was then transposed according to the order of the strains on
the phylogenetic tree. The output was used to visualise the presence or absence of all accessory
genes in each individual genome by generating a heat map using the ggplot2 packlagdrof t

statistical softwarev3.2.0 [ittp://www.r -project.orgl, R Core Team, 2015; Wickham, 2D16

Genes with 290% prevalenceandalso those found in fewer than 5 strajwgere excluded from

this analysisThe Pytha script compare_BSR.py fromBSR was used to look for unique coding
sequences (CDSs) between two defined populations in thegpaome matrix. Comparisons
GSNBE YIRS 0S06SSy GKS W9 dzNP LISdde/ & wéllfas betveer2 T & (
each RISPR cluster and the rest of the population. Any unique CDSs detected were compared

to the nonredundant nucleotide database using nucleotide BLABR default parameters

(http://blast.ncbi.nim.nih.gov) to determine the genes they encode.

The following analysis was performed by Jukka Corander (University of KIRfX2 software
was used to cluster the strainsased ontheir CRISPR spacer profil@essiaet al., 2015)
NBadzZ GAy3 AY oo A RS yldphtTorhs softwire wds & binary Qdtrozaiih S NI
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columns representing an absence/presence variable for edHcthe 2,969 spacers in each
detected CRISPgassette KPAX2 was used with default prior hypegraeters and an upper
bound for the number of clusters equal to 50. Five independent runs of the inference algorithm
were performed and the clustering solution with the highest posterior probability was chosen.
All estimation runs convergetb a number ofclusters well below the chosen upper bound,
indicating that it was sufficiently large to accommodate the region of high posterior demeity.
analysethe association between CRIS&Rcer patterns and the accessory genome content, an
average accessory geme dissimirity (Hamming distance normagig by the number of CRISPR

spacers) matrixvas calculatedor all detected CRISPR clusters withstrain (18 clusters).

To assess the significance of the observed dissimilarity pattern, a standard permutstioas
performed by Jukka Corandednder the null hypothesis of no association between CRISPR
clustessand accessory genome content, the cluster label of a strain can be permuted randomly.
For each of 1@00 random permudtions of the labelthe averagedissimilarity for each cluster
was recalculatedandit wasrecorded how often the observed value is smaller than the observed
dissimilarity in the original data maxtiUnderthe global significance level 6f05, 12 out ofLl8
CRISPR clusters had a sigaiftly smaller average distance than expected under the null

hypothesis.

2.2.4. Detection of core genome recombination events

Core genome alignments were constructed using PafEngangeret al., 2014) as previously
describedin section 2.2.1Core genome recombination events were detectedrbgning the
software packag@ratNextGenv1.0)(Marttinen et al, 2012)on the core genome alignment.
BratNextGen was ruiby Aan McNally (University of Birminghamysing the default prior
settings, 20 iterations of the HMM estimation algorithm and 100 runs executed in parallel for

the permutation test of significance.

2.2.5. Dating analysis

Bayesian Evolutitary Analysis by &ling TreesBEAS?, v2.4.0)(Bouckaeret al., 2014)was

used to date the phylogeographic split within the species, and the formation of the distinct
CRISPR cluste®f the 134 genomes sequenced, isolation dateere available for 46 strains
which representhe full diversity of the phylogenyA core genome alignment of the 46 strains,
constructed using Parsr{preangeret al., 2014) was stripped of recombination deta using
BratNextGer(Marttinen et al., 2012) and the resulting alignment was used as input for BEAST

2 with all known dates of isolation to date individual tal8=AST 2 was run by Alan McNally
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(University of Bmingham).By assessing E$&fective sample sizedcores for priors, the
following parameters were chosen for the best fitting model: HKY model of substitution with
estimated base frequencies and a relaxed molecular clock. The analysis was run &opa50t
million iterations with the initial 5 million used as bdim From this, a maximum clade credibility

tree was produced and visualised in Figtragg://en.bio-soft.net/tree/figtree.html). For the

Skyline analysis, a stepwise constant variant selected with theage of youngest tip set to

Z€ero.

2.3. Non-humanE.coli strain collection

2.3.1 River water sampling

Nine water samples were collected by Jody Winter (Nottingham Trent University) in July 2015.
These samples were taken from differentesi along rivers/streams and wetlands at 4
geographically distinct locations within the Trent River basin, in Nottinghamshire and

Derbyshire:

1. Giltbrook ¢ Two samples were taken from theGilt Brook near Giltbrook,
Nottinghamshire(Fig. 2.1);one sample upseam and one sample downstream of
Severn Trent Water Ltd waste water and sewage treatment plant.

2. Erewash Pinxtorg Two samples were obtained from thRiver Erewashear Pinxton,
Derbyshire (Fig. 2.2); one sample upstream and one sample downstream of Amber
Valley Water Services wastewater treatment plant.

3. East Leake; Two samples were extractedom the Kingston Brookear East Leake,
NottinghamshirgFig. 2.3); one sample upstream and one sample downstream of Brook
Furlong Farm.

4. Keyworth¢ Three samples we collected from a tributary of th€airham Broolnear
Keyworth, Nottinghamshire (Fig. 2.4); one sample upstream and one sample

downstream of Hillside Farm, and one sample from the wetland area near a cattle field.

The samples were collected in sterileiversal containers at a depth of 0.5 m and were
transported to the laboratory on the day of collection. The samples were then storetCahAd

microbiological cultivation was carried out within 24 hours of collection.
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Gilt Brook,
upstream site

Gilt Brook,
downstream site

Figure 2.1. Sample sites upstneaand downstream of Severn Trent Water Ltd wastewater treatment

plant, located on theGilt Brooknear Giltbrook, Nottinghamshire.

Long Wood
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Workings
(disused)

Workings
(disused)

Figure 2.2. Sample sites upstream and downstream of Amber Valley Water Services wastewater

treatment plant, located on theRiver Erewasimear Pinxton, Derbyshire
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Figure 2.3. Sample sites upstream and downstreamBwbok Furlong Farm, located on thi€ingston
Brooknear East Leake, Nottinghamshire.
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Figure 2.4. Sample sites upstream and downstream of Hillside Farm and sasif@ of wetland area
near cattle field, located on thé-airham Brooknear Keyworth, Nottinghamshire.
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2.3.2. Retail poultry sampling

A total of 20whole chiclens, weighing approximately 4.6 kg, were obtained from 6 major
retail outlets in the @ater Nottingham areain October 2015 (Table 2.1). All selected chickens
were reared in the UK and represent both caged and-feegye chickens. The chicken samples
were kept in their original packaging and transported to the laboratory where they were stored
at 4°C and processed within 2 hours, following a previously published profdsehsiet al.,
2009) Each whole chicken wédmndrinsed under aseptic conditionsyith 100 mL of 0.85%
saline solution (Oxoid) insderile plastic bag, for 3 minutes. The chicken rinse solution was then

immediately subjected to microbiological cultivation.

Table 2.1.Numbers of whole chickens obtained fror6 major supermarket chains and

shapshot ofchicken processing companiestine UK

Poultry processing companies

Supermarket quberof Faccenda Moy Park 2 Sisters Food Cargill ggz::f;m
chickers Group Ltd Group Ltd PLC Ltd

Tesco PLC 4 \ V V

Sainsbury's 3 V \%

Asda Stores Ltd 3 \%

Iceland Food Ltc 4 \% \%

Morrisons 4 \% \%

Aldi 2 V V

The majority of all retailers source their fresh chicken from the same 4 processing companies that
predominate the farming and abattoir business, which include the largest supplier in the UK, 2 Sisters Food
Group Ltd. Asdat@es Ltd is the only major supermarket chain to source fresh chicken from Faccenda

Group.
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2.3.3. Isolation andidentification of E.colifrom non-humansamples

Bacteria were cultivated from river water and chicken rinse samples using standard
microbiobgical techniques as follows. A total26f0 pL of each sampleastransferred to CLED
'3 N 6AGK ! yRNIFRSQ&8 AYRAOIG2N) 6hE2ARDOThd YR A

plates were incubated at 37 °C for¢kgl hours.

After incubation the morphol@iesof sngle colonies present on CLED agar plat® recorded

and an initial presumptive identification was madeased onthe characteristicddescribed in
Table 2.2 A control strain E. coli UTI18, obtained from the NTU Pathogen Research Group
culture collection) was used to test the performance of CLED agar to identify potEntali All
colonies that were presumptively identified & coliwere subsequently subultured onto

| A/ NP ¥YT$Agar (Sigmaldrich), which is a chromogenic differentiahedium for
identification and differentiation of microorganisms mainly causing urinary tract infections,
including Enterobacteriaceae. The plates were then incubated at 37 °C ¢@4 I®urs and
colony morphologies were recorded. This additional cultuepstllowed for purification to
single colonies and, as a result, isolates that presented with two or more different morphologies
6SNBE NBIIFINRSR a I QYAESR Odzf 4§dzNBQ | yR 6SNB

Pure colonies that exhibited characteristic cdéi morphologyon | A/ N2 YSu , hAs¢ L ! 3
described in Table 2.2, were selected for further biochemical testing, which involved performing
the oxidase test and the indole test. The oxidase test was performed to support the presumptive
identification ofE. cal, which are oxidaseegative organisms. A plastic inoculation loop was
used to transfer a distinct colony from a fresh culture plate (less than 24 hours old) onto an
oxidase test disc contairth b-dirkebhytp-phenylenediamine (Sigmaldrich). A negative
reaction was observed, indicated by an absence of colouration after the test was performed. For
the indole test, a single colorwasinoculated intol0 mL of Buffered Peptone Water (Oxoid)
and incubated at 37°C for 1824 hours with shaking (200 rpm)After incubation, 200 pL of

Y2 @l O0Qa (SipdaAldid)yvas added to the culture broth. If indole was present, the
surface reagent layer turned red afte¢A minutes, indicating an indojgostive organism, such

asE. coli A negative result was indicated by the surface reagent layer remaining yellow or
yellowgorange in colourE. colistrain UTIL8(NTU Pathogen Research Group strain collection)

was used a contrdtrainfor both the oxidase rad indole tests.

Onceoxidasenegative and indolgositive isolates had been ascertainadsingle colony afach
isolatewas subcultured ontoLBAgar (Fisher BioReagentior purity and incubated at 37C for
18¢24 hours.Biochemical identification témg was performed from the purity platesingthe

Analytical Profile Index (ARID E identification systenB{oMérieux, Frande This system was
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developedfor the identification ofmembers of the Enterobacteriaceae family of bacteria.
Bacterialisolatescan be identified tothe species level based on a profile 20 biochemical
reactions which can becompared to a vashumber of taxa on the regularly updated API
database. For th@&PI20 E protocol, dacterial suspension was prepared from the pure cudtur
plate by inoculating 5 mL ¢&PI| Suspension MediufBioMérieux)with a single colony. The
bacterial suspension was standardised according to the turbidity of a 0.5 McFarland Standard
(BioMérieux) and distributed into each cupule on the test strip, reafidg the biochemical
subdrates that are freezalried at the bottom Some biochemical tests required an overlay of
mineral oil(BioMérieuy in the cupuldo create anaerobiosis, befothe test strip wasncubated

in an incubation boxat 37°C for 1824 hours. The results of the test strip were interpreted by
referring to the Reading Table provided with the APl 20 E kit, which describes a colour or
turbidity change for positive and negative tests. Some tests required the addition of reagents
(APIReagent K, BioMérieuy to the cupule before a colour change could be revealed. Each
biochemical test was determined as a positive or negative reaction, allowigdjgitihhumerical

profile to be built for each bacterial isolate, based on the score for each s=topules. This
numerical profile was compared against the apiweb database (BioMérieux

apiweb.biomerieux.corand identification of the bacterial isolates weassignedo the species

level, along with a cofidence interval%)for the identification. The confidence valfier each
species designation is based upon the percentage of biochemical tests for each strain that gave
a positive result when the test strips were validatéulthis study identificationsof 80% were
considered as the minimum threshold for an acceptable identification. Strains identified as

coliwith confidence values below this threshold were discarded from further analysis.

All bacterial isolates identified aB. colig A U K x y /> wetStgrédiak & yOirsas
storage medium of Lysogeny broth (KBoid) with 20% (v/v) glycerol (Fisher Scientifs)lates
were streaked to single colonies and incubated aerobically overnight &€&7 LB Agar plates,
and checkd for purity, before performingexperiments Broth cultures ofisolateswere grown
in LB Broti{SigmaAldrich)with shaking (200 rpm) at 3C
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Table 2.2 Identification characteristics used to presumptively identiBy. colifrom other bacterial speciepresent innon-humansamples.

Colony morphology

Species /195 6AGK ! yYRNFrRSQa AYI A/ NRYSx !¢L Oxidase Indole

Bright pink semtranslucent colonies with a

Escherichia coli surrounding pink halo in the medium Purple to magenta colonies
Protews mirabilis Bluegreen translucent colonies Light brown colonies - -
Klebsiellaspp. Greygreen mucoid colonies Blue to purple, mucoid colonies - -

Colourless colonies; greenish

P mon rugin mall, greygreen, translucent coloni . + -
seudomonas aeruginosa Small, greygreen, translucent colonies pigment maybe observed
mooth, entir ; bright golden yellow .

Staphylococcus aureus S oqt , entire, opaque; b. ght golden yello Golden yellow colonies - -

colonies. Lactose fermenting

: Similar toS. aureudput smaller and a much deepe .

Enterococcus faecalis Bluegreen, small donies - -

orange yellow colour
Streptococcus pyogenes Small opaque gregreen colonies Pale blue/purple, minute colonies - -

Presumptive identifications & cold SNBE Y| RS o6l aSR 2y O2f2ye Y2NLK2t23ASa 2y | O2 YWAcirombdetigage®. ¥ | I |

Presumptive identifications dE. coliwere supported by an oxidase reaction and indole test results. These presumptive identifications helped eliminate any non
Enterobacteriaceae and select for potenEalcolisolates in the origal samples. The selected isolates were subjected to confirmatory testing and species designation using

the API 20 E identification system.



2.4. Molecular characterisation of nofthumankE. coli

2.4.1. Preparation ofgenomicDNA

Genomic DNAgDNAWwas prepdN S R dzaAy 3 GKS DSy 9fdziSn .-+ OGSN
Aldrich), as per the manufacturer's instructions. Briefly, 1.5 mL of overnight culture grown in LB
broth wascentrifuged at 12,000 g for 2 minutes. The resulting pellet wessuspendedn 180

>[ Lgs® SolutionT O2y Gl Ay Ay 3 A solution> The Sofationwias riged and
AyOdzol SR F2NJ H YAydziSa |G NR2Y §SYhaSeW G dzNBS
Solution and incubatioh & pp ¢/ F2NJ on YA yariChasthen added, >[ 2
mixed, and the solution was incubated for a further 10 minutes &t&5The lysis solutions used

in this extraction kit contain chaotropic salts which ensure the thorough denaturatfon o

YI ONRB Y2 SOdz S & ®thamot was thdaddeédTo the dysate, mixed, and vortexed
thoroughly to precipitate the DNA and achieve a homogeneous mixture. The addition of ethanol
enables the DNA to bind to a ppgepared spin column as the contaminants are washed
through. The lysate wasansferredto a bindingcolumn and centrifuged at,500 xg for 1

minute. The column was then washed twice to remove contaminants; firstly, with centrifugation

at 6,500 xg for 1 minute, followed by a highpeed spin at 12,000 to dry the column and
removeanyexaa ¢ akK azfdziAzyd ¢KS 5b! gftedwai@diKSy S
by a final centrifugation at £00 xg for 1 minute.Thequantity and quality of elutedgDNA was
assessed using a NanoDrop 2Gjectrophotometer(Thermo Fisher Scientific). OrdipNA
eluateswith Aped Ao ratios of ~1.8 and Aesd/Azso ratios between 2.0 and 2.2 were used
templates in the following multiplex PCR protacas these values are indicative of 'pure’ DNA

without organic or inorganic contaminants.

2.4.2. Detection ofi -lactamase genes

All E. coliisolated from noshuman samplesverei S&4 G SR T2 NJ { K Sactain®a Sy OS
genesblarem blasny blactxv and blaoxs using a previosly published protocol and primer
sequencegFanget al., 2008) The primers used in the multiplex PCR asgane ynthesised by

Eurofins GenomicgEbersberg, Germahy The PCR master mix contained 0:2a final
concentrations of each primer, 2.5 mM Mg@.2 mM dNTPs (Promega), 1.25 U Taq polymerase
(Pranega), and 2> DNA template. The PCR reaction tubes were cycled with the following
parameters: initial denaturation at 94 °C for 5 minutes, 30 cycles of denaturation°at @t 30

seconds, primer annealing at 62 °C90rsecondselongation at 72 °C f®&0 seconds, followed

by a final elongation at 72 °C for 10 minutes. The reaction tubes were then put on hold at 4 °C.
Primer sequences farach set of primers and amplicon size for each target gene are detailed in
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Table 2.3. Th&lebsiella pneumoniastrain UTI448 (NTU Pathogen Research Group culture
collection), which contained known-lactamase geneblasny blarem blactxv and blaoxs was
included as a positive control, alongside a negative control containing no DNA, in order to
monitor test performanceAmplification of DNA was performed usingiechne T&000thermal
cycler.PCR mducts were electrophoresed on 2% agarose gels, as described in section 2.4.3

below.

2.4.3. Agarose gel electrophoresis

A 26 agarose gdlwhich was used in all protocols) was prepared wiithy of agarose (Fisher
Scientific)per 50 mL of 1 X TriacetateEDTA (TAE) buffeA concentration oD.1 puL/mL of
SYBR® Safe DNA Gel Stain (Invitrogen) was adldélde gel solution The gel solution was then
poured into a gel casting tragnd onceset, it was placed into an electrophoresis tankl X TAE
buffer. Aliquots of 5 pL ofPCR productvere loaded into each well along with 5 puL of the
appropriatemolecular weighimarker (100 bp ladder, New England Bioldbs) separatewell.
Electrophoresis was performed at 90 V for 90 minutes. The gel was then viewed under a
ultraviolet (UV) light to observe thBNA bands, using the InGenius Gel Documentatysies
(Syngene).
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Table2.3. Primersequences used in this study.

Primer t NAYSNI a&lp®®y OS 06 p Target Target gene Annealing temperature Amplicon size Reference
name function (°C) (bp)
shvF CTTTATCGGCCCTCACTCAA
blasny I -lactamase 62 237
shvR AGGTGCTCATCATGGGAAAG
temF CGCCGCATACACTATTCTCAGAATGA
blarem I -lactamase 62 445
temR ACGCTCACCGGCTCCAGATTTAT (Fanget al
ctxmF ATGTGCAGYACCAGTAARGTKATGGC 2008)
blacTswm ESR 62 593
ctxmR TGGGTRAARTARGTSACCAGAAYCAC
oxaF ACACAATACATATCAACTTCGC
blaoxa ESBL 62 813
oxaR AGTGTGTTTAGAATGGTGATC

/| 2YY2yteé dzZASR | YR NEESaESgEneSkere sdheditedns thdipublicating indicated in the reference column. The efficacy of the assay was tested
using the positive control strakh pneumoniablT1448, which was run on each gel, where possible.

The nucleotide ambiguity codes (IUPAC) are as follgwasterine; C, cytosineG, guanineT, thymine;K, keto [ or G); R, purine(Aor G); S, strong Cor G); Y, pyrimidine C
orT).



2.5. Whole-genome gquencing

2.5.1. Quality assessment of genomic DNA

GenomicDNAsampleswith Ao/ Azso ratios of ~1.8 and Aed/A23o ratios between 2.0 and 2.2
were usedin the following library preparatiomprotocol for wholeegenome sequencinglrhe
concentration of doublestranded DNA was determined by using thelzdo 3.0 Kluorometer.
Thev dzo MSDMA HS Assay Kitvitrogen) wa used first, as this assay is highly selective for
double-stranded DNA within a range of @R00 ng/pL. If DNA samples were out of range (i.e.
too high), then thev dzo ASDMA BR Assay Kitvitrogen) was usedyhichcan measure DNA
within the broader rage of 21000 ng/uL. The dzd Avérking solution was made to a ratio of

1 pLdye:199 uL buffer for each sampl€hev dzo 8.0 Hluorometer was calibrated usitegt
standards for the specific kit, made to a ratioldf pL standard:190 uL Quhissolution After
calibration, the DNA samples were prepared using a ratio of 2 uL DNA sample:19&@lA G »
solution. The standards and samples warertex-mixed in0.5 mLv dzo AGu | a&l @&
(Invitrogen),incubatedat room temperature for 2 minutesand then analysedn thev dzo A { «

3.0 Fluorometer.

2.5.2. Illumina Nextera XT library y@paration

Indexed and paire@nd libraries were prepared using tiNextera XT DNA Library Preparation
Kitand Nextera XT v2 Index Kit sef{lAumina). In this protocol, a fresh hasthellskirted PCR

plate was used for each set of 24 libraries. A maximum total of 48 libraries were sequenced on
a single reagent cartridge, to minimise the likelihood of a reduction in sequencing coverage.
Before commencing library preparation, a sample sheetrimaseparated values [CSV] jile

was created, which stores the necessary information required to set up, perform, and analyse a
sequencing run. The parameters specified in the sample sheet included information on
experiment name, analysis workflow, readdngth, and adapter trimming. The library

preparation process consisted of the following 5 steps:
Normalisation of gDNA concentrations across samples

The goal of this stepvasto normalise the gDNA concentration across samples to achieve
uniform reaction éficiency inthe tagmentation step.Tagmentation is sensitive to the input
gDNA concentration ahthe optimal concentration variedepending on the organism, DNA
type, and the DNA extraction methaged For this protocol, all samples were normalised to an
inputa 5 b ! O2y O0Sy i NI Quansififatich &f gDIN® was Yeffermel using thelzdo A G «
3.0 Fluorometer, as describéa section 2.5.1
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Tagmentation of gDNA

Input gDNA was tagmented (tagged and fragmented) by the Nextera XT transposome. The
adaptor £quences tagged onto the ends of the fragmented DNA allow for indexing and PCR
amplification in the nextstep. InahatddK St f a1 ANISR t/w LI FGSsE wmn
YR p >[ 2F !'YLX AO2y ¢l 3YSyid aAE OA Thaplates SNB
gla GKSYy aSIFIftSR FYyR NHzy 2y | GKSNXYIFf O&Of SNJ |
Tagment (NT) Buffer was added to each well before incubating at room temperature for 5

minutes.
PCRmediated adapter ligation and library amgication

PCRwvasused to incorporate thdllumina adapto sequences (Table 2.4 and Table 205)he

tagmented DNA fragmentsvhich are required for cluster formation on the flow cdlhelndex

1 (i7) and Index 2 (i9daptors bind fragments to the flowelt, and the barcodegN7--, N5-)

allow for multiplexed sequencing.y G KS LX FGS O2ydGrAyAy3a GKS 0
Index 1 (i7) adapter was added down eachcolumo @ FyR p >[ 2F SI OK L
was added across each row-A. Nextera PCR Master Mix (NPM) was added in volumes of 15

>[ G2 Sontikingdndek dap@rs. The plate was sealed and subsequently run on the
thermal cycler with the following parameters: 72 °C for 3 minutes; 95 °C for 30 seconds; 12 cycles

of 95 °C for 18econds 55 °C for 30 seconds and 72 °C fos8conds72 °C fob minutesand

hold at 10 °C.

PostPCR cleanip of libraries

ThePCR productaere purified with Agencourt AMPure Xfagnetic bead¢$Beckman Coulter)

G2 NBY2OS &aK2NI fAONINE FTN}IAYSyiGao Ly G(KAa
temperature beads wereadded to each well, mixed by pipetting, and incubated at room
temperature for 5 minutes, before placing on a magnetic stand to pellet the beads. The
AadzLISNY I GFyd & RA&AOFNRSR YR (0KS 0SIRa 6SNB
80% ethanol, bfore airdrying the pellet on the magnetic stand fo¢ B minutes, or until the

LISt £SO FLIISEFNB aYFGidSéeg Ay | LIISENIYyOSd ¢KS LIS
Resuspension Buffer (RSB) and incubated on the magnetic &B2dminutesP  p of the [
supernatant, which contained the purified libraries, was transferred to a new plate for the

subsequent steps.

Library quality control, normalisation, and pooling
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Sampleconcentrations and fragment size distributiomsre estimated and the quantityf each

library was normalised to ensure equal library representatiorp@oled samples The DNA

O2y OSYyidNI A2y 2F SI OK al YLEOFluctométer ¥s3léséideNdB R dza
& SO0 A 2 Yualitydaps@ssmen®f genomicDNAQ @  CNJ 3 Y B)ydistribiétianl was 6 o
YSIFadaNBR FT2NJ SIFOK fAONINEBX dzaAy3a GKS | I3Af Sy
instructions . NJ& S ¥ f &High Sensitijity DAG0Sample buffer (Agilent Technologies) was
aliquoted into sets of optical tube strips, followed by>2 2 FSenisiivily©1000adder

0! AATSYld ¢SOKy2f23ASauv Ay GKS 7T hued fubesAdisr S> (K
vortex-mixing at 2,000 rpm for 1 minute, the samples were loaded into the 2200 TapeStation,
along with theHigh Sensitivity D1000 ScreenTapel loading tips (Agilent Technologies). The
analysis was then initiated by launching the Agil2200 TapeStation software, resulting in a

rapid determination of the average fragment size for each gDNA samabedBon individual

sample concentrations and the common average fragment lertggnDNA molarity of each

samplewas calculated using thelfowing formula:

Whered = molarity (nM),0= concentration of gDNA library (mg[ & Z average molecular

weight of DNA (taken to be 660 g/mdl)z average DNA fragment size of library.

Each library was then normalised to 4 nM before puplan equal [ 2F SIF OK f A6 N

single microcentrifuge tube.

2.5.3. Sequencing on the MiSeq

To prepare libraries for sequencing on the llluminaMiSeg[5 2 F GKS n ya L}R22f ¢
RSYl 0dzZNBR 6AGK p >[ ndH b toonhtendperdiuge@dablédi A v 3
RSY Il GdzNY GA2y 2F GKS 3I5b! Ayd2 aiay3atsS aidNI yR:
chilled Hybridization Buffer (HT1), resulting in a 20 pM library. This was further diluted to 12 pM

¢ the recommended concentration for th&liSeq Reagent Kit v2 (lllumina), which was used in
GKAa LINRG202f® | tKA- O2yGNRf fAONINE 41 & LI
TrisHCI(pH8.00and5>[ n®H b bl hl ® ¢KS RSyl Gdz2NBER t KA -
dza A y 3  d duifer. ¥His wasthen further diluted to 12.5 pM and combined with the diluted

and denatured DNA library ataratioob6] t K[ YPthh f A0 NI NBd ¢KS Ff
using 80% ethanol and was loaded into the MiSeq along with Incorporation Biésprdpared

libraries were loaded onto the reagent cartridge and sequenced on the MiSeq for 50Q tycles

generate 250 bp pairednd reads
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Table2.4. lllumina adapter sequences for Nextera XT Index Kitu@dex 1 (i7) adapters

. i7 index i7 bases for entry on

Bases in adapter

name sample sheet
TCGCCTTA N701 TAAGGCGA
CTAGTACG N702 CGTACTAG
TTCTGCCT N703 AGGCAGAA
GCTCAGGA N704 TCCTGAGC
AGGAGTCC N705 GGACTCCT
CATGCCTA N706 TAGGCATG
GTAGAGAG N707 CTCTCTAC
CAGCCTCG N710 CGAGGCTG
TGCCTCTT N711 AAGAGGE
TCCTCTAC N712 GTAGAGGA
TCATGAGC N714 GCTCATGA
CCTGAGAT N715 ACTCGCTA
CCTGAGAT N716 GGAGCTAC
GTAGCTCC N718 GGAGCTAC
TACTACGC N719 GCGTAGTA
AGGCTCCG N720 CGGAGCCT
GCAGCGTA N721 TACGCTGC
CTGCGCAT N722 ATGCGCAG
GAGCGCTA N723 TAGCGCTC
CGCTCAGT N724 ACTGAGCG
GTCTTAGG N726 CCTAAGAC
ACTGATCG N727 CGATCAGT
TAGCTGCA N728 TGCAGCTA
GACGTCGA N729 TCGACGTC

Oligonucleotide sequences © 2016 lllumina, Inc. All rights reserved.

62



Table 2.5 lllumina adapter sequences foréxtera XT Index Kit v2 index 2 (b) adapters

. i5index i5 bases for entry on

Bases in adapter

name sample sheet
CTCTCTAT S502 ATAGAGAG
TATCCTCT S503 AGAGGATA
GTAAGGAG S505 CTCCTTAC
ACTGCATA S506 TATGCAGT
AAGGAGTA S507 TACTCCTT
CTAAGCCT S508 AGGCTTAG
CGTCTAAT S510 ATTAGACG
TCTCTCCG S511 CGGAGAGA
TCGACTAG S513 CTAGTCGA
TTCTAGCT S515 AGCTAGAA
CCTAGAGT S516 ACTCTAGG
GCGTAAGA S517 TCTTACGC
CTATTAAG S518 CTTAATAG
AAGGCTAT S520 ATAGCCTT
GAGCCTTA S521 TAAGGCTC
TTATGCGA S522 TCGCATAA

Oligonucleotide sequences © 2016 lllumina, Idaidhts reserved.
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2.6. Analysis ofE. colisequence data

2.6.1. Genome assembly, annotation, and quality assessment

The lllumina software MiSeq Reporter performed secondary analysis which involved
demultiplexing of all indexed readsdividing all sequeced reads into separate files for each
indexed tag/sample. The analysis also included generation of FASTQ files, which contained the
non-indexed reads for each isolate, excluding reads identified as inline controls and reads that

did not pass filter. FAST A3SY SN} A2y LISNF2NXSR ljdzr £t Ad& GNRY
sequence for all reads, to prevent reporting sequence data beyond the sampleDaN#avo
assemblies of raw reads into contigs and scaffolds were performed using SPAdes v3.9.0
(Bankevictet al., 2012) The genome assemblies were annotated using Prokka (@ektnann,

2014) by running the python script autoprokka.py
(https://github.com/stevenjdunn/autopokka on the FASTA genome files. The qualitydef

novoassemblies was evaluated by running QUAST v3.2, a bioinformatics quality assessment tool
for genome assembliegGurevichet al., 2013) Any incomplete assemblk genomes, i.e.
assemblies with N50 values < 1,900 bp and genome siz83Mbpg were excluded from further
analyses. The assembled genorpassing these criterizwere analysed as describ@usections
2.6.2¢2.6.7.

2.6.2. Sequenceyping and clonal comfex assignment

Sequence typing dolates wagarried out by running the multilocus sequence typing (MLST)

script (https://github.com/tseemann/mls}, which scans the assembled scaffolds against

PubMLST databases and assigns a sequence type (ST) teataieh Closely related STs were
grouped into ST complexes using the PHYLOViZ v3.0 pldfoanctiscet al., 2012) PHYLOViZ

uses the goeBURST algorithm, a refinement of eBIR&€t al., 2004) and its expansion to
generate a complete minimum spanning tree (MST) of all STs. It achieves this by dividing an
MLST data seinto groups of related isolateand clonal complexes, predicting the ancestral

genotype of @ach claal complex, and computinte bootstrap support for the assignment.

2.6.3. Detecting antibiotic resistance genes and ExPEC virulence determinants

Genome sequence files weescreened for the presence atquired antibiotiaesistance genes

by mnning the loinformatics tool ABRicatev2.0 fttps:/qgithub.com/tseemann/abricaté

which uses the ResFinder databdsegeneratein silicoantibiotic resistance profiles for each

isolate.ABRicate was also run using VEDBrulence Factors Databag€henet al., 2015)¢ to
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mass screen contigs for the presence of virulence determinants that define EXPEC strains. All
redundant isolates (i.e. isolates that were collected from the same sample source, assigned to
the same ST, anexhibiting the same antibiotic resistance gene profiles) were excluded from

further genomic analyses.

2.6.4. Reconstructing phylogenetic trees

Core genome alignmestof strains were constructed from genome assemblies using Parsnp v1.2
(Treangeret al., 2014) as described in section 2.2@ne of the output files from Parsnp is a
maximumtlikelihood phylogenetic treereconstucted from the alignment, based on core

genome SNP analysis. Phylogenetic trees wenaal$ed using iTOL (http://itol.embl.de/)

(Letunic and Bork, 201@&nd trees were annotated with coloured bars to displagtanlata
encompassing informatioan isolation source and presence of antibiotic resistanceegeand
virulenceassociated gene&eference genomes belonging each of the following phylogroups
(A, B1, B2D, E, and F) amryptic clades (clade | to Mere included in the initial phylogenetic
tree. Reference genomes were selected from the genoamadysed in previous studi¢kaaset
al.,, 2012; Lucet al, 2011) Each strain wathen assigned to a phydpoup or a cryptic clade
based orthe position in the phylogeny.

2.6.5. Pangenome analys

Pangenomes were constructed from the annotated genome assemblies produced by Prokka
(GFF3 format) using Roary v3.8P2ageet al., 2015) Each input file should have a unique locus
tag for the gene IDs to make iagier to identify where the genes came from. A gene presence
and absence spreadsheet (CSV file) was produced as an output of Roary, which lists each gene
and the strains they are presentin. The accessory genomes of strains were analgzelliting
genesLINE & S y % of stgainsk The gene product functions of excluded genes were evaluated
and were confirmed to be core genes of tke coligenome. The query_pan_genome script,
which takes the annotated GFF files and clustered_proteins output file fraarnyRe@as run to
identify genes that were either unique or shared between the hurolimcal and norhuman
populations ofE. coliAny unique or shared genes were listed with strains in separate CSV files.
Gene presence and absence matrices were annotatedave genome phylogenetic trees and
visualised with associated metadata, using the interactive tool Phandango yHddfieldet

al., 2018 https://github.com/jameshadfield/phandango
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2.6.6. Detection of recanbinant genomic regions

Core genome alignments were constiext using Parsnplreangeret al., 2014) as described in
section 2.2.1 Genomic ecombination eventdetween strainsvere detected byrunning the
Gubbirs v2.2.0(Genealogies Unbiased By recomBinations In Nucleotide Sequé@cesther

et al, 2015)algorithm on the core genome FASTA alignment, with default parameters
Recombination predictions were output in &k file and the recombination blocks were then
visualised against the core phylogenetic Newaknatted tree and associated metadatasing
PhadangdHadfieldet al., 2018)

2.6.7. Statistical analyses

In this study, statistical analysewere performedto compare the prevalence of extended
& LJS O (i Nedidfaseé genes and sequence types between populatipagalues were
calculated with two tails using the GraphPad QuickCaltd & K S NXzalculaidrS a i

(https://www.graphpad.com. A p-value of p < 0.05would indicate a statistically significant

association Moreover,p values ofp <0.001 andp <0.0001 were consideredery statistically

significant, andhighlystatisticallysignificant respectively.

Shannon diversity index values and the Hutchestast were used to compare the diversity of
the humanclinical and nofhuman populations oE. coli These were calculated using a custom

Excel spreadsheet.

Comparisors between the observed and expected proportions of genes shared between the
humanclinical and na-human populations were made by performiagoermutation test with
pseuderandom resampling of the population without replacement of genomes. This approach
consideredgene frequencies, and atrain-specific genesvere excluded from the analysis.
Permugtions were carried out 1,000 times iterating for each gene category, and each
permutation involved picking the same number of genomes as there are genes in that category.
To test the significance of differences betweexpectedand observed frequencies gene
sharing, me-tailed empiricalp-values were calculatedrhepermutation script was writtenby

Ben Dickins (NTU) ammimulated proportionswere plotted as histogramswith the observed
proportions mapped on the graphs for comparis@raphs were prodied using theidyverse
package (Wickham, 201@) the R statistical software v3.5(ittp://www.r -project.org/ R Core
Team, 201h
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CHAPTER 3

Ecology and evolution of a global

population of Yersinia psedotuberculosis

67



3.1. Introduction

The genu¥ersinigbelongs to the Grarmegative Enterobacteriaceae and it constitutes a model
genus for studying bacterial pathogen ecology and evolufidicNally et al., 2016b) The
majority of Yersiniaspecies are found widely in the environment, including soil, and do not
usually cause disease in mammals. There are three main spec¥=sihiawhich are well
recognised human pathogens: the plague bacilgssinia pestisand te enteropathogenic
Yersinia enterocoliticaand Yersinia pseudotuberculosigMcNally et al, 2016b) Y.
pseudotuberculosjsvhich causes infection in a wide range of hosts such as domesticated and
wild animals, haslso been implicated in foodborne infection in humans, whigknown as
yersiniosis. fansmission of the bacterium is usually via the faemall route, and human
infection can resulfrom ingestion of contaminated food products or water, or alternativieyy
direct contact with an infected animal or humg®aviret al., 2014; Chilest al., 2002) Although

Y. pseudotuberculosis not as frequently associated with human gastrointestinal yersinissis

Y. enterocoliticaboth are important pathogens with similar clinical manifestations associated
with infection. These can include fever, abdominal pain, and diarrhoea. In some uncommon
cases, extraintestinal symptoms such as reactive arthritis andhemya nodosum can occur
(Jalavaet al., 2006) Additionally, in more severe cases, infection can disseminate to the

bloodstream and deep tissu¢Kaasctet al., 2012)

Classially, identification and typing of. pseudotuberculosims been based oserotypingof
the lipopolysaccharide @ntigen with a total of21 serotypes identifiedincluding 6 originally
classified as subtypes of either O:1, O:2, O:4 or(8k&rnik, Peippo and Ervela, 200®)evious
studies have indicated that the majority atrains isolated from human cases belong to
serotypes O:&, O:1b,and O:3(Williamsonet al, 2016; LaukkaneNinioset al, 2011) The
application of serotyping methods provides only a lovevel resolution when investigating
potential outbreaks ofY. pseudotuberculosisuggesting the need for higher resolution typing
methods The population structure o¥. pseudotuberculostzas beendefined by multilocus
sequence typing (MLSpeviously(LaukkanerNinioset al., 2011) adding detaito the serotype
differentiation. Itwas revealed that serotype Ostrains formed a distinct clade sfrainswhich
represented darge number of sequence type complexasggesting a highly diverse population
of bacteriawithin the serotype Q group and thus an overall high diversitf the Y.
pseudotuberculosispeciegLaukkanerNinioset al,, 2011) In addition to MLST genotyping, a
recent study has also analysed clustered regularly interspaced short palindromic repeat (CRISPR)
loci of alarge collection (n = 355) &f. pseudotuberculosisolates(Koskelaet al., 2015) The
CRISPRystam is an adaptive RNBased immune systerthat constitutes a bacterial defence

against foreign nucleic acids degd frominvadingbacteriophages or plasmid€RISPRs are
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constructed from a chain &1 to 47 bp repeated sequences called direct repeats (@%l)jn
between DR are unique spacer sequences, whiepresent the acquired foreign DNA. One of
the key findirgs from the study by Koskela and colleag(l5)was that despite the genetic
similarity betweenyY. pseudotuberculosid Y. pestisstrains of these speciehared very few

CRISPR spacers, suggesting that ®RiB&lysis can be used to inform bacterial evolution.

Although most infections withY. pseudotuberculosere thought to be sporadi¢Sunahara,
Yamanaka and Yamanishi, 2Q0)is pathogenhas been responsible faeveral nationwide
gastrointestinal outbreaksf foodborne infectionin countries of largely temperate climates
such as Finland, Russia, France and New Ze@lditichmsonet al., 2016; Kangast al., 2008;
Jalavaet al., 2006; Nuortiet al, 2004) More recently, in 2014, a sustained outbreak of
yersiniosis caused by. pseudotuberculos@ccurred in New Zealand, affecting all the major
cities of the countryWilliamsonret al., 2016) With a total of 220 laboratorgonfirmed cases of
infection reported, this outbreak constitutes one of the largest globally reported outbreaks of
human yersiniosis dut Y. pseudotuberculosito date. Prior to the present stugyhe most
inclusive genomescale analysis of. pseudotuberculosi@cussedon the outbreak in New
ZealandWilliamsoret al., 2016) Genomic and edemiological analyses indhstudy suggested

a single pointsource contamination of the food chain, with subsequent nationwide distribution
of contaminated produce. Additionally, throughcbrporation of publicly available reference
genomeswithin the catext of a globally and taxonomically divedataset the study indicates

that Y. pseudotuberculosis a highly diverse species and that the New Zealand strains

represented a geographically isolated cladé’opseudotuberculosis.

Largescale populationgenomis studies have been performed on thevo other human
pathogenicYersinia Y. pestisand Y. enterocoliticgReuteret al., 2015; Reuteet al., 2014;
Morelli et al., 2010) allowing a higkresolution understanding of the ecology, evolution and
dissemination of these pathogens. Global phylogenomic studi€g. gfestishave identified
evolution from a clone of. pseudotuberculosias a result of gene loss asdbsequent global
dissemination(McNallyet al., 2016b; Morelliet al., 2010) In contrast, similar global genomic
studies ofY. enterocolitichave suggested an evolutionary path fromanspathogenic ancestor
through gene gain and loss, resulting in apparently ecologically separaéeesciithin the
speciegReuteret al, 2015; Reuteet al., 2014) A recent study by ourrgupinvolvedpopulation
genomicanalysis ofY. enterocoliticathrough means of examiningatterns ofrecombination in
both the core and accessogenome of the speciegReuteret al., 2015) Thestudy highlighs
that genetic flow in the speciesdoes not occur frequently between phylogroups %f
enterocolitica and when it does, it is primarily whiectional with one phylogroupctinglargely

as a genetic reservoir for the rest ttie species.Additionally, thedata revealed hidden
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ecological patterns and the analysis suggests that the distinct phylogrolpsestterocolitica
may be ecologically separated, with phylogroup 1 (PG1) being ubiquitous and most commonly
isolated from norhuman environments, whilst G5 are more commonly isolated from human
disease case@Reuteret al, 2015) TheY. enterocoliticastudy draws parallelsith a study of
Escherichia colihere core genome recombination was not observed betweswironmental

and human/animal isolates; recombination was only detected between environmental isolates
or between human and animal isolatéisuoet al., 2011) Furthermore ecologicakeparation
within a hospital enviroment, leading to reduced recombination between isolated
subpopulations of the nosocomial pathogEnterococcus faeciuhas been reported previously
(Willems et al, 2012) The observation of hosestricted lineags of Campylobacter jejuni
(Sheppardet al., 2014)is further supportive of ecological barriers playing a major role in
restricting genetic flow and recombination, and thus leading to the formation of distinct

ecaypes within a bacterial species.

3.1.1. Aim and objectives

Given the observation of ecologically separated lineages. @nterocolitica and onsidering

that Y. pseudotuberculosis a closely related species that is also heterogeneous and ubiquitous
in nature, it would be beneficial for our understanding of microbial evolution to investigate
whether similar ecological inferences can be madeYfopseudotuberculosi$o contribute a
highresolution genomic view into the ecology, evolution and dissenomabf this important
human pathogen,a data set of globally and temporally distributéfl pseudotuberculosis
genomes from multiple ecosystemswere analysedn this chapter This was achievely
employing highly discriminatory comparative genomic techaigjsuch as pagenome analysis

and core genome recombination analysis.

Specific objectives of this chaptevere:

9 To reconstruct the phylogeny of a global populationYof pseudotuberculosiand
identify any genomic signaturesrrelatedwith the ecologyof the Y. pseudotuberculosis
population.

1 To investigate thesvolutionary historyof Y. pseudotuberculosksy performing dating
analysis to date the phylogeny of the species.

1 To determine whether anpatterns of gene flow exist within thg. pseudotubercasis

population by analysing the core and accessory genomes of these strains.
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3.2. Materials andMethods

The key methods, bioinformatic tools and scripts used in this chapter were described previously
Ay &aSOGA2Y HOHD® 2F OKI LAitGaNDf 434YW pskuddBubdkclildsia | y F
genomes were analysed in thakapter(Table3.1), of which 108 wereecentlysequenced and

were provided as genome sequence (FASTA) files by Mikael Skurnik (University of Helsinki).
These isolates were collected ovedéyear time framefrom 19 different countriesacross6
continents, and represent the full spectrum of serotypes possible. Additionally, the strains were
isolated froma wide range of hosts including livestock, wild animals @rdpanion animals,
humanclinicaland environmental sources. Library preparation and sequencing of these isolates
were performed using the lllumina Nextera kit and Genome Analyzer lIx instrument to create
150bp pairedend reads. This was carried out by Mikael Skurnik and LauresKaliy G G N&A | @
FIMM Sequencing unit (Helsinki, Finlari2g.novaassemblies werachievedusing Velvet v1.2.1
(Zerbino and Birney, 2008nd annotated using Prokka v1.13eemann, 2014)The raw
sequence readsvere deposited to the European Nucleotide ArchiNA)under project
PRJEB14064. Additionallig novoassemblies of all genomes used are available on Enterobase

(https://enterobase.warwick.ac.uk/species/indexérsinid, searchable by the strain names or

ENA accession numbers listed in TaBlé. Metadata regarding information on isolation
(continent, country, host, and year), sequence type, 8gye, and CRISPR spacer are available
for the majority of strains. The CRISPR loci were identified by Katja Koskela (University of
Helsinki) using BLASTRbskelaet al., 2015) The full list of spacer arrays used CRISPR spacer
clustering for the strains analysed in this study are available ttoir10.1099/mgen.0.000133

as supplementary materigbeecharramt al., 2017)

71


https://enterobase.warwick.ac.uk/species/index/yersinia
http://dx.doi.org/10.1099/mgen.0.000133

¢l

Table 3.1Y. pseudotuberculosigenomes used in this study.

Strain Year ST* Serotype CRISPR cluste Host Continent Country Accession number
1180/95 1995 - la 20 - - - ERR1448065
2384 - 19 3 35 - - - ERR1448071
CIP 55.85 1952 - 1 11 Turkey - - ERR1447956
PST25 - 43 - 38 - - - ERR144955
2515 - - 2 32 - - - ERR1448073
P 105 1990 14 - 9 Buffalo - - ERR1448074
PST2660 - 14 3 9 - - - NC 010465
PST1813 - 14 4 26 - - - ERR1448070
YPIII - - 3 9 - - - ERR1448072
IP32544 - 19 3 - Pig Africa South Africa  ERR024924
488 - - la - Salmon Asa Russia ERR024916
514 - - la 20 Salmon Asia Russia ERR1448002
RU496 - - la 20 Reindeer Asia Russia ERR1448001
489 - - la 20 Reindeer Asia Russia ERR1447987
RU488 - 42 la 20 Salmon Asia Russia ERR1448003
N912 - 14 2b - Rabbit Asia China ERR1447986
H722-36/88 1986 11 6 8 Dog Asia Japan ERR024920
IP33177 - 26 1 - Cabbage Asia Russia ERR1447974
DC356 - 33 1b 6 Cat Asia Japan ERR1447962
Pa3606 - 2 1b 40 Human Asia Japan ERR1447976
H-1 - 2 1b 12 Human Asia Russia ERR1447977
H-158 - - 1b 12 Human Asia Russia ERR1447978
H-2212 - 2 1b 12 Human Asia Russia ERR1447979
H1647 - - 1b 12 Human Asia Russia ERR1448019



EL

H416
Pa3597
80113
IP3178
Gifuliver
MW1452
H1746
H2517
H404
Wla352
1231

Soit4

MW Taniguci
SP93422
D1040
Wla708
K22

79136
Uematu289
Chigamatsu
GS95
IP33250
PC9472
TP1039
PT682
PC504
S106

1b
1b
1b
1b
1b
1b
1b
1b
1b
1b
4b
1b
1b
15
2b
1b
ba
1b
1b
1b

4a
1b
2b
2c
1b

Human
Human
Human
Human
Monkey
Freshwater
Small mammal
Small mammal
Small mammal
Racoon dog
Small mammal
Environment
Freshwater
Human

Dog

Duck

Human
Human
Human
Human
Human
Human

Pig

Pig

Pig

Pig

Rabbit

Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia
Asia

Russia
Japan
Japan
Russia
Japan
Japan
Russia
Russia
Russia
Japan
Russia
Japan
Japan
Korea
Japan
Japan
Japan
Korea
Japan
Japan
China
Russia
Japan
Japan
Japan
Japan
China

ERR1448021
ERR1448022
ERR1448013
NC_009708

ERR1448026
ERR1448014
ERR1447980
ERR1447981
ERR1448020
ERR1447975
ERR024910

ERR1447973
ERR448015

ERR027412

ERR1448036
ERR1447970
ERR1447990
ERR1448017
ERR1448028
ERR1448032
ERR1448040
ERR024921

ERR1447989
ERR1448027
ERR024908

ERR1448037
ERR1447972



J51 - 47 13 31 Rabbit Asia China ERR1447991

R1032 - 45 5b 7 Rabbit Asia China ERR1448042
R1042 - 46 5b 14 Rabbit Asia China ERR1448043
OK5586 1990 62 3 - Racoon dog Asia Japan ERR024907
OK6088 1990 18 10 5 Racoon dog Asia Japan ERR027411
CN2 - 49 1c 21 Small mammal Asia China ERR1447988
DD362 - - 1b 29 Dog Asia Japan ERR1447984
PC708 - 3 1b 6 Pig Asia Japan ERR144&b
T-469-1 - - 1b 29 Pig Asia Japan ERR1448025
RD20 - 31 1b 37 Racoon dog Asia Japan ERR1447971
TE93181 - 3 1b 29 Racoon dog Asia Japan ERR1448033
2814/1998 1998 - la 20 Hare Europe Finland ERR1448038
3822/2000 2000 - la 20 Hare Europe Finland ERR148068
~  |H111554 - 42 la - Cat Europe Finland ERR1447982
= 103 - 42 la 20 Small mammal Europe Italy ERR1448016
PB1 1960 68 la 10 Small mammal Europe England ERR1448064
2886 - 42 la 10 Hare Europe Italy ERR1448029
2809/1998 1998 - la 20 Small mammal Europe Finland ERR1448030
15193/74 1974 - la 20 Human Europe Finland ERR1448031
Rollier - 42 la 20 Human Europe Belgium ERR024925
H65536/87 1987 42 la 20 Human Europe Germany ERR1448048
Y.PT/8 - 42 la 20 Human Europe Belgium ERR1447966
921/93 1993 - la 20 Human Europe Sweden ERR1448063
119 - 42 - 20 Human Europe France ERR024923
IP32953 - - 1b 42 Human Europe France ERR024927
2800/1998 1998 - la 41 Jack daw Europe Finland ERR024926

104 - 42 la - Pigeon Europe Italy ERR024930



S/

504/72
Y722
25418L
H94336/89
St.l
H89236/87
H94236/89
2895
2817/1998
3858/2000
H74936/89
2887
H93836/89
2497
3876/2001
2812/79
866/81
36/83
Tytgat
Y.PT/7
42/00
G2/77/2
G798/82/1
8597L
1P32670
2812/1998
2889

1972
1988

1989

1987
1989

1998
2000
1989

1989

2001
197
1981
1984

2000
1977
1982

1998

la

la
la
la
la
la
1b
1b
1b
1b
1b
1b
1b
1b
1b
1b
1b
1b
1b
1b
1b
1b
1b

1b
1b

20
35
11
11
11
39
11
22
22
38
22
38
38
38
22
38
38
38
38
38
22

38
38

22
22

Duck
Human
Canary
Hare
Human
Human
Human
Bird
Hare
Hare
Duck
Hare
Hare
Hare
Hare
Human
Human
Human
Human
Human
Human
Pet bird
Pet bird
Pet bird
Pig
Pigeon
Turkey

Euope
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe

Italy
Germany
Denmark
Germany
Germany
Italy
Germany
Italy
Finland
Finland
Germany
Italy
Germany
Italy
Finland
Finland
Finland
Finland
Belgium
Belgium
Sweden
Denmark
Denmark
Denmark
UK
Finland
Italy

ERR1448035
ERR1448060
ERR1448057
ERR1448010
ERR1447963
ERR1448069
ERR1448062
ERR1448056
ERR1448061
ERR1448044
ERR024903

ERR1448045
ERR1448049
ERR1448052
ERR028208

ERR1447993
NC_010634

ERR1448008
ERR1448047
ERR1447959
ERR1447996
ERR1447999
ERR1448004
ERR1448066
ERR1447954
NC_006155

ERR1448046



9/

IP33290
1IP32463
IP32921
1IP32881
IP33054
2884
1435/8/2004
2161/13/2006
Marsu
7616/84
2874/2003
2484/2006
3623/13/2004
5456/85
Y718

677/82

260

Y716

283

284

G5137
BB1152
No0.93

No.21
H30536/89
IP33038
No.5

2004
2006
1980
1984
2003
2006
2004
1985
1986
1982

Small mammal
Hare

Monkey
Human

Rabbit

Carrot
Environment
Small mammal
Human
Environment
Environment
Small mammal
Human

Human

Human

Human

Small mammal
Human

Human

Cow

Dea

Goat

Cattle

Deer

Small Mammal
Goat

Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe
Europe

North Ameria
North America
North America
North America
Oceania
Oceania
Oceania
Oceania
Oceania
Oceania
Oceania

France
Switzerland
France
Switzerland
Spain

Italy

Finland
Finland
Finland
Finland
Finland
Finland
Finland
Finland
Germany
Finland
Canada

USA
Canada
Canada
Australia
New Zealand
New Zealand
New Zealand
Australia
Australia
New Zealand

ERR1447992
ERR024894

ERR1448005
ERR1447997
ERR1447961
ERR1448000
ERR1447998
ERR1448023
ERR1448050
ERR1448053
ERR1447983
ERR1447965
ERR1448011
ERR1448024
ERR1448054
ERR1447957
ERR024902

ERR024914

ERR1447968
ERR1447969
ERR024929

ERR024917

ERR1447995
ERR1447994
ERR1448007
ERR148006

ERR1448012



Ll

BF1 - - la 35 Buffalo South America Brazil ERR1447967
1P32938 - 19 3 - Cattle South America  Argentina ERR024928

Table 3.1Y. pseudotuberculosigenomes used in this study.

Strains underlinedhithe table were sequenced as part of a previously published @Radperet al, 2014) All other strains listed were isolated and sequenced as described in
section 3.2 and were published recer{Beecharraet al., 2017)

*ST: multilocus sequence type according to MLST databases at the University of Warwick, Warwick Medical School
(http://mist.ucc.ie/mist/dbs/Y pseudotuberculosis/GetTablelnfo hfirdukkanesNinioset al., 2011)



http://mlst.ucc.ie/mlst/dbs/Ypseudotuberculosis/GetTableInfo_html

3.3. Resultsand Discussion

3.3.1. Phylogeographic structure of. pseudotuberculosisidicatesan Asianancestry

for the species

A maximumlikelihood SNPbased phylogenetic tregvas reconstructed from a core genome
alignmentof 134Y. pseudotuberculosgenome sequences built using Pargiipeangeret al.,

2014) This analysis revealed thahe phylogenyof the Y. pseudotuberculospopulation is
characterised by clades of varyiggnomic diversityfFig. 3.1)Thereis aclade containing high
levels ofdiversity, indicated bylong branch lengths and a clade contamioticeablylower

levels ofdiversity, as shown by much shorter branch lengtmlusion of a selection of. similis

and Y. wautersistrains(Appendix 2pn the tree as an outgrouponfirmed the highly diverse
clade to be the ancestral clader Y. pgudotuberculosisas indicated by the tree topology
(Appendix3). Geographical source of isolation is available as part of the metadata for the
majority of strains in the population. Thghylogenetic tree was annotated with the continent

of origin for eactlstrain, where available, as illustrated by coloured bars at the branch tips in
Figure 3.1. With regards to most of the strains isolated from Russia (Table 3.1), it was not entirely
clear what specific geographical region these isolates were derived fianvever, with the
presence of Siberian isolates in the data set (e.g. strain IP33177), all strains obtained from Russia
were accordingly categorised as being isolated from Asia. Annotation of continent of origin data
revealed a veryglear geographic splih the phylogeny, with the ancestral highly diverse clade
containingpredominantly Asianorigin isolates and the second low diversity clade containing
predominantlyEuropearoriginisolates.A small transitional cluster of isolatesigimating from

South Arica,North and South Amerigand Europe can be seen between the two distinct clades
The phylogenetic structureof globally dispersed isolates demonstrated in this chapser
consistent with an Asiaorigin for Y. pseudotuberculosisvith two separate ngrations into
Africa and the Americas, andhore recentlyinto Europe.An Asian ancestry of the.
pseudotuberculosispeciess in line with the postulated ancestry 6f pestigMorellietal., 2010;
Achtmanet al., 1999) which is a clone that recently evolved frofn pseudotuberculosigithin

the last 3,000 to 6,000 years, shortly before the first known human plague pandemics originating
from central AsiaThe data from the present stugdiowever,appearto showthat the greatest
genetic variation occurs in Japamot China.This does not appear to be an artefact of the
geographical sampling in thithvapter, however, it cannot be discounted that a more thorough
and dense genomic samplingay provide a different resulMigration of isolates into Europs
consistent with a bottleneck event leadingttoe successful establishment of a small number of

clones as demonstrated by the low genetic diversity exhibited by the European cladéadésso
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Fig. 3.1. Maximurikelihood phylogenetic tree of 134/. pseudotuberculosisolates. The phylogeny is derived from a core genome alignrt®e847,945 bp1,042,987
SNP¥constructed using Parsnp and the tree was visualised usingTii®©kcaldar corresponds to the number of nucleotide substitutions per. §itentinent of origin is
superimposed on the tree as coloured bars. Geographic clades are defined by tree branch colouring. There is a cleaaphidegdiomq the population, with ¢hancestral,
highly diverse clade containing primarily Asian isolates and a second low diversity clade containing primarily Eutegeansiswlh transitional cluster of African, American,

and European isolates exists between the two clades.



3.3.2. Phylogenetic clusters withinY. pseudotuberculosigssociate with discrete

CRISPR cassette patterns

CRISPR spacafata were available as part of the metadata forthe majority of Y.
pseudotuberculosistrains analysed in this chapterThe CRISPR Idor these strainswere
identified previouslyby Katja Koskela (University of Helsinki) using BLASKEKelaet al., 2015)
Bayesian clustering of the presence/absence of all 2,969 knbwsseudotuberculosBRISPR
spacers present in the data set (performed bykka CorandetUniversity of Oslojdentified a

total of 33 distinct sequence clusts of CRISPR cassettes (Table 3.1, section 3.2). The CRISPR
cluster data were used initially tdetermine any obvious genotypteaits associatedvith the
phylogeographic split observed in the pseudotuberculospopulation. Each identifie€RISPR
cluster was annotatednto the Y. pseudotuberculosisaximumlikelihoodphylogenetic tree as

coloured bars, using iTOL (Fig. 3.2).

This analysis revealed the striking observation that CRiBRBERrs form phylogenetically distinct
groupswithin the Y. pseudotuberculogi®pulation. The highest diversity of CRISPR clusters was
F2dzy R Ay (GKS Wl ailyQ LKEe fted3Sidedtiidd CRISPRICIBS®E & A
NELINSaSyGidSR Ay (KAa Ofl RSo® /2y@SNESteé&s (KS
CRISPR clusters, with isolates belonging primarily to clusters 10, 11, 20, 22, and 38. This
observation indicates a correlatidretween diversity of CRISPR clusters and genomic diversity
within each geographic clade. The phylogenetic distribution of CRISPR cluster cassettes
observed here may suggesiat this clusteringcould be aresult of strains isolated in the same

short timespan or localised sourcelowever, closer examination tie CRISPR cluster pattern

to isolationyear and geographbal source of isolation (Table 3.Quggests that thigs not the

case. For strains with isolation dates available, the temporal samplingated that strains of

these CRISPR clusters were generally isolated in separate time periods. Furthermore, there are
instances where strains from clusters 9, 11, 12, 20, 22, and 38 have a temporal separation of at

least a decade or more (Table 3.2).

Toconfirmthe global geographical distribution of strains belonging to each of the 33 identified
CRISPR clustemevalence of alCRISPR clustesgre mapped to their respective countries of
isolation (Fig3.3). The global maghows that CRISPR clustars widely distributed across the
world with some correlation to the phylogeographic spliiserved earlier in Figure 3.1hd
highest diversity in CRISPR clusters octutBe Far East of Asia, whichcensistent with an
Asian ancestry of. pseudotub&ulosis(Achtmanet al., 1999) The map also illustrates a clear
coexistence of multiple CRISPR clusgpe strains in a number of different countries, suggesting

that the formation of phylogenetically distinct CRRSElades cannot be attributed to the
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geographical separation of these strai@ven thepreviousobservation thatCRISPR evolution

in the Enterobacteriaceadn particular,is controlled by vertical and not horizontal evolution
(Kupczok, Landan and Dagan, 2016)s possible that the CRISRRsociated phylogenetic
lineagesobserved in this study represedescentrather than due to CRISPRstricting gene

flow between strains Somevertical descent may occur foandependent reasons so, while
CRISPR correlatasith phylogeny, this does not necessarityean that it is causal.This
warranted further investigation into the formation of these CRISPR clades through phylogenetic

dating and analysis of gene sharing iotgms 3.3.4 and 3.3.5, respectively.
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the 33 identified CRISPR clusters.
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Table 3.2. CRISPR clustgpe Y. pseudotuberculosistrains with known isolation dates.

Strain name  CRISPR cluster Country Year
OK6088 5 Japan 1990
H72236/88 8 Belgium 1988
7616/84 9 Finland 1984
Marsu 9 Finand 1980
P 105 9 - 1990
PB1 10 England 1960
H94236/89 11 Germany 1989
H94336/89 11 Germany 1989
CIP 55.85 11 - 1952
677/82 12 Finland 1982
5456/85 12 Finland 1985
IP31758 12 Russia 1966
Y718 15 Germany 1986
2809/1998 20 Finland 1998
3822/2000 20 Finland 2000
2814/1998 20 Finland 1998
15193/74 20 Finland 1974
H65536/87 20 Germany 1987
504/72 20 Italy 1972
921/93 20 Sweden 1993
1180/95 20 - 1995
H30536/89 22 Australia 1989
3876/2001 22 Finland 2001
2817/1998 22 Finland 1998
2812/1998 22 Finland 1998
H74936/89 22 Germany 1989
42/00 22 Sweden 2000
2874/2003 28 Finland 2003
2161/13/2006 28 Finland 2006
2484/2006 28 Finland 2006
1435/8/2004 28 Finland 2004
3623/13/2004 28 Finland 2004
Y722 35 Germany 1988
PT682 37 Japan 1987
G7P8/82/1 38 Denmark 1982
3858/2000 38 Finland 2000
2812/79 38 Finland 1979
866/81 38 Finland 1981
36/83 38 Finland 1984
H93836/89 38 Germany 1989
H89236/87 39 Italy 1987
2800/1998 41 Finland 1998

For strains with isolation dates available, issdelonging tothe same CRISPR cluster were generally

isolated across different time periqgdand in some cases, from separate geographical locales.
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3.3.3. Cryptic ecology suggests that pseudotuberculosis a host generalist

In addition to the CRIScluster data, metadata concerning the serotype, country of origin, and
host species/source of isolation were available for the majority of Yheseudotuberculosis
population. With regards to @ntigen serotyping of these strains, a large proportiontief
population comprise theD:la, O:1b,and O:3serotypes, which is consistent with previous
studies indicating that the majority of. pseudotuberculosgirains isolated from human cases
belong to these serotypegWilliamsonet al., 2016; LaukkaneNinios et al, 2011) Other
serotypes present in the population include serotypes 0:2, O:4, O:5, and O:6, although these
were lower in prevalence. Adidditional metadatavere annotat&l onto the phylogenetic tree

as colouredbarsantk S W! dA L+ y Q | vy Rverdefizétibby J&e hfaRch Gdotni S a
OCAIP odnvd ¢KAA Fylfeara NBOSIESR GKIFIG GKS
O:1a and serotype O:1b phylogeiwetlusters, further demonstrating the low diversity of this
clade and indicating the predominance of these lineages among hatirdoal and norhuman
SYOANRYYSyda Ay 9daNRLIS® ¢KS W ailyQ Ofl RS A:
serotype O:b, whilst exhibiting the highest diversity of serotypes with O:2, O:4, O:5, and O:6
also present in this clade. With regards to the geographical distribution of serotypes, this is
parallelto a previous study that revealed geographic heterogeneity betwgast Asian and
Western European strains of. pseudotuberculos{&ukushimeet al., 2001) It was observed

that almost all humaselinical strains from Europe belonged exclusively to serotypes O:1a and
0O:1b, whilsthose from the Far East of Asia belonged to serotypes O:1b and a variety of subtypes
of 0:2;6 (Fukushimeet al., 2001) Skurnikand ceauthors(2000)suggestedhat the cryptc G
antigen gene cluster of. pestibiovar Orientalis showethat Y. pestiss mostclosely related

to, and has evolvedirectly from, aY. pseudotuberculossgrotype Olb strain, isolated from a
patient in Japan.This suggestion, in conjunction with ehhigh diversity of O:1b strains
originating from the Far East observed in this chapter (Fig. 3.4), would provide further evidence
to support an ancestry of th&. pseudotuberculosigpecies associated with Asia and the Far

East, in particular.

Annotationof host species/isolate source on the phylogenetic tree did not reveal any clustering
of strains within specific host groups (Fig. 3.4). This is indicative of the widespread ecology of
pseudotuberculosisicross the globe, with isolates obtained fromrivas sources including
livestock and domesticated animals, wild animals and birds, fish, vegetables, and the
environment, in addition to human disease caseslates from all nothuman sources were
distributed throughout the phylogenetic tree and did noluster separately to the human
isolates, and the human sourced isolates did not cluster either. Although enteropathogenic

pseudotuberculosiand the closely relatedd. enterocoliticaare both aetiological agents for
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human yersiniosis, there are notabtlifferences in the ecologies of both organisms. Infections
caused byY. enterocoliticamainly originate from swingVirtanenet al, 2013) but fresh
produce, such as iceberg lettuce and raw carrots, has beeprih@ry source for widespread

Y. pseudotuberculosimitbreaks within recent decad¢&anga®t al., 2008; Jalavat al., 2006)
Despite the frequent presence #f pseudotuberculosis envibnmental samples, its reservoi

is considered to be wildlif¢Niskanen, Fredriksseshomaa and Korkeala, 2002)his would
suggest that whileY. enterocoliticais more adapted to its ecological niche of swing,
pseudotuberculosiss more of a host generalist pathogen and has an ability to thrive and
multiply in habitats such as the environment, from which it could easily disseminate into the
food chain as a contaminant. Additionally, it would suggest Yhadseudtuberculosiss capable

of frequent host switching and this is demonstrated in Figure 3b¥ strains belonging to the

same serotype and CRISPR cluster that are isolated from multiple host sp¥cies.
pseudotuberculosis also common in pork meat, andtims study isolates from swine samples

are also prevalent in the population. Several strains obtained from swine samples{2Cb4

4691, IP32544, and IP32670) have clustered together with strains from other domesticated and
wild animal samples, in ekc 2 F GKS W! aAl yQI WeENFYAAGA2Y L §
population (Fig. 3.4). This is consistent with a recent study that has demonstrated through
comparative genomic hybridisation analysis that Europ¥ampseudotuberculosgrains from

swine clister together with strains from human and wildlife samp{@aakkola, Somervuo and
Korkeala, 2015)This is further supported by a previous study by Niskaateal. (2002) who
reported on the homogeneity o¥. pseudotuberculosigrains isolated from swine samples
based on pulsedield gel electrophoresis analysis. Of importance in the population of the
current stud/ is perhaps the prevalence of humaelmical isolates fnm multiple countries
among each geographic clade. This may sugtpegthuman Y. pseudotuberculosiafection

occurs sporadically affecting multiple nations in different time periods. Given thét
pseudotuberculosis widespread among different ecologiamiches, the distribution of human
strains across the phylogeny may suggest that human populations, through domestication of
animals and movement across the globe, have provided a vector for dissemination alwing
pseudotuberculosito reach new habdts in Europe and the West. Although the distribution of

Y. pseudotuberculosis worldwide, it is clear from the data set that most strains originate from
regions of the Northern hemisphere, such as Europe, North America, Russia, China, and Japan.
This mg be indicative of undesampling from countries of the Southern Hemisphere, but the
emergence and dispersal of successful lineages in Europe and North America would have been
RSLISYRSy( 2y GKS aLISOASaQ | 0Af A &coniparedltor | LJi
those of its Asian originmplying thatY. pseudotuberculosigas evolved to become a celd

tolerant species
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3.3.4 Phylogenetic dating suggests recent geographical divergence

Of the 134Y. pseudotuberculosgenomes sequenced, isolation dates were available for 46
isolates represenig the full diversity of the pplogeny. To date the evolutionary split of the

WO dzNB LISy Q Of RS A2H QA DF f IRESA (i 18SRchadEt {l L014) AINE 3
wasrun by Alan McNally (University of Birmingharahalysing only th 46 strains for which
isolation dates were available. The resulting dated maximum cleetilglity (MCC) tree (Fig.
3.5A) suggests a time to the most recent common ancestor (TMRCA) for the data set of 33,591
years before the presentError bars foreachnode, representng the upper and lower values
within the 95% HPD (highest probability density) from the BEAST anakgsissplayed in the

MCC tree of Appendik Thetreet £ a2 &ddzZ3Saida GKIG GKS RAGSNEHS)
clades occurredpproximately 12,500 years agehich in the context of th&d MRCA for theata
setrepresentsa recent phylogeographic spliEig. 3.5A)With regards to human historyhis

period coincides with the end of the last ice age, during the transitipiperiodbetween the
Neolithic and Mesolithic eraAchtman, 2017)Migration of ancestral. pseudotuberculosis
from Asia to Europeand then further dissemination towards the Wesftyuld also appear to
correlate with the leginning of livestock domestication and vét@nd barley farming, as human
populationsmigratedacross the globe durintpis time period generally favouring a system of
nomadic agriculture Running the BEASZ analysis also produced a Bayesian Skyline
reconstruction of theY. pseudotuberculogimpulation (Fig. 3.B).TheSkyline plosuggests that

the population size remained stable over time bugisosuppats the possibility of atrong
bottleneck occurring in the populatiod A G KAy §( KS QiR tHeN&yirdddntypast@.é. 1 RS
in the last few hundred yearg)wing to the estimated population size reduction indicated in the
figure. Thidsconsistent withthe reduction in diversity and establishment of only a small number

of clones in Europe.

We also sought to determine a TMRCA for the CRE&BBciated clades with isolation dates
available.The CRISPR cluster patterns identified in Figure 3.2 were annotatedhendated

MCC tree (Fig. 38 allowingan estimation of the time for themergerce d these clustersThe

most recent of these clusters has a TMRCA to the rest of the populatappadximately 5,222
yearsbefore present, suggesting that this clustering is not a recent phenomenon, nor is it due
to any temporal artefacts othe sampling.This corroborates the comparison of the CRISPR
cluster patten to isolation years in Table 3&nd it alsandicates thathese CRISP&ssociated
clades have existed over a considerable period of time, with the oldest of these clusters being
of predominarly Asian origin and the more recently emerged clusters largely of European

origin.
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estimated effective population size through tiras nferred by the Skyline demographic model.
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3.3.5 CRISPRssociated phylogenetic clusters are associated with patterns of

accessory gene conservation agdre genomerecombination

Phylogenetic distinctions were observed between the CRISPR clusters ofY.the
pseudotuberculosipopulation analysed in this chapter, based on core genome SNP analysis.
Further comparative genomic analyses, taking consideration of the accessory agdm@anes

of these strains, would provide a higésolution assessment of the texit of homogeneity
between strains of the same CRISPR cluster. Considirengole of CRISPR in generating
acquiredimmunity to foreign DNAcross bacterizan investigation was carriezlit to determine
whether the CRISPR clusters witkinpseudotuberdasiswere associated with any signatuoé

gene sharing. Firstly, a pgenome matrix was created for all 134 genomes using thBSFS
pipeline (Sahlet al, 2014) and then the accessory gemes were extracted fronthe pan
genome matrix by running thg@ostmatrix Python script filter BSR_variome.pyhich is
provided by LBSR Genes prevalent in > 90% of strains, and also those found in fewer than 5
strains, were excluded as they were notinferest for this analyis. Theresultingaccessory
genome matx wasvisualised by generating heat map using the ggplot2 package lo¢ tR

statistical softwarghttp://www.R-project.org/, R Core Team, 2015; Wickham, 2)H8lowing

the presence and absence of every distinct genetic locus irYtheseudotuberculosécessory
genome to be displayed. The accessory gene presence/absence masixhen used to
annotate the core phylogenetic tree alongsithee CRISPBRluster patterns (Fig3.6). From this
analysis, it is noticeable thabére are clear patternwithin the accessory genome profgevhich

are concordant with the pattern of CRISPR clustershe phylogenetidree. Some of the most
discernible patterns are highlighted on theypbgenetic tree, which include CRISPRs 9, 10, 11,
12, 20, 22, 28, and 35. This observation would suggest that for the majority of CRISPR clusters,
Y. pseudotuberculosigrains have conserved unique combinations of accessory genes according
to the CRISPRuster they belong to. Despite coexisting with other CRISPR clypiistrains

in the same ecological niches and in close geographical proximity, where opportunities for gene
sharing to occur would be frequent, it suggests that horizontal gene transterden different

CRISPR clustgpe strains is highly restricted.

Another interestingobservation was mad@ the accessory gene profiles with respectthe

clusters of strains representing CRISPRs 22 and 35. These strains exhibit much smaller accessory
genome profiles when compared to the rest of the population. This observation is exemplified

by these clusters of strains lacking a number of genes that are present in the majority of the
population, which can be seen froml100¢300 on the accessory locidex (xaxis).Assembly

quality analysis of these strains indicate that they are good quatityarecomplete sequenced

genomeswith an average N50 of 116,376 bp and average genome size and GC content of 4.5
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Mbp and 47.5%, respectively, which is within thenga of what is expected fol.
pseudotuberculosi@enome sizes range from 488 Mbp and GC content ranges fromc47
48%).Furthermore, no genomes had droppedt; all genomesvere within the average range
for genome size, N50 and GC contehe disparityin accessory genome content when
compared to the rest of the population cannot therefore be due to poor assembly quality.
Bacterial pathogens often have smaller genomes and fewer genes than theirondess
pathogenic relatives. The same pattern is s&dthin some bacterial species, with repeated
transitions to higher virulence associated with reductive genome evol@#éginert and Welch,
2017) With this in mind, the smaller accessory genomes exhibited bystitaens of CRISPR
clusters 22 an@5 may suggedhat thesestrains have undergone significant accessory gene
losseventsin comparison to the rest of the population, perhdpdicatingan evolutionary sl

to more pathogenic lineages.

To further invesgate the congruence between CRISPR cassette clusters and accessory gene
patterns, the Python script compare_BSR.py,8BSRSahlet al., 2014) wasused toidentify

genes unique to any given CRISPR cluster, aasvgdines unique to either th#9 dzNR2 LIS y Q O
of strainsor i KS Q! a kflstyaifds. AtheinptfRn¥ade to identify any unique genes in each
CRISPR clusteand geographic cladevere largely unsuccessful. Only one unique coding
sequence (CDS)was detectey’ (G KS WO dzNRLISIyQ Of FRS 2F &aiNI A
clade. Of CRISPR clusters that contained more than one representative strain, CRISPR 22
contained nine unique CDSs relative to all other CRISPR clusters within the population. Other
clugers include CRISPR 28, with two unique CDSs, and CRISPRs 1, 9, and 11 each with one unique
CDS, when compared to the rest of the population. Unique genes could not be identified in the
remainder of CRISPR clusters within the population. Overall, thigsisauggests that each

distinct CRISPR cluster contains a combination of accessory genes that are unique to that cluster,
rather than unique individual genes within each clusii& confirm this, the average accessory
genome dissimilarity matrix for aletected CRISPR clusters containing more than one strain (18

out of 33 clusters) was calculated by Jukka Corand#riversity of Oslo) A standard
permutation test was then performed to assess the significance of the observed dissimilarity
pattern. This anlgsis confirmed that in 12 out of 18 CRISPR clusters, strains have significantly
more similar gene profiles to strains in the same cluster than to strains in other clystds0b

based on10,000 random permutations Based on this evidence, it wouldggest that gene

sharing between strains in th€é. pseudotuberculospopulation is largely restricted to within

individual CRISPR clades.

To investigate this further, BratNextGen analysis was run on core genome alignmentsyof the
pseudotuberculosipopulation to detect recombination eventsetween the core genomesf
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all strains. The detected recombination events are displayed against the proportion of shared
ancestry (PSA) tree annotated with CRISPR cluster patterns (Fig. 3.7). This analysis @lentified
distribution of core genome recombination events which is highly concordant with the pattern

of CRISPR clustering. Despite very high levels of recombination being detected across the data
set, the recombination occurring is not eroding the CRISPR chkigteal. This would suggest

that inter-cluster horizontal transfer of genetic material is largely inhibited, or occurs at very low
frequency compared to intraluster recombination eventgonsistent withthe CRISPR cluster
signature observed in the acssy gene profiles (Fig. 3.6)o support this, the amounts of
intra-cluster and intercluster recombination detected from the BratNextGen analysis were

quantified (Supplementary Data, ddi0.1099/mgen.0.000133and it was revealed that intra

cluster recombination events generally outweigh the amount of recombination occurring
between strains of different CRISPR clus{@secharraret al, 2017) For example, higher
numbers of intracluster recombination events weretected for variouCRISPR clusteshen
compared to the average intaluster recombination occurring for those clusters. Tinctudes,

but is not limited to CRISPR clest12 (intra-cluster = 311, average intetuster = 1§ 20(intra-

cluster = 282, average intetuster = 14)and28 (intra-cluster = 274, average intefuster = 16)

Another interesting observation can be made from the BratNextGen analysis (Figvi8ere,

no observable core genome recombination events were detected for a European cluster of
strains represented by CRISPR clusters 22 and 38. This would suggest that strains of these
Of dza G SNBE KIF @S LISNKI LA Wt 201 SRQuind gebeticNdataraly 2 Y S &
to/from other CRISPR clustsmpe strains.

Overall, determining the accessory gene profiles and core genome recombination events for this
globally and temporally distributed population 8t pseudotuberculosisas demonstrated a
strong association betweelCRISPRind the restriction of both accessory and core gene
exchange betweendifferent CRISPRlusters The distinct phylogroup structure oY.
pseudotuberculosiss therefore maintained throughout the population over a considerable
period of time. This is consistent with a previous study which demonstrated that CRISPR systems
play an important role in shaping the accessory genomes of the model antile@réactory
pathogen Pseudomonas aeruginos@an Belkumet al., 2015) Furthermore, phylogenetic
analysis based on CRISPR sequenc8sigtllagenomes, carried out by Yang andworkers
(2015) revealed a correlation between CRISPR loci and phylogenmaiatuse, as CRISPR
sequences were conserveaanong subtypes of this genus. This is parallel to the observation of
CRISP&ssociated phylogenetic cladesYof pseudotuberculosisvealed in the present study.
Additionally, homology analysis of spacers shdvibat CRISPR might be involved in the

regulation of virulence transmissiof¥anget al, 2015) which would suggest that CRISPR
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analysis is applicable for investigation of evolutionary relationships of bacterial path@nd

the formation of distinct microbial lineages, and this warrants further study across bacteria.
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segments indicate thewdter in which the segment is most prevalent. CRISPR clusters and continent of origin are annotated on the tree asmloured b



3.4. Conclusions

The genusYersiniahas acted as a model for developing our understanding of microbial
pathogenesis, moleculamicrobiology, and microbiadcology andevolution (McNallyet al.,
2016b) Yersiniawas the first bacterial genus to have all representative species sequenced
allowing finescale analysis of how pathogenesis evdlve the three human pathogenic
members of the genugReuteret al, 2014) This analysis revealed a striking degree of
parallelism in how human pathogenesis evolved in pathog¥ersinia(Reuteret al., 2014)
However, furtherfine-scale evolutionary genomstudies ofY. pestisndY. enterocolitichave
shown verydistinctmechanisms of intr&gpecies evolutionY. pestiss a recently evolved clone
of Y. pseudotuberculosishich is globally disseminated and hasstrictedwith very low levels

of diversity allowing finescale transmission events to be successfully reconstrudtedelli et

al., 2010) In complete contrast to tlsi, pathogenicy. enterocoliticdhave evolved from a nen
pathogenic ancestor and have split into ecologically distinct cladeish move rapidly across
host speciegReuteret al., 2015) To enhance our understaimd) of the population structure,
ecological dissemination, and evolutionary events that define the model bacterial spécies
pseudotuberculosjsit was imperativeto carry out purposedesigned largescale global

population genomic analgs ofY. pseudothberculosisn this study.

By sequencing a globally and temporally distributed set of\L.3dseudotuberculosignomes
isolated from a wide range of hosts and environmeittean be shan that evolution in this
species is driven by completely differeneahanismgrom those seen in the other pathogenic
Yersini@. This study revealed that. pseudotuberculosis the only pathogeni¥ersinisspecies
which shows a clear phylogeographic split in its population. This was once postulated to be the
case forY.enterocolitica(Wanget al., 2011)with Old World and New World strains, howeyer
comprehensive population genomics have shown this is not the(Esagteret al., 2015; Reuter

et al., 2014) Theindicationof Asian ancestrjor Y. pseudotuberculosis consistent with an
Asian ancestry o¥. pestigMorelli et al., 2010; Achtmaret al., 1999, though the greatest
amount of genetic variation was found in Japan rather than CHihe is interesting because

of the fact that a sukclade ofY. pseudotuberculosexists which causes Faadf scarleflike

fever and is associated with Japan andptoal SouthEast Asia(Eppingeret al, 2007)
suggesting larger variation in this region and a potential focus of ancestry for the species.
Althoughit is difficult toaccuratdy date the phylogeny of a data set wibnly arelatively small
number of isolation dates available, th#IRCA for the entir&’. pseudotuberculosiiataset is

in the same range (10,0@040,000years before presentas thatestimatedfor the emergence

of Y. pestigAchtmanet al., 1999) Based on the evidence from this dating analysis, it is inviting
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to speculate thathe emergence of. pestigoincided with a larger population dispersal event

acrossY. pseudotuberculosis

Previous work byur researchgroup analysed patterns of accessomgng sharing between
serotypespecific clades of. enterocoliticaand concludedhat the species is composeaf
ecologically distinct phylogrougReuteret al., 2015) Thisinferene was made on the basis
that the limited interclade sharing of genes could not be due to steric hindrancthé&yD-
antigers nor genetic exclusion, as no such mechanisms exifath from the present study
also identify clearly distinctphylogeneic subgroupswithin the geographic cladesf Y.
pseudotuberculosighese phylogroups have unique combinations of accessory genes with little
variation in theér accessory genonseand a very similar pattern of core genome homologous
recombination. Similaio Y. enterocoliticat is highly unlikely that this might teeresult olsome
factor whichpreventsphysical contacbetween strainsgiven the limitedvariety ofserotypes
present inY. pseudotuberculos{Saviret al., 2014) Ratheranalysis from this study presents a
strong case for theole of CRISPR clussdn the formation of these phylogroups. The primary
evidence forthe active roleof CRISPR in mediating this genetic restrictomthe fact that
different RISPR clustéype strains cexist in the same geographical locations. Given that
pseudotuberculosis ubiquitous in nature, no active barrier precludimgombinationwould
exist between strains occupying the same habitat. Therefore/pitld be expeted that the
signal that identifies each CRISPR cluster to be eroded relatively quickly ovéshieppardet

al., 2008) resulting in a lack of clear phylogroup signatuii@earloveet al., 2016; Sheppardt

al., 2008) This would especially be the case given the high levels of recombination detected in
the coregenome ofY. pseudotuberculosisiowever, as the CRISB&sociated phylogenetic
clusters have aexisted in locationsround theworld, for approximately5,000 years or more
and continue to @play a clear signature of witholuster similaritythe data suggest that the
CRISPR system is strongly associated nefitrictingboth accessory and core geegchange

between clusters anthaintenarce of the distincty. pseudotuberculosmhylogroups.

CRISPR has been shown to play a role in shaping the accessory gendsesidifmonas
aeruginosa(van Belkumet al, 2015) and CRISPR analysis ceted with phylogenetic
structure in a study abhigellagenomegYanget al., 2015) However, it is likely that the present

study provides the first evidence of a possible causative link between CRISPR cassettes and the
evolution of distinct phylogroups in bacterial pathogens. Bayesian analysis of core genome
recombination events suggests that the influence of CRISPR is exerted at the level of horizontal
gene transfer. Data from a previous study have shown that CRI&RRion in bacteria,
particularly in the Enterobacteriaceae, is controlled by vertical and not horizontal evolution

(Kupczok, Landan and Dagan, 200Mhen taken together, the data from the current study
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create a lypothesis for Y. pseudotuberculosi®volution, whereby large population
perturbations lead to the emergence of geographically isolated clones. During the early
formation of these clones, exposure to geographically localised exogenouscBNéh as
geneticelements present in plasmids and phagereates a CRISPR array of immunitlgich

then tightly regulates the repertoire of genetic material that can be transferred and acquired
from the gene poolThis can be explained by the CRISPR mechattisough whch, new
spacers derived from the genome of the invading virus are incorporated into the CRISPR array
by an unknown mechanisri{Barrangouet al., 2007) During the crRNA biogenesitage a
CRISPR precursor transtigpprocessed by Cas endoribonucleases within repeat sequences to
generate small crRNABrounset al., 2008) During the targeting/interference stage, the match
between the crRNA spacer and target sequences (cemghtary protospacer) specifies the
nucleolytic cleavage of the invading nucleic agisleach of theseascentclones then globally
disseminate, they encounter other clones ¥%f pseudotuberculosesnd coexist together in
geographical isolation, but geriettransfer between different clones is restricted according to

the CRISPR array of each clone. Clones comprising the same CRISPR array can acquire and
transfer genes without any restriction. However, transfer of genetic material between different
clones annot occur at levels required to erode the clonal phylogenetic structure within the
population, and consequently, distinct phylogroups Yaf pseudotuberculosigersist in the

population.

In reference to the phylogeographic split observed inYhg@seudmberculosigopulation, the

highest diversity of serotypes and CRISPR clusters was detected aAwma§lstrains, in

O2y (N} ald G2 GKS y20A0Slofeée ft26SN tS@Sta 27F |
clade. This would suggest that as the spsenigrated towards Europe, from its Asian origin, a
bottleneck event occurring in the recent past would have resulted in the successful
establishment of a small number of clones in new ecosystems, and thus lead to subsequent
dispersal of these clonal linges into Europe and the rest of the world. Analysis of all metadata
available for theY. pseudotuberculosipopulation indicated that clones which have
successfully disseminated into Europe belong almost exclusively to serotypes O:1a and O:1b,
consistentwith a previous studyFukushimeaet al,, 2001) and in additionthese clones are

largely associated with only a small number of CRISPR loci. A larger sample size of isolates would
be required in future workto determine whether similar levels of diversity in geographic clades

are maintained in the wider population &f. pseudotuberculosisVith regards to the ecology

of Y. pseudotuberculosithis studydid not reveal anyphylogeneticclustering of strains within

specific host groupor sources Isolates from all notuman sourceswere distributed

throughout thephylogenyand did not cluster separatefyom human isolatesThis igndicative
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of the widespread ecology of. pseudotuberculosind its ubiquitous natre in many different
non-human hosts andenvironmens. The absence of genetic patterns associated with the
ecology ofY. pseudotuberculosievealed in this chapteis in contrast to previous studies that
have reported ecological barriers to gene flomdarecombination, which exist within
populations of importat bacterial pathogensSuch examples would include enterocolitica
(Reuteret al., 2015) E. coliMcNallyet al., 2013; Lucet al., 2011) andC. jejuniShepparcdet

al., 2014) for which, the formation of distinct, ecologically separated lineages have been
demonstrated. ©ntrary to these species, which comprise ecotypes formed through restricted
recombination due to ecological barrierg¢, pseudotuberculosis a host generalist species,
capable of frequenhost switchingand occupation of multiplecological nichefromwhich it
could easily become a contaminant of the food chainThe cryptic ecology ofY.
pseudotuberculosisiay explain the ability of this species to colonise multiple hosts, suggesting
that host generalism can also be a successful ecological stratedpadterial pathogensBy
analysing a set of geographically and tempordigpersedY. pseudotuberculosgenomes in

this chapter, the results indicatéhat the observed phylogenetic structure ofthe Y.
pseudotuberculosipopulation is driven byfactors otler than those that preclude physical
contact. Thedata from this study highlighhiow CRISPR can be used to infer the evolutionary
trajectory of bacterial lineages, anthey show that the evolution and ecology ofY.
pseudotuberculosigliffers from that seenpreviously in the othetwo human pathogenic

species of the genugersinia
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CHAPTER 4

Defining the population structure of

Escherichia cofrom non-human sources
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4.1. Introduction

AlthoughEscherichia colivere once thought of as clonal organisntisey are now recognised

as a bacterial species extremeheterogeneityg a result of very high levels of recombination

within the accessory genom@Virth et al., 2006) E. coliare generally categorised into rite

main groups: commens&. coli intestinal pathogeni&. colj and extraintestinal pathogenl€.

coli (ExXPECYrom this level of classificatiok, coliare traditionally further subdivided into
pathotypes on the basis of their isolation source andth L2 aaSaaiz2y 2F OSNI
aa20AFGSR 3ISYySaQ o xchaldcéebised nayili & avere/diafrhoeie/ T S O 7
caused by pathotypes such as enteropathogé&nicol{EPEL Within EXPEC, the pathotype of

E. coliwhich causes urinary trainfections (UTIs) are termed uropathogemiccoli{UPEC) on

the basis that they were isolated from the bladder and possess {dpé«ific VAGElankeet

al., 2001) E. colicausing disease in birds are termedaawvpathogeni&. col(APEC), and those
OldaAaAy3d yS2ylFidlt YSyAy3aaidra INB G§4SNY¥YSR Wbao/

For many yearsthe accepted dogma fdE. colisub-classificatiorwas that thecombination of
virulence genes possessed by arganisminfluences pathogenic potentigVejborget al.,
2011) Some studiehave shown that there is little correlation between the disease caused by
E. coli and its genotype Strainsthat belongto different phylogroups can occupdgistinct
ecolaggical niches and display diverse properties or ability to cause infedi@iaamontet al.,
2013) Due tothe era of enhanced phyityping and sequencty/ping methodswe now know
that E. colistraing even withina singlepathotype can varyimmensely in terms of their
evolutionary descent, which in turran affect pathogenic potential and fitness in an infection
(Wirth et al., 2006; Picardt al., 1999) Extrantestinal pathogeni&. colinfectionsare the most
common cause ohospitatacquiredinfections in the UK and also cause significant levels of
community-acquired infectiongWoodfordet al., 2004) Human EXPEC strains have often been
characterisd atthe sequence type (ST) lewatd a small number of STs, namely STA¥,35
ST95, and ST13&ere found to behe mostpredominant amongases of UTIs and bloodstream
infections(Kalloneret al., 2017; Riley, 2014; Alhashaetral., 2013; Croxaét al.,, 2011b) These
clonal groups are known to constitute highly antimicrolegdistant strais. Multidrug
resistance (MDR) mediated by ESBLs is of increasing global conEerrolibecausestrains
tend to harbaur various resistancgenes, in particular CT™M-15 and 14(NicolasChanoineet

al., 2008) These genes are primarily plasavorne, which facilitateshe transferof resistance
determinants to other strains, speciesr genera(Woodford, Turton and Livermore, 2011)
Moreover,infections caused bsultidrug-resistantbacteria can lead to inadequate or delayed

antimicrobial therapyand increased costs associated with treatm@vitigiorakoset al., 2012)
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Usingboth phenotypic and molecular methods,amy pevious studies have demonstratéuht

both EXPEC ardDR strains oE. colican be detected in various environmenmther than the
human intestinal tractThese would includavers andother water sources, soils, various wild
and domesticated animals, ilcling food animals, as well as raw meat and poyBgmiet al.,
2017b; Johnsoat al., 2017; Muller, Stephan and Nuesketderbnen, 2016; Vincergt al., 2010;
Jakobseret al., 2010) Although most environmental and nemumank. colstrains are thought

to be harmless, some strains have demonstrated pathogenic potential, and thus contamination
of surface waters and retail meat tsuch strains can increase the risk of waterboarel
foodborne diseases. Also of major concern is the prevalence of antimicrebiatant and MDR

E. colidetected in these nomuman reservoirgGomiet al., 2017b; Johnsoat al., 2017) The
hypothesis that human EXPEC and MBRcolistrains may have a namuman reservoir in
surface waters and fooénimals has been an areaf study by various research groups
worldwide (Kappellet al., 2015; Dolejskat al, 2011b; Dolejskat al., 2011a) Expeninental
studies reportingsharedpathogenicity betweernuman EXPEC and avian pathogeniccoli
(APEC) suggesthat these extraintestinaE. colistrains mayshare a common ancestry and
evolutionary roots with APEQogueet al., 2017) Several previous studies have consistently
reported detection of specific human BxX® strains in poultry or retail poultry meat prodycts
but rarely in other meaproducts This would appear to support the hypothesis that a poultry
reservoir for human EXPEC may existesestudies haveegularlyidentified E.coliST131 and
other humanclinical associated EXPEC lineages, sufeds ST394, ST95, ST10 and STih17,
cases ofhuman extraintestinal infectioras well as irretail meat products and other food
animals(Bergeronet al., 2012; Vincenet al., 2010) In Swedenk.colisequence types ST69,
ST10, and ST1X¥épresented halfof the ESBhroducingE.coliisolated from retail chicken
meatin this country Moreover, there are several global environmentaldigs reporting the
presence of MDFE. coliand potential pathogenic EXPEC strains in rivers and surface waters,
which would support the hypothesis that wateglated environments may be considered one
of the important norhuman reservoirs of human ExPgEomiet al., 2017b; Muller, Stephan
and NuescHnderbinen 2016; Kappedt al., 2015) It has been suggested thadrdamination of
surface waters bi. colstrains belongingp clinically important clonal groupeay increase the
risk of waterborne diseasdecause surface waters are used for sources of drinking water,

irrigation, and recreational purposé&omiet al., 2017b)

Despite evidace from previous studies suggesting that surface waters and retail poultry may
provide a potential nofhuman reservoir for human ExXPEC, few of these studies have been able
to determine the prevalence of potential pathogenic human ExPEC and BMR& in the

context of the wider population df. colfound in these sources. Information regarding the fine
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scale phylogeny, clonal composition and resistance determinant profiles of an unbiased sample
of E. coliisolated from noshuman environments, such asrface waters and retail poultrys
lacking in the current literature. The true population structure of the #numan population of

E. coliin the wider environment has therefore not been adequately characterised. Several
studies have been conducted addsezy the potential for foodorne and waterborne
transmission of ExPERUt the majority of these studies are focussed on MBD&vdli, and more
specifically, ESBiroducing ExPE@langes 2016; Lazars al, 2015; de Beeet al., 2014)
Numerous environmental studies enrich for antimicrobisdistant isolatesusing selective
media prior to phenotypic and genotypic characterisation, thus their sampling strategies may
bias towards MDR and ExXPEC straihgdi€s of ESBpositive EXPEC lineagsm surface
waters and retail poultry thereforéend to be oer-represented in the literature. To date, only
one largescale population studybased on wholegenome analysis of th@revalence of
antimicrobialresistant and extraintestinal pathogeniit. colistrains in river waterhas been
conducted(Gomiet al., 2017b) Similarly, a previous study by de Been and colleafiieeBeen

et al,, 2014)implemented WGS analyses to study the relatedness of cephalosmsistantE.
colifrom humans, retail chicken meat, poultry and pigs. This study provided high resolution
differentiation between human and poultrassociated isolates arsdiggested that there is little

or no overlap between resistarii. colisolates of human and poultry origin. A review of the
current global evidengemplicating poultry meats a potetial reservoir for human ExPEC and
MDRE. cal has suggested the need for more wha@lenomebased and comparative genomic
analyse ofE.colipopulations recovered from food anima#nd retail meat products with

humanclinical straingManges, 2016)

4.1.1. Aim and djectives

In order to inferecological pattern®f E. colifrom nonhostassociated habitatssuch aghe
environmentand food products, more phylogetbasedpopulation genomic analyses must be
conducted, similar to what was implemented recentlyvinpseudotuberculos{Seecharraret

al., 2017)and theE. coliST131 lineagéMcNallyet al., 2016a) The current study employs an
unbiased sampling procedure, by nsgelectively isolating antimicrobiaésistant strains.
Coupling this strategy with wholgenome analysis @&. colisolated from river water and retail
chicken meat in the Nottingham area, it allows a snapshot to be constructed of the relative
abundanceof MDRE. coland EXPEC strains in the wider Aamman population oE. coliwhich

is largely unknownThis would provide great insight into determining the true population
structure of nonhumankE. colin aquaticenvironments and in the food chain. Bgtermining

the population structure of nosumank. colisolated specifically from the Greater Nottingham
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area in this chapter, it would allow for a geographically constrained comparison with the well

characterised humalinical population ofE. coli to be conducted in chapter 5. There are

comprehensive phenotypic and genotypic data available for huohiaital E. coliisolates

collected in this region over the past deca@idhashastet al., 2016; Alhashaskt al., 2013;

Croxallet al, 2011b; Croxalkt al, 2011a) and therefore Nottingham provides the ideal

ecosystem for generating a ndrumanE. colidata set for comparison with thieumanclinical

population ofE. coli

Specific objectives of this chaptevere:

T

To identifyand isolate a population d.colifrom river water and retail chicken meat
sampled in Nottinghamand sequence the whole genomes of a rwased
representative poportion of the population

To assessthe level of diversity within the nonrhuman population ofE. coli as
determined byin silicomultilocus sguence typing analysis of whefgnome sequence
data.

To reconstruct the phylogeny of the ndruman populatiorof E. coland determine the
population structureand genotypic diversitywith regards to the prevalence &:. coli
phylogroups.

To detectantimicrobialresistance determinants within bacterial strains isolated from
river water and retail chicken samplés orderto create a snapshot of the prevalence
of potential multidrugresistant strains within the nechuman population oE. coli

To determine the prevalence bimanExXPEC strains within the nbaman population

of E. colias defined by the presenad EXPEGpecificvirulenceassociatedjenes.
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4.2. Materials and Methods

The key methods;ulture media, culturing conditionand bioinformatistools and scripts used
in this chapter were desibed previously in sections 2.6 of chapter 2The pubicly available

E. colreference genomes used in this chapter are listed in Table 4.1.

Table 4.1.E. colireference genomes used for phylogroupiranalysisof non-human E. coli

strains.
Strain Phylogroup ST Country Sample Reference
TW10509 Gl 747  India Human (Kaaset al., 2012)
TW15838 Cl - Australia Environment (Luoet al., 2011)
B1147 Gl - Australia Bird (Walket al., 2009)
TWO09276 CilIl - United States Environment (Luoet al., 2011)
TW11588 GIV 2 Puerto Rico Environment (Luoet al., 2011)
TW14182 CIV - United States Environment (Luoet al., 2011)
TW09308 GV - United States Environment (Luoet al., 2011)
P12b A 10 - - (Ratiner 1985)
DH1 A 1060 - - (Kaast al., 2012)
IAIL B1 1128 France Human (Kaaset al., 2012)
SE11 Bl 156 Japan Human (Kaaset al., 2012)
55989 B1 678 CAR* Human (Kaaset al., 2012)
SE15 B2 131 Japan Human (Kaaset al., 2012)
JJ1886 B2 131 United States Human (Owenset al., 2011)
536 B2 127 - Human (Keaset al., 2012)
uUTI89 B2 95 - Human (Kaaset al., 2012)
MS 851 C 88 United States Human (Kaast al., 2012)
TW14425 C 23 United States Human (Kaaset al., 2012)
042 D 414  Peru Human (Kaast al., 2012)
UMNO026 D 597  United States Human (Kaaset al., 2012)
EDL933 E 11 United States Food (Kaaset al., 2012)
Sakai E 11 Japan Human (Kaaset al., 2012)
IAI39 F 62 France Human (Kaaset al., 2012)

Publicly available genomes were downloaded frovd Wational Center for Biotechnology

Information (NCBI) websitet{ps://www.ncbi.nlm.nih.gov/genom&/These reference genomes

belonging to known phylogenetic groups were used to agsigmlistrainsfrom nonhuman
samples to one of E. colphylogroups (A, B1, B2, C, D, E, F) or on&sgtierichiaryptic clades

(Gl, ClI, CllI, CIV, GV). Reference strains were selected from the genomes analysed in previous
a0dzRASEE AYRAOlIdI&R. Ay GKS WwSFSNBEYyOSQ

*CAR: Central African Republic
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4.3. Results and Discussion

4.3.1. Prevalence okE. coliisolated from river water and retail chicken meat

Nine river water samples were collected in July 2015 from 4 geographically separate locations
within the Trent River basin (Nottinghamshire and Derbyshire) and were tested for the presence
of E. coli Samples were taken from upstream and downstream sites of waste water and sewage
treatment plants as well as upstream and downstream sites of agriculturaldapecifically

cattle farms. A total of 20 Britistvhole retailchickens, obtained from 6 major supermarket
outlets in the Greater Nottingham area in October 2015, were also sampléfl tmi{detailed
information on samplings providedin sections2.3.1and 2.3.2 of chapter 2. colpresent in

the collected samples weraentified via a processnvolving subculture onto differential
OKNRY23SyAO F3IFN 6/[95 F3IFN 6AGK ! yRNI RSQa
biochemical idenfication tests (as desibed in sectior?2.3.3).E. colwere identified in 6 out of

9 total river water samples and It of 20total retail chicken samples that were processed.
Isolates were selected from the initial CLED plates based on colony morphology which
resembled thabf E. col{as described in Table 2.From the 504 river water isolates that were
selected from CLED plates, a total of 82 isolates (16%) were formally identifiectals The
majority of isolatesfrom river water sampleselected for identificatiortesting (83%) were
represented by other species tife Enterobacteriaceae, which were therefore excluded from
further analyses in this study. Conversely, a high proportion (88%) of the 416 retail chicken
isolates selected from CLED plates were confirmel. ali and thus only a minority (12%)
represented otherspecies of Enterobacteriacea@ecause of the high prevalencefcolin

retail chicken samples, the number of isolate$e included in the study populatiamas limited

to 148. Thi resultedin astudy populationof 230 isolatesacross29 river water and retail
chicken samplgghat were identified a€. colwith y &2 O2y FARSYy OS> | O02N
biochemical test systenBpecific numbers &. colisolates identified from CLED plates for each
respective samplef river water and retail chicken are given in Table 4.2 and Table 4.3,

respectively

The presace ofE.coliin freshwater, such as river watecan indicatecontamination byanimal
or human faecesThis is becausE. colicolonisethe gastrointestinal tracts of a wide range of
wild and domestiated animals, especially animals raised for human comgtion, such as
chickens Contamination of retail chicken with pathogens suchEasolicanoccur at multiple
steps along the food chain, including production, processing, distributivipackaging and
retail marketng. A previous study had reported tha large proportion of chicken meat

imported into Sweden that was contaminated with EQBiducingE. coli primarily ST10
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ST131and ST69was found to have spread from imported parent broilers to broiler meat
(Eeervarnet al., 2014) This indicates that the occurrence of these dragistant EXPEC lineages

in chicken meat is likely due to faecal contamination at the slaughterhouse, which is at a very
early stage of the retail meat production procelsterms ofE. colisolated from river watem

this study 70% of the population were obtained upstream and downstream of wastewater
treatment plants at Giltbrook and Pinxton. This would indicate that treated effluents from
sewage treament plants would have a higihfluenceon freshwater contaminatiorby faecal
pathogens, more so than rural runoff from farmladpossible explanation for the difference

in E. coliprevalence observed between retail chicken and river water samples could be due to
the effectiveness oWastewater treatment processes, in Nottinghamshire and Derbyshire, to
remove faecal contaminants before releasing effluents into streams and rivers. On the other
hand, during the process of preparing British chickens for human consumption, from farm and
abattoir to retail outlet, it would appear that contamination by faecal organisms is much harder

to control.

Table 4.2 Total number ofE. coliisolates identified from river water samples

Sample name Number ofE. colisolates
selectedfrom CLED plates
Giltbrook upstream 35
Giltbrook downstream 14
Erewash Pinxton downstrear 2
Erewash Pinxton upstream 6
East Leake downstream 0
East Leake upstream 24
Keyworth upstream 0
Keyworth downstream 0
Keyworth cattle field puddle 1
Total 82

The numbers @sented in the table correspond to the final countofcoliisolates that were selected

from CLED agar plates for each river water sample. A totallf &flisolates were obtained from river

water samples. The majority of isolates were obtained fiteerGiltbrook and Erewash Pinxton samples.
Giltbrook and Erewash Pinxton are sample sites near to wastewater treatment plants, whilst East Leake

and Keyworth are sample sites near to cattle farms.
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Table 4.3 Total number ofE. colisolates identified fom retail chickensamples.

Sample name Number ofE. coliisolates
selectedfrom CLED plates

Tesco sample 1 18
Tesco sample 2 0
Tesco sample 3 10
Tesco free range sample 10
Sainsbury's sample 1 0
Sainsbury's sample 2 10
Sainsbury's freeange sample 10
Asda sample 1 0
Asda free range sample 1 10
Asda free range sample 2 10
Aldi sample 1 0
Aldi sample 2 0
Iceland sample 1 20
Iceland sample 2 20
Iceland sample 3 0
Iceland sample 4 0
Morrisons sample 1 0
Morrisons sample 2 15
Morrisons sampl& 15
Morrisons sample 4 0
Total 148

The numbers presented in the table correspond to the final couBt ablisolates that were obtained
from CLED agar plates for each retail chicken sample. Due to the large nufEbeoléfeing obtained

from retail chicken samples, a final reduced count of 148 isolates were selected for subsequent analyses.
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Due to thereported high prevalence of ESPBtoducingE. coliin retail meat productsand
environmental wates, and the hypothesis that thessources could represemeservois for

human ExPE@nd MDRE. coli(Gomiet al, 2017b; Manges 2016; Vinceat al, 20L0),
LINBf AYAYIl NE ¢ 2 Nlhctaghase dniNESBL génSsyadEcplisdated from river

water and retail chicken samples was carried out in dhiapter This involved performing
multiplex PCR assays to screen for the presence of{hetamasegenesblarey blaswy blactx

m and blaoxa(Fig. 4.). Toput the prevalence of -lactamasegenes in noshnumanE. colin the
context of humarclinicalE. coliLISNOSy (i I 3S LINS4adtanés¢ &n8 ESBené I T 2 N
carriage in 41%. colistrains isolated from humanclinical cases in Nottinghgmwere included

in the analysigor comparison (Fig. 4.2). One hundred and fifty of these strains were isolated
from cases of@irinary tract infection and urosepsdiselderly patientfCroxalkt al., 2011b) 140

and 125 strains were isolated from bacteraemia patients and urinary samples, respectively, as
part of a separate Nottingharhased studyAlhashastet al., 2013) Theoverall prevalence of

thei -lactamasegene SHV (0.4%) and the ESBL gendvO5X%)detected inE. colfrom non

human sampleswas significantly lower than the prevalence of those geneE.ircolifrom
humanclinical sample$8.9% and 19.5% respectivehys 0.0001, two-tailedC A & K SNIha (G Sa
most commonly detected gene in nédmmankE. colig I & { K SlactérBaae (38.7%),
although prevalence of this gene is still significantly higher in huohiaital isolates oE. coli
(52%;p <0.001, two-tailed FistS NI2 . Thie Sighiprevalence of the TEMactamasegene in
non-human and human clinical samples is in agreement with observations that TEM is the most
frequently encountered -lactamasein clinical Enterobacteriaceae, as it accountsdmund

80% of # plasmidencoded -lactamases(Bajpaiet al., 2017; Paterson and Bonomo, 2008)e

OXA ESBL gene went undetected in the-homan population, whereas this gene was detected

in 9.9% of hman-clinicalE. colisolates(p <0.0001, two-tailedC A & K S NIbé ratior@lé for

OF NNEAY3I 2dzi Y2 -Biaubse Hid BESBi §dbesAp@mfwhadegenome
sequencing, is that a preliminary snapshot of the prevalenddRE. colin the nonhuman
population could be compared to that of the wetaracterised humawlinical population. In
addition, this work gave an insight into the potential prevalencé@fRplasmids within the
population, which would inform whethein silicoanalysesof plasmid DNA from WGS data
should be carried out. Considering the very low prevalence of ESBL genes, particularly of the
CTXM type, it is likely that the prevalence of MDR plasmids circulating within thehumnan
population is also very Wo. Based onttisobservation it was decided that comparative plasmid
analyses for the humaalinical and noshuman populations oE. colwould not be carried out

in this study
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237 bp
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from non-human samples.

The genes encoding tt8HV, TEM, CTX and OXA-lactamases were amplified frofn colisolates from

river water and retail chicken samples by multiplex PCR, using previously published primers (Table 2.4).
PCRamplicons were electrophoresed on a 2% agarose gel and fragment sizes were checked against a 100
bp DNA ladder (New England Biolabs). Lane 1 contains the positive controKitzgiella pneumoniae
UTI448,blaswy, blarewm, blactv*, blaoxA. Lane 2 cotains the negative control. Laneg63 contain a

selection of retail chicken isolates from this study:-8fBne 3), SFR(lane 4), I20 (lane 5), and M32

(lane 6). Lane 7 contains the 100 bp molecular weight marker.
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Figure 4.2. Percentage prevaleO S -l@ctmase genedlarem blashy blactxv, and blaoxain E. coli
isolates from humarclinical (A) and norhuman (B) samples collected in Nottingham.

The humarclinical population oE. colpresented here (n = 415) comprise 150 isolates fromsoaisg Tls

in 150 elderly patient6Croxallet al, 2011b) as well as 140 isolates from cases of bacteraemia and 125
isolates from urine samples across diverse patient gr@affsmshashet al, 2013) The nonrhuman
population (n = 230) represent & colisolates from river water samples and 148 isolates from retail
chicken samples obtained in this study. The prevalence of SHWI, @m OXA genes ih colisolated
from humanclinical samples was significantly higher than the prevalence of those gdhesoiiirom
non-human sampleg*human-clinical vs nosuman;p < 0.0001, twetailedC A & K S NAXEough $EMI
gl a GKS YvYzaild Oz2iadasé gene iéhinBnanE ScRlisolates, the prevalence of this
gene is still significantly higher in hurraimical isolates oE. coli(*humanclinical vs no#human;p <
0.001, twotailedC A a KSNXDa (Said
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4.3.3. Whole-genome sequencing of nechumanE. coliisolates

To provide insight into the previously undefined population structure of-homanE. colias

well as confirm the presence of putative resistance genes and identify EdRBCated
virulence determinants within the population, wheteenome sequencing vggerformed ork.

coli isolated from norhuman sources in this study. Due to budget constraints, E8@oli
isolateswere sequencedrom the population of 23E. colsampled from norhuman sources,

so as to represent the full diversity tie study popudtion with regards to sample source
Indexed and paire@nd libraries were prepared using tiNextera XT DNA Library Preparation
Kitand the libraries were sequenced using the lllumina MiBeqovoassemblies of raw reads

into contigs and scaffolds wengerformed using the SPAdes assemblssembly statistics
were obtained from running th QUAST quality assessment tool atedails of N50 and L50
values, genome size, GC content, and number of Ns per 100 kbp are provided in Appendix
N50 values indicaténe length for which the collection of all contigs of that length or longer
covers at least half an assembly. To eliminate any incomplete assemblies from further genomic
analyses, N50 values of at least 1,900 bp and genome sizes of at. Bdéipiwere casidered

as the minimum criteria for assembled contigs to be used in genomic analyses. The first 12
assemblies highlighted in red in Appenéiindicate genome assemblies that were excluded
from the study population. In addition to excludingcomplete seqgenced genomes, all
redundantisolates (i.e. identical isolates of the same sequence,tfioen the samesample

with the same antimicrobial resistance gene profiles) were also excluded from further genomic
analyses. To determine redundant isolates, a itadus sequence typing (MLS$gript

(https://github.com/tseemann/mis) and the bioinformatics tool ABRicdt€leinheinz, Joensen

and Larsen, 2014)ere run on the assembled genomes to assign a sequence typar8T
generatein silicoantimicrobial resistance gene profiles for each isolate. The MLST script scans
the assembled scaffolds against PUbMLST databases and assigns an ST to each isolate. All
isolates, barring one, obtained from the same sample sourcdgmasd to the same ST, and
defined by the same antimicrobial resistance gene profile were omitted from the study
population as these were multiple isolates of a single strain and were therefore considered
redundant for further genome comparative analyséhe remaining isolates to be included in

the study population were chosen at random. This resulted in a study population inclusive of
128 nonredundantE. colstrains (Table 4.4), isolated from nbaman sources, which were to

be subjected to further gesmic analyses. A summary of the numbeEofcolisolates at each

stage of the investigation is providedfigure 4.3.
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A total of 978 potential
E. coli isolates initially
selected from river water and
retail chicken samples

Isolate source
. River water
. Retail chicken

Figure 4.3. Workflow indicating the numbers &. coliisolates from river water and retail chicken
samples consolidated at each gja of the investigation.

The flowchart illustrates the respective numbersEofcoliisolates from river water and retail chicken
samples at the stages of formal identificationEofcolt Y dzf ( A LJf -Bdfamasé gene§, ditidle |
genome sequencing, andgt-sequencing quality assessment of assemblies. The sample sizes were

refined accordingly at each stage, resulting in ammmanE. colstudy population of 128 strains.
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4.3.4. Whole-genomebased multilocus sequence typing (MLST) analysis of the-non

human population ofE. coli

One method of determining the level of genetic heterogeneity within the -haman
population ofE. coljisolated from river water and retail chicken samples in Nottinghaas

to determinethe prevalence of sequence types (SThk study population was subjectedito
silicoMLST analysis and ST designations were obtained for all 128 dinsining a MLST

script which scans the genome assemblies against PUbMLST databases, basesewarike

coli housekeeping genesadk, fumG gyrB icd, mdh, purA recA, and assigns an ST to each
strain. Closely related STs were then grouped into ST complexes using the PHYLOViZ platform,
and a complete minimum spanning tree (MST) of all the STs in thdatimpuwas constructed

(Fig. 4.4 The sequence types were clustered based on sharing allele types rather than
weightingSNPE G KSNB T2 NB > (KS a {-6rgahidnt dad dobsinadt &tampO t dza
to infer phylogeny.

Sequence typing analysis revealed that Eheolpopulationisolated from noshuman samples

in this study is genotypically diverseth a total of 64 STs identified among all 128 stréireble

4.5). Considering the size of this study population, such a variety of different STs being identified
from these samplewould suggest considerable genotypic diversity amongmamanE. colj

from river water and retail chicken samples. The ST designatimgyrouped into clonal
complexes by their similarity to a ceal allelic profile (genotype)n the study population16
different ST complexes were identifiagith 50 strains being grouped into one of the knofn
coliST complexesiowever, the majority of strains (n = 78) were designated STs which are not
grouped into larger clonal complexes of closely related SOrshek demonstrating the
genotypic diversity within the populatioetermining the sequence types of bacterial strains

can assist in the production of a population mayhich can be used to analyse the genetic
relatedness of a population of bacteriBheMST (Figd.4) reveals that the river water and retail
chicken populations dE. colidemonstrate relatively similar levels of diversity with regards to

ST prevalence, with 38 STs identified among strains isolated from river water samples and 31
STs from etail chicken samples. Only 5 of the STs identified (ST10, ST93, ST746, ST752, and
ST1551) were present in both river water and retail chicken samples, whereas 33 STs were
exclusive to the river water population and 26 STs were exclusive to the retaidechic
population. This illustrates a genotypic difference betwéerolistrains isolated from the two
sources, and it suggests that separate populations.afoliexist in each environmental source

(freshwater versus the food chain).
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The population mapHig. 4.4) also suggests that the Ammman population ofE. coliis not
dominated by the major STs/ST complexes that are largely responsible for extraintestinal
infections in humarclinical populations ofE. col{Kallonenret al., 2017; Alhashas#t al., 2013;
Croxalket al., 2011b; Laet al., 2008) Rather, the nothuman population oE. colivould appear

to be composed largely of a wide vasieatf different STs, with the ST10 clonal complex emerging

as the major central genotype, along with closely related STs such as ST93, ST746, ST752, and
ST1551, which were identified in both types of Hmman sources oE. colianalysed. This
suggests a wler prevalence of these particular STs across the environment and in the food
chain. The abundance of the ST10 clonal complex across river water and retail chicken samples
observed in this study is expected as several previous studies have reported 3fid Onast
prevalent genotype in retail chicken meat, other meat types, and environmental wgdensi

et al, 2017b; Chert al, 2016; Cohen Stuget al., 2012; Overdevestt al., 2011) Only one
instance of the important pathogenic ExPlE@age ST131, was observed in the rlomman
population ofE. colin this study. The dearth of this particular sequence type, as well as the lack
of other wel-known EXPEC sequence types, suit@®b, ST7andST69, provides an indication

of the prevalence of human EXPEC strains in themonan population oE. coliwhich appears

to be very low. It also gives an insight into the phylogenetic structure efpthpulation and
suggests that the nchuman population oE. colis perhaps predominated by strains that are

characteristically commensal or nguathogenic.
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Table 4.4 Sequence type designations for the 128 sequenced-homanE. coligenomes.

Strain ST ST Sample source Sample name

name complex

AFR4 10 10 Retail chicken  Asda free range 1

AFR6 10 10 Retail chicken  Asda free range 1

AFR12 10 10 Retail chicken  Asda free range 2

AFR22 10 10 Retail chicken  Asda free range 2

ELU39 10 10 River water East Leake upstream
ELU103 10 10 River water East Leake upstream
GU34 10 10 River water Giltbrook upstream

11-16 10 10 Retail chicken Iceland 1

11-17 10 10 Retail chicken Iceland 1

11-19 10 10 Retail chicken Iceland 1

11-24 10 10 Retail chicken Icelard 1

M2-2 10 10 Retail chicken  Morrisons 2

M2-3 10 10 Retail chicken  Morrisons 2

M2-4 10 10 Retail chicken  Morrisons 2

M2-8 10 10 Retail chicken  Morrisons 2

T1-61 10 10 Retail chicken Tesco 1

GUS53 20 20 River water Giltbrook upstream

11-21 48 10 Retal chicken Iceland 1

12-1 48 10 Retail chicken Iceland 2

ELU7 58 155 River water East Leake upstream
ELU21 58 155 River water East Leake upstream
EPU62 58 155 River water Erewash Pinxton upstream
12-20 69 69 Retail chicken Iceland 2

M3-27 69 69 Retal chicken Morrisons 3

T33 69 69 Retail chicken  Tesco 3

T314 69 69 Retail chicken  Tesco 3

EPU17 93 168 River water Erewash Pinxton upstream
M3-18 93 168 Retail chicken  Morrisons 3

S24 93 168 Retail chicken { I Ay aodzNE Qa H
S28 93 168 Retail chicken S Ay aodzNE Qa H
TFR1L 93 168 Retail chicken  Tesco free range

Gu4s 108 None River water Giltbrook upstream

M3-24 115 None Retail chicken  Morrisons 3

M3-28 115 None Retail chicken  Morrisons 3

M3-30 115 None Retail chicken  Morrisons 3

M3-34 115 None Retailchicken Morrisons 3

M3-36 115 None Retail chicken  Morrisons 3

SFRI1 117 None Retail chicken { I Ay aodzNk Qa 71
T1-27 117 None Retail chicken  Tesco 1

T1-30 117 None Retail chicken Tesco 1

T1-39 117 None Retail chicken Tesco 1

GD45 131 131 Riverwater Giltbrook downstream
GU50 135 None River water Giltbrook upstream

Gus7 141 None River water Giltbrook upstream

T1-35 155 155 Retail chicken Tesco 1
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GU51
EPD30
11-11
11-25
12-5
12-6
S23
GU15
EPUS5S
EPUS1
GD3
GD162
GU35
ELUS87
Gu82
ELUGS
GU1
GD46
GD109
GD49
T1-11
GU10
ELU122
SFR
TI1
ELU98
T15
T1-25
T1-32
T1-53
T1-57
T1-73
T1-52
GuU43
GU6
GuU77
EPDS
11-5
11-12
T321
SFR4
ELU28
GuU24
ELUS8S
SFRL5
AFR16
GU52
M3-22
S27

201
218
354
354
354
354
362
394
399
399
409
410
446
537
546
635
635
642
644
648
665
706
746
746
746
752
752
752
752
752
752
752
770
906
929
929
973
997
997
1011
1112
1122
1125
1276
1408
1551
1551
1551
1551

469
10
354
354
354
354
None
394
399
399
None
23
446
14
None
399
399
278
538
648
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None
None

River water
River water
Retail chicken
Retail chicken
Retail chicken
Retail chicken
Retail chicken
River water
River water
River water
River water
River water
River water
River wate
River water
River water
River water
River water
River water
River water
Retail chicken
River water
River water
Retail chicken
Retail hicken
River water
Retail chicken
Retail chicken
Retail chicken
Retail chicken
Retail chicken
Retail chicken
Retail chicken
River water
River water
River water
River water
Retail chicken
Retail chicken
Retail chicken
Retail chicken
River water
Rver water
River water
Retail chicken
Retail chicken
River water
Retail chicken
Retail chicken
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Giltbrook upstream
Erewash Pinxton downstream
Iceland 1

Iceland 1

Iceland 2

Iceland 2
{FAyaodzZNE Qa H
Giltbrook upstream

Erewash Pinxton upstream
Erewash Pinxton upstream
Giltbrook downstream
Giltbrook downstream
Giltbrook upstream

East Leake upstream
Giltbrook upstream

East Leake upstream
Giltbrook upstream
Giltbrook downstream
Giltbrook downstream
Giltbrook downstream
Tesco 1

Giltbrook upstream

East Leake upstream
{FAYyaodzZNE Qa ¥FI
Tesco 1

East Leake upstream

Tesco 1

Tesco 1

Tesco 1

Tesco 1

Tesco 1

Tesco 1

Tesco 1

Giltbrook upstream
Giltbrook upstream
Giltbrook upstream

Erewash Pinxin downstream
Iceland 1

Iceland 1

Tesco 3
{FAYyaodzZNE Qa ¥FI
East Leake upstream
Giltbrook upstream

East Leake upstream
{FAyaodzZNEQa FI
Asda free range sample 2
Giltbrook upstream
Morrisons 3
{FAyaodz2NE Qa H



T13 1551 None Retail chicken  Tesco 1

T31 1551 None Retail chicken  Tesco 3

T37 1594 None Retail chicken  Tesco 3

T318 1594 None Retail chicken  Tesco 3

TFR2 1594 None Retail clicken Tesco free range
TFR1S5 1716 None Retail chicken  Tesco free range
T1-7 1800 None Retail chicken Tesco 1

GU2 2136 None River water Giltbrook upstream
GD93 2178 None River water Giltbrook downstream
Gu47 2178 None River water Giltbrook upstream
M2-1 2309 None Retail chicken  Morrisons 2

M2-5 2309 None Retail chicken  Morrisons 2

12-18 2459 None Retail chicken Iceland 2

GU41 2521 None River water Giltbrook upstream
GuU45 2521 None River water Giltbrook upstream
M3-29 2705 None Retail chicken  Morrisons 3

ELU29 2722 None River water East Leake upstream
ELU34 3578 None River water East Leake upstream
GuU13 4105 None River water Giltbrook upstream
GuU27 4105 None River water Giltbrook upstream
GU31 4105 None River water Giltbrook upstream
GU70 41056 None River water Giltbrook upstream
GU80 4105 None River water Giltbrook upstream
S25 4243 None Retail chicken { I Ay a o dzNE Qa
S210 4243 None Retail chicken { I Ay a o dzNE Qa
T319 4243 None Retail chicken  Tesco 3

TFR6 4937 None Retail chicken  Tesco fee range

S22 4993 None Retail chicken { I Ay aodz2NkE Qa
T1-56 4994 None Retail chicken  Tesco 1

GD138 5236 None River water Giltbrook downstream
TFR13 5931 None Retail chicken  Tesco free range
GU5 5995 None River water Giltbrook upstream
M2-7 6664 None Retail chicken  Morrisons 2

T1-49 6664 None Retail chicken  Tesco 1

Table 4.4. Sequence type designations for the 128 sequencedmonanE. coligenomes.

Of the 180 sequenceH. coligenomes obtained from river water and retail chicken samples, 128 non
redundantE. colistrains (i.e. strains meeting the minimum assembly quality criz@@daare distinct in
terms of ST oresistance gene profile, if isolated from the same sample) were included in the final study
population of noFhumanE. coli The populdbn represents strains isolated from 5 different river water
samples and 11 different retail chicken samples. Sequence types were determined for each sirain by

silicoMLST analysis.
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Figure 4.4. Minimum spanning tree (MST) illustrating STs of tha-hamanE. colipopulation isolated from river water and retail chicken samples.
The MST was produced using Phyloviz v3.0, which uses goeBURST to divide an MLST data set into groups of relatezldsalatematekes. The size of the nodes reflects

the number of strains belonging to each ST. Nodes outlined by a-geflewring represent ST complexes present in the population. The sample sources from which the strains

were isolated are overlaid onto the diagram, which reveals a diversity of S3leqrévboth sample types.



4.3.5. Defining the phylogeny of the nofmuman population ofE. coli

To assign each strain to a phylogenetic group, the core genomes of the 128 strains from the
study population were aligned with those of 23 publicly availabference strains (Table 4,1)
representing the sevek. colphylogroups (A, B1, B2, C, D, E, and F) and five dagatierichia
clades (&, ClI, Clll, CIV, and €/). The core genome SHBsed phylogenetic tree of the nen
humanE. colipopulation wa built using Parsn@and phylogroup/cryptic clade assignment was
made based on clustering with the reference strains on the phylogenetic tree4(Bjg From

this analysis, it was revealed that 119 strains belonged to six of the &&wveuliphylogroups

with phylogroup C not being represented in the population. Furthermore, two strains were
grouped with the sistelEscherichiacryptic clade @, whereas the remainder of the strains
belonged to the more distantly related cryptic claded]I@n = 1) and>V (n = 6). Thesayptic

clades are novel lineages of the genuBscherichia that are genetically distinct but
phenotypically indistinguishable frofa. coli Gll and GIV strains were not identified in the
population sothe referencestrainsrepresenting these clades, in addition to phylogroupw@re
removedfrom the phylogenetidree in an attempt to improve the resolution and interpretability

of the tree. Cryptic clade-Cshares a recent common ancestor with the seven phylogroups
comprising the majoty of the population, illustrating thgenetic similarity between this lineage

and theE. colphylogroups. Ifiact, according to the ClermoR. colphylotyping method, clade

Cl is recognised as the eighth coliphylogroup(Clermontet al., 2013) This indicates how
phylogenetically distindhe cryptic clades @l and €V are from the rest of the population, and

they therefore serve as an outgroup for the population under investigation in this study, whilst
allowing the tree to be rooted, as shown in Figure 4.5. Due to the presenckl@i@ GV strains

in the population, a very small core genome alignment of 87,981 bp covering the 146 strains was
I OKAS@SR dzaAy3 t I NAEYL] 0X @byt Rlignm&n§howdsersS NSy O
total of 59,317 SNPs were identified across the alignmiemther demonstrating the extreme

genetic diversity that exists in the ndruman population oE. coli

With regards to thee. colphylogroups present in the nemuman population, it was found that

the most highly represented group was phylogroup A, with 49 (38%9fdi8 strains belonging

to this group. This was followed by 27 strains (21%) being grouped in phylogroup D, 18 (14%) in
phylogroup B1, 10 (8%) in phglmup E, 9 (7%) in phylogroup B2, and 6 (5%) in phylogroup F.
Phylogroup B2 strains generally carry more viruleasgociated genes than strains belonging to

the other groups ddPicardet al., 1999) and strais that cause extraintestinal infections are
predominantly associated with phylogroup B2 and, to a lesser extent, phylogrdBg&rdet

al., 1999) Several studies have reported phylogroups A and Bl as beieity domposed of

commensal strains d&. coliPicardet al., 1999, Durieet al., 2001) Based on the phylogroups
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represented in the nouman population ofE. coliin this study, it wouldappear that the
majority of the population constitutes largely commensal and #pathogenic strains, as
illustrated by the higher prevalence of phylogroup A and Bl strains in the population.
Phylogroup D was found to be the secemdst prevalent group irthe population, so the
presence of extraintestinal pathogeric col{EXPEC) cannot be ruled out; however, due to the
lack of phylogroup B2 strains in the population, it would be expected tti@prevalence of
EXPEC is low among isolates from river watat retail chicken samples. While there was no
discernible pattern of phylogenetic grouping associated with source of isolation (i.e. no clear
phylogenetic split), it was noticeable that certain phylogroups appeared to be dominated by
strains isolated frm a particular source (Fig.5). This would include phylogroups B1, B2, and
cryptic clades @l and GV, which are dominated by river water isolates, and phylogroups D and

E, which are largely composed of isolates from retail chicken samples.

ST/ST compk designations representing three or more isolates (as typeth tsjilicoMLST
analysis) are overlaid onto the phylogenetic tree (&if), in addition to known representatives

of EXPEC (ST131 and ST648) and EPEC (ST20) within the population, thaugrethes
represented only by a single isolate each. The distribution of STs across tHaumamn
population ofE. coliwould suggest that phylogroup A comprises the highest diversity of strains,
with 16 different STs identified within this group; the majogsence types being ST10, ST93,
ST746, ST752, and ST1594 among them. Other sequence types of note in the population would
include ST115 (n=7) and ST117 (n = 4), of phylogroup D, which are both largely associated with
wild birds and commercial poult§Cristovacet al., 2017) andare commonly shared by APEC
and human ExXPEC straiMalutaet al., 2014; Otecet al,, 2010) Close genetic rations have
beendetected in ST17E. colistrains of animal and human origin, which have been idieatin
large poultry producing countries, suchBazil(Malutaet al., 2014)andthe USADanzeisert

al., 2013) Also of relevance in phylogroup D is ST69 (n = 5), which has been repsateighly
virulentstrainin some animal models withhigh contentof resistance determinant&Cristovao

et al., 2017; Tartoket al., 2005) and has also been associated with extraintestinal infections,
such as UTIs and bacteraemia, in clinical case st{idaonenet al, 2017; Alhashasét al.,
2013; Croxalet al.,, 2011b; Lawet al.,, 2008) Phylogroup F strains are also prevalent within the
population, which is a group closely related to the ExR&Ociated phylogroups2Band D
(Clermontet al,, 2013) Prior to its recognition as a distinct phylogroup, its members were
generally categorised under group D, based d*Cabased phyletyping assay that delineates
only four majork. cdi phylogroups(Clermont, Bonacorsi and Bingen, 2Q0Bowever, an
enhanced version of this ass@ylermontet al.,, 2013) and wholegenomebasedin silicoOMLST

analysis enable differentiation of phylogroup F from phylogroup D. Within this group, one
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instance of ST648 has been identified in the shoiman population oE. coli This genotype is
reported increasingly as an emerging resistaassociated lineaggPitout, 2012)and is
distributed worldwide, occurring as a pathogen and commensal ofirhans and animals
(whether foodproducing,domesticated or wild) and in the environmen{Muller, Stephan and
Nueschlinderbinen, 2016; Goncalves al., 2016; Satet al., 2014; Kangt al., 2013) Though
the phylogenetic structure of the nehuman population oE. colidemonstratesa paucity of
pathogenic strainghat are predominantly associated with extraintestinal infections in humans,
the presence of lineages such as ST131, ST69, and ST648 in-thawam population would
warrant further investigation into the profiles of regsice determinants and virulenee
associated genes that define each strain. This would allow for a determination of the prevalence
of MDR and ExPEC strains amé&ngcoliisolated from foodborne and environmental water
sources, which will be compared withahof the humarclinical population oE. colin chapter

5.
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Figure 4.5 Maximum-likelihood phylogenetic tree of 12&. colistrains isolated from river water and

retail chicken samples in Nottingham and 18 reference strains.

The phylogeny was infeddrom a core genome alignment of the population (87,98 bB817SNPs]146

genomes) constructed using Parsnp. Publicly available reference genomes (Table 4.1 and strain names
marked in red on the tree), belonging to tke coliphylogroups (A, B1, B2, B, and F) and cryptic
Escherichialades (€, CllII, and €/), were included in the alignment to assign strains to a phylogenetic
group based on its position on the tree. The phylogenetic tree was visualised and edited using iTOL. Source
of isolation isannotated on the tree as coloured bars, as well as STs/ST complexes which define three or
more strains. ST20, ST131, and ST648, each represented by a single strain, are also indicated on the tree as
AKFRAY3I 0SKAYR GKS A&zt ledia®@éfiney by Yrandh coldudng adeoddingtd Sy S |
each phylogroup. The tree reveals that six of the seven phylogroups are represented in the population,
with the largest proportion of strains belonging to phylogroup A. Strains belonging to cryptic ela@es C

Ill, and &/ were identified in the population. No strains belonged to phylogroup C or clides@V, so

these reference strains were removed from the alignment.
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4.3.6. Distribution of antimicrobial resistance genes among nbamanE. coli

Allnon-humanE. colgenomeswere screened for the presence of acquired antibiotic resistance
genes by running the bioinformaticpipeline ABRicatewhich scans the ResFinder datab&se
generatein silicoantibiotic resistancegene profiles for each isolat (Fig 4.6). A total of 46
different resistance determinants were identified, corresponding to 8 different antibiotic
Ot FaasSay | Y Aactankf madaiddihcBsaridestréptogramirs (MLS), phenicols,
rifampicin, sulphonamides, tetracyclines, atrinethoprim. The phylogenetic distribution of
resistance genes appears to be relatively consistent across the population, with the exception
of a large proportion of phylogroup B1 represented by river water isolates, which demonstrate
a clearlack of animicrobial resistance genes compared to the rest of the population. Among
these strains, onlytet(34) encoding tetracycline resistance was identified, wheraaslAl
(aminoglycoside)blaremis 0 dlactamase), and sulphonamide resistance germs),(though
possessed by the majority of the population, could not be detected. This is supported by low
level antimicrobial resistance among phylogroupBXolisolated from cattle, which has been
observed previouslyBoket al., 2014) Noticeably, there is also a lack of resistance determinants
present in cryptic clades-ll and €V, which is consistent witl previous study which reported

a low frequency of resiance for the cryptic clade@ngleet al., 2011) but isin contrast with a
recentstudy which has reported antimicrobial resistance among cryptic clade is¢Bltgen et

al., 2015) Acquired antibiotic resistance genes were most prevalent among strains belonging to
phylogroup A and phylogroup D, which is in agreement with previous studies of antimicrobial
resistance among. coliphylogroups(Pavlickova, Dolezalova and Holko, 2015; Moscgtital.,

2015)

Aminoglycoside resistance genes

Twelvedistinct aminoglycoside resistangeneswere detectedrepresenting the largest group

of antimicrobial restance determinants in the population. Tle@dAlgene, which confers
resistance to streptomycin and spectinomycin, was the most prevalent aminoglycoside
resistance gene and was detected in approximately 45% of the population, representing each
phylogroup ecept for cryptic clades-lll and €V. Other streptomycin resistance genes included
strAandstrB, which were also detected at relatively high frequencies, and these two genes were
always detected together. Other than streptomycin resistance, dlae(3}lld gene, which
confers resistance to gentamycin and tobramycin, was detected in two isolates. Aminoglycoside
resistance gnes  that were unique to retail chicken isolates
includedaadA2 aadA5 aadA12 aadAl13 aac(3)lld, aac(3}va, I LIK éco @na aph(4)

la, whereasthe only unique gene to river water isolates wad.JK daoT@edhigh prevalence of
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streptomycin resistance genes in this population is consistent with a previous sthigy found
these genes to bevidespread in environmental habitatnd often occur on mobile genetic
elements which can easily be acquired by different strains and species of bactena
Overbeelet al., 2002) Notwithstanding this, resistance to streptomycin does not usuallindef
multidrug resistance, so phenotypic testing for susceptibility to this agent is not essential
(Magiorakoset al.,, 2012) and the prevalence of genes conferring resistance to this antibiotic

cannot be used as measure of multidrug resistance in the Rbuman population oE. coli
i -lactam resistancegenes

Thein silicoantibiotic resistance gene analysis of the 128 sequecamlgenomeof the study
population indicated an even lower prevalenceE8BL @nes in the population (Fig. 4.6) than
what was suggested by thmaultiplex PCR assay®nducted in section 4.3.2Among sequenced
AazztlrasSasz F G201t 2 TF-lagamasdsTweEré Na@wfied, wittStifeSndost Sy O 2
common beinglaremis (31.5%). fie blaremfamily ofi -lactamasegenes conferring resistance

to the penicillinlike antibiotics such as ampicillin, were prevalent in 35.2% of isolates
representing 5 different variants of the genedremia, blaremis, blaremic blaremin, andblarem

33). This is consistent with several previous studies that have also refdaege@as a commonly
encountered class of antibiotic resistance ge(@ajpaiet al, 2017; Jenat al., 2017) Regading

the i -lactamasegeneblasny and the ESBL genbkcra and blaoxs a notable disparity was
observed between the percentage prevalence data of itheilicoantibiotic resistance gene
analysis when compared to the multiplex PQRasHvand blactxv could notbe detected in the
sequenced isolates, whereas these genes were amplified by PCR in 0.4% and 5.2% of the
population, respectively, representing 13 isolates. However, it must be noted that 8 of these 13
isolates were not included in the population of sequed isolates, thus possibly contributing to
the lack ofblashvand blactsm genes observed in the nemumanE. colipopulation subjeted to

WGS. Furthermordylaoxagenes, namelplaoxa: andblaoxaio encodingcarbapenemhydrolysing
oxacillinaseswere dentified in 1.6% of sequenced isolates; howeverptaxsgenes could be
detected by PCRA possible reason for this disparity could be attributed to the methods used to
detect antimicrobial resistance genes. Bioinformatic detection of resistance genmasWGS

data is considered to be more effective in determining the full spectrum of antibiotic resistance
genes in each isolate, and can generally detect more resistance genes théMéra@ret al.,

2017) In contrast to the low prevalence of ESBtoducingE. colin the population, 5 instances
oftheAmpGf A YaStamaseyeneblacuvywere observed. This gene encodes a cephalomycinase,
which confersSEG Sy RSR NB & A dacthnys Oirkluding firsiyseopri, aid third-
generation cephalosporings well as cephamycins such as cefoxitin and ceftriaxdhaoet

al., 2001) The presence of variantsloicwyin the population was unique . colisolated from
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retail chiken. This is consistent with previous studies that have repdttatiblacuygenes are
commonly present itic. coliand Salmonelldsolated from food animals and retail chick@hao

et al, 2001; Winokuiet al., 2001) which have alsdisplayddecreased susceptibility to ceftiofur

and ceftriaxoneL & ¢l & y20SR GKFd I NBlactahasedderies waS 3Sy

observed across river water and retail chicken isolates.
Macrolide-lincosamidestreptogramin B(MLS)resistancegenes

Genes conferring resistance to macrolide, lincosamide, argptgramin B (MLS) antibiotics
are widespread in bacteriancluding environmental isolates &. coli(Gomiet al., 2017b)
Several of these genes were identified in 34 isolates of thetnoman population oE. coliwith
the most prevalent beingnu(F)(11.7%), and others includitigu(B)(8.9%) mph(B)(4.7%), and
mef(B)(3.1%). The erythromycin resistance gemm(B)and Isa(A)gene were detected in one
isolate, respectively, in addition taph(A),whichwas identified in two isolate$nu(B)andInu(F)
are recognised as members of theu gene family(Achardet al., 2005) which encode
lincosami@ nucleotidyltransferase enzymes responsible for the mediation of specific resistance
to lincosamidessuch as lincomycin and clindamycin. Tilggh(A) gene, which was alstetected
encodes a macrolide phosphotransferase shoten confer azithromycin resistance kn
coli(Howieet al, 2010) Macrolide resistance genesere also detected irkE. coliin a recent
environmental studyGomiet al., 2017b) The resultsof these studiesuggest thakE.colimay
representa major reservoir for macrolide resistance genes which cthada be horizontally

transferred to other bacteria.
Chloramphenicoresistancegenes

Four different chloramphenicol resistance gerfe®lAl, catAl, catB3 andfloR) were detected
in the population. These same four genes were also detected in chloramphessistantE.
coliin two previous studies, which also reportdR as the most prevalent chloramphenicol
resistance genéGomiet al., 2017b) This would suggest that chloramphenicol resistancg.in

coliis typically encoded by these four main genes.
Sulptonamide resistancgenes

Resistance to sulphonamides iB. coliresults from the acquisitio of an alternative
dihydropteroate synthase gensu)) (Perreten and Boerlin, 2003y here are three known types

of sulgenes $ull, sul2 andsul3 described in the literaturéZankariet al., 2012) and all three
were detected in the present study. These genes were identified in roughly 40% of the
population of norhuman E. coli and thus a higher reported prevalence of sulphonamide
NBaArAall yOS 3ISySa ddctamase@enysull addsR2weare reppried with
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relatively similar prevalence (25.8% and 21.1%, respectively), whentdgas detected in only
four isolates While the detection frequency of these threalgenes is in agreement with some
previous studiegGomiet al., 2017b; Kaper, Nataro and Mobley, 200#)ould seem to differ
among other studiegSuet al., 2012; Hwet al.,, 2008) demonstrating the diversity afulgene

distribution profiles among various regions.
Tetracycline resistance genes

Of the 46 distinctet allelesdescribed to datethree types of tetracycline resistance genes
[tet(A),tet(B), andet(34)] were detected in 113 isolates (88.3% of the population).t&t{d4)
gene was the most prevalent tetracycline resistance determinant inpibygulation (78.9%),
followed bytet(A) (B.1%) andet(B) (11.7%)A similar observation of high¢et(A) prevalence
compared totet(B) prevalence irkE. colirecovered from surface waters was reported in a
previous studyHuet al., 2008) In the present studytet(A)was associated with retail chicken
isolates more so than river water isolateskfcoli and thetet(B) gene was not detected at all
in E. colisolated from river water. Althougletracycline is not used to tre&. colinfections in
humans,resstance to tetracycline is still comma@mongE. col(Dominguezt al., 2002) This
would also appear to be the case in RfbamanE. colias suggested by the high prevalence of

tetracycline resistance genes reped in this study.
Trimethoprim resistance genes

Trimethoprim resistance is mainittributed to the acquisition of a trimethopririnsensitive
dihydrofolate reductase, which is the target enzyme of this ag8aputeneet al., 2010) More
than 30 differentdihydrofolate reductasédfr) geneshave been identifiedZankaret al., 2012)
Seven of theselfr genes were detected in the némumanE. colipopulation of the present
study, with thedfrAlresistance gene being the most prevalent variant (16.4%). The prevalence
of otherdfr alleles in the population is low, with thdfrA5allele detected in only 3 isolates and
dfrA7, dfrAl6 dfrAl7, dfrB1, anddfrB4present in only singlesolates, respectivelydfrA17has
frequently been found in clinicdt. coliisolates(Seputieneet al., 2010) which correlates well
with the high level of resistance against trimethoprim observedHorolisdates of human
clinical originn aprevious Mttingham-based studyCroxalkt al., 2011b) In contrast, the lower
prevalence ofdfr genes identified in noimuman E. coliwould suggest much lower levels of
resistaince to trimethoprim. Thisemonstratesthe inefficacy otrimethoprim in clinical cases,

which has traditionallypeendescribed for prophylaxis in T

Although a diverse range afesistance determinants wereletected in the population
corresponding to8 different antibiotic classesit was not completely determinedvhat

proportion of the population explicitly expressed a multidmagistance phenotype (hen
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susceptibility to antimicrobial drugs belonging to 3 or more class€sjriage of certain
antimicrobial resistance genes does not necessarily mean that isolates in possession of those
genes would express the corresponding resistance phenotype. It is suggested that phenotypic
antimicrobial susceptibility testing should be performed as part of futurekwan this study
population, as such testing was not carried out in this study due to time constraints. The low
prevalence of ESBL genes detected in the population would indicate that expression of multidrug
resistance to the extended spectrumiofactamantibiotics likely occurs at a very low frequency,

if at all. Producing an antibiogram for the entire population would provide further insight into
whether a correlation exists between resistance genotypes and resistance phenotypes, and
would further our underganding of the prevalence of multidrug resistance in the wider-non
human population oE. coli Comparisons between the antibiotic resistance gene profiles that

characterise nosfhuman and humastlinicalE coliwill be made in chapter 5.
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Figure 46. Distribution of antibiotic resistance gene profiles across the population of B8colistrains isolated

from river water and retail chicken samples in Nottingham.

The genomes of 12B. colstrains were mass screened for antibiotic resistance gamiega by runninghe ABRicate
bioinformatics tool against the ResFinder database. Presence of resistance determinants are shown on the
phylogenetic tree as purpleoloured bars and are grouped by antibiotic class. ST designations, as deternimed by
siicoMLSTare also indicated on the tree. The most prevalent antimicrobial resistance genes in the population were
identified agtet(34),aadAl blaremis, and thesulgenes. Isolates belonging to cryptic cladésad GV, as well as a
number of isolate®f phylogroup B1, revealed much lower carriage of these genes in comparison to the rest of the

population.
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4.3.7. Determining the prevalencef EXPEGtrainsin the norn-human population of

E. coli

Multiple research groups around the world have reportedomsistent observation of specific
human ExXPEC lineages in poultry or poultry prodictsnsoret al., 2017; Jakobsest al., 2010)

as well as in river and surface watdgiGomiet al, 2017b; Muller, Stephan and Nuesch
Inderbinen, 2016)This would apparently provide evidence to supyibe hypothesis that there

may be a poultrand environmentateservoir for human ExPHEEr this eason, an investigation

was carried out to determine the prevalence of EXPEC strains amarwisolated from retail
chicken and river water samples in this study. This involved screening all genomes of the study
population for the presence ofspecificvirulenceassociated genes (VAGSy running the
bioinformatics pipeline ABRicate, which scans Weulence Factors Database (VFD8)
generatein silicoVAGprofiles for each isolat¢Fig. 4.7. The definition of EXPEC used in this
study is based on thpresence of five virulence markers, as implemented in previous studies
(Gomiet al., 2017b; Johnson and Stell, 200Dhe EXPEC pathotype was definedhgypresence

of two or more ofpapAand/or papG afa/dra, kpsMT lliutA, andsfa/foc, so therefore only these
VAGs were considered in the analysis. The most frequently detected EXPEC virulence marker in
the population (Fig. 4.7) was the iron acquisition gena (61/128), which was more connly
detected in retail chicken isolates (90.2%) than in river water isolate&. ofoli(9.8%).
Geneclusters forthe S fimbrial adhesinsfd) and F1C fimbriaefdc) were less frequently
detected in the population (9/128). Similarly, subunits of @@ operonpapAandpapC which

are associated with adhesion to the upper urinary tract, were detected together in 8 strains,
with the exception of one strain (AFR) which possessed orpgpC Theafa/dra operons were

present in only one isolate, whildté type Il capsule markdspsMT Iwas not detected at all.

Contrary to previous studies, the EXPEC virulence gene profiles generated in this study indicate
that the prevalence of EXPEC strains in the-homan population oE. colis very low; only 11

of the 128 norhuman E. coliisolates (8.6%) were classified as ExR@&a€ed on their VAG
profiles. These EXPEC strains are phylogenetically distinct and are distributed across four
different phylogroups, with 2 strains belonging to phylogroup D and 3 stralenging to each

of phylogroups A, B1, and B2, respectively. Additionally, EXPEC strains were identified in both
river water (n = 7) and retail chicken (n = 4), indicating a presence of potentially pathogenic
strains in the environment as well as the fooldain. Consistent with a recent environmental
study by Gomet al. (2017b) nonhuman isolates of EXPEC exhibited clonal distribution with
ST10, STC14, ST69, STC168, ST115, ST131, ST141, STC155 and ST4937 prgvillest amon
isolates. Clinically important clonal groups among these isolates would include ST10, STC14,

ST69, and ST131. Although the sample size of ST131 isolates found and analysed in the present
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study is very small (exactly one isolate), this strain didcaory any CTXI-type ESBLS, which

may be an early indication that environmental ST131 and huofiaital ST131 strains may be
different in terms of their phylogenetic distribution, as suggested by a previous study using a
similar study settingGomiet al., 2017b) Further genomic analyses between clinically important
strains of noAhuman and human origin will be carried out in chapter 5. It was found that ST58
isolates, belonging to the 335 complex of phylogroup Bl,were the most commonly
encountered of all EXPEC isolates detected (27.3%). These isolates were positive for the VAGs
pacA papC iutA, andsfa/foc, exhibiting a similar virulence gene profile to the ST131 strain. STC
(sequence type complex)b5was recenly reported as a clonal group of animal origin that is
spreading in humanandis highly drugresistant(Skurniket al., 2016) It is therefore interesting

to note in the present study that STC155 isolates were pegxan river water as well as retail
chicken samples, with EXPEC strains of STC155 being exclusive to river water. This is supported
by previous studies which have also reported STC155 strains in surface (@oenset al,

2017b; Muller, Stephan and Nuesbiderbinen, 2016) Noticeably, however, genes encoding
multidrug resistance were not identified in STC155 strains isolated in the current study,
suggesting little clinical relevance. Contamiaatof surface waters with EXPEC strains belonging

to clinically important STs would therefore be of little or no concern to human health due to the

occurrence of these strains at such low frequencies in the environment.
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Figure 4.7. Distribution of EXEC virulenceassociated genes among the population of 1E8colistrains
isolated from river water and retail chicken samples in Nottinghaifthe genomes were mass screened
for VAG carriageéby running the ABRicate bioinformatics tool to scan the VirulEactors Database
(VFDB). The presence of two or more of the following VAGs were used to define the EXPEC ppathAtype:
and/or papG afa/dra; kpsMT [l iutA; andsfa/foc. Presence of VAGs is annotated onto the maximum
likelihood phylogenetic tree as redloured bars and the strains identified as EXPEC are highlighted in
green. ST designations, as determinednbgilicoMLST, and isolate sample source are also indicated on
the tree. The prevalence of EXPEC strains among river water and retail chickkss sauhow (8.6%) and

these pathotypes are distributed among phylogroups B2 aad ®ell as phylogroups B1 and A.
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4.4. Conclusions

In the present studyE. coliobtained from river water and retail chicken samples in the Greater
Nottingham area were siccessfully characterised by whedenome sequencing. From the
initial samplingE. colwere identified in 6 out of the tal 9 river water samples collectednd
82 of all isolates selected from CLED plates (16%) were formally ideasfedolj through a
combination of microbial culture on chromogenic media, biochemical testing, and confirmation
with the API 20E test systeifa. colwere also isolated from 1dut of 20 retail chicken samples
processedA markedlyhigher prevalence oE. coli(88%)wasobserved fromthe 416isolates
selected fromretail chickensample platesThe presence dt coliin freshwater and surface
watersis a strong indication of recetumansewage or animal waste contaminatida. colis

a natural coloniser ofhe gastroirtestinal tracts of a wide range of wild and domeatid
animals, particularly thoseised for human consumptigsuch as chicken$he retail chickens
sampled in this study may have been contaminated at any ofrthiiple steps along the food
chain,from production andprocessingat the abattoir todistribution and retail marketng in
Nottingham The presence of EXPEC lineages in retail chicken samples may iadioatearly
faecal contaminatiorof the chicken meat occurredt the slaughterhouserlhedifference inE.
coliprevalence observed between retail chicken and river water sanipldsgs studycould be
attributed to the wastewater treatment processesithin the Trent River basjwhich would
appear to keep the release of effluents under relatigentrol, and thus reducing the
contaminationof streams and river®y faecal pathogen<onversely, the numbers &. coli
isolated in this study would suggest thabntamination of British retail chickerby faecal
organisms is much harder to contraluring the process of preparinghickenfor human

consumption

Wholegenome sequences for the study population of 128 shoman E. colistrains were
analysed byin silicomultilocus sequence typing (MLS&hd the population was found to be
extremely clonallydiverse, consisting of 64 different sequence types. It was evident from this
analysis thathe nonhuman population oE. colis not dominated byhe ST complexethat are
commonly associated withrinary tract and bloodstream infectionsuch as the ST13ST95,
ST73, and ST69 compleX&sllonenet al,, 2017; Alhashasét al.,, 2013; Croxakt al.,, 2011b;
Lauet al., 2008) Thenon-human popudtion of E. colianalysed in this studgomprised a wide
variety of different STsyith the majority of strains not grouping into larger clonal complexes,
demonstrating the genotypic diversity within the populatidrheST10 clonal complexasthe
mostfrequently encountered clonal groupepresenting approximately 15% of the Nottingham
non-humanE. colipopulation analysed in this studgnd was prevalenin bothriver water and

retail chicken samples. This is an indication that the ST10 complex is vedeéspeross the
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environment and in the food chajrconsistent with the findings of several previous studies
(Gomiet al, 2017b; Cheret al., 2016;Cohen Stuaret al, 2012; Overdevestt al., 2011)
Although current literature has reported the presencewddll-known ExXPE€equence types in
environmental waters and retail poultry, this study pinpoints a lackswéh strains in the
Nottinghampopulaion of nonthumankE. colj suggesting the overgltevalence ochumanExXPEC

strains inpopulationsof non-human and commensa. colis very low.

Wholegenome analysis enabled the detection of 46 different resistance determinants among
all isolates of tlk study population. The most frequently encountered resistance determinants
in the northuman population ofE. coliwere tet(34), aadAl sul, andblaremis, Which confer
resistance to tetracycline, streptomycspgectinomycin the sulphonamides and peniailiike
antibiotics, respectively. Thedti prevalence otheseresistance genegsoted in the current
study is in agreement with the current literature, which suggests that resistance conferred by
these genesis widespreadamong E. coliisolated fromenvironmental habitats(Gomiet al.,
2017b; Bajpaket al, 2017; Kaper, Nataro and Mobley, 2008)any previous studies have
reported the presence of MDR. colstrains in surfae watersand waterrelated environments,

as well as in retail poultry and food animads, the basis of phenotypic resistance testing and
detection ofseveral resistance determinan{&omiet al., 2017b; Johnsoat al., 2017; Muller,
Stephan and Nueselmderbinen, 2016; Vincerdt al., 2010; Jakobseet al., 2010; Johnsoet

al., 20053. Multidrug resistancein E. coliis mediated byextendedspectrumi -lactamases
(ESBLs)nainly of the CTK1 family, particularly CT#-15 and 14, andess frequently of the
SHV and OX#Aamilies (NicolasChanoineet al., 2008; Lauet al., 2008) Considering that
antimicrobial susceptibility testing was not performed in this study, it could not be determined
what proportion of the population explicitly expressed a multidregistance penotype (nor
susceptibility to antimicrobial drugs belonging to 3 or more classes). Howe\s#icoantibiotic
resistance gene analysimabled a determination off KS LINB @I f -Bofa®&segéngs (1 K S
blasny blarem blactxv, andblaoxs more accurately than through multiplex PCR assays. Many
environmental studies reporting isolates that carry ESBL genes often target resistant isolates in
their sampling procedui® and therefore do not report an accurate representation of ESBL
prevalence with regard to the wider ndmuman and environmental population &f. coli In this
study, however, an unbiased sampling strategy was employed, in combination with-whole
genome squencing of isolates, to reveal that a paucity of ESBL genes exists in tineiman
population ofE. coli suggesting that multidrug resistance occurs at levels much lower than

described in humadlinical populations o. coli

Reconstruction of thehylogenetic structure of the populatiorevealed that six of the seven

known E. coliphylogroups were represented in the population, as well the cryfgicherichia
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clades @, Clll, and €/, demonstrating the full spectrum of genomic diversityeofcolin the
non-humank. colistudy population.The majority of strains (approximately 52%) belonged to
phylogroups A and B1, which are usually dominated by commensal arpatbagenic strains
(Duiezet al., 2001; Picaret al., 1999) whereas roughly 28% of the population were assigned
to phylogroups B2 and D, which are typically associated with stiiafttause extraintestinal
infections (Johnson and Stell 2000; Picagtl al, 1999) This suggests that the ndmuman
population of E. coliconstitutes a high proportion of commensal straimgth a much lower
prevalence of EXPEC straifis was confirmed lin silicoVAG pofiling of each strain fogenes

that are used to define EXPEC. This analysis revealed that only 8.6% of thermanE. coli
population could be classified as EXPEC. Moreover, these strains exhibited clonal diversity and
only a small number of clinicalijmportant clonal groups were identified among these isolates,
with very low prevalenceAlthough a smalécale representation of human EXPEC lineagesh

as ST131, STe&nd ST648has been determined through phylogenetic analysis in the present
study,it cannot be overlooked that previous studies consistently reporting the presence of such
clonal groups in the environment and the food chaiould appear to support the hypothesis
that these sources may serve as reservoirs for human EXPEC infddtimerer, further
investigationusing methods with higher resolving power would be required to determine the
genomic relatedness between clinically importaat coliSTsisolated from nosdhuman and
humanclinical sources, as MLST and phylogenetic analysestakdyinto account variation
within sections of the core genome. Any variations within the accessory genome that may
contribute to virulence would not be detected. This will be addresisedhapter 5 through
comprehensive comparative genomics, whichay ofer the discrimination necessary to
determine if a noFhuman reservoir of human EXPEC existsaditess whetheit contributes

to the burden of humamxtraintestinalinfections.
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CHAPTER 5

Comparativepopulation genomics of
Escherichia cofrom human-clinical and

non-humansources
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5.1. Introduction

Multilocus sequence typing (MLST) analysis in chapter 4 demonstrated that thieungan
population ofE. colin Nottingham is clonally diversé very low prevalence of EXPEC strains
was identified inthis population, and additionally, the occurrence of extendedJS O G -NXzY
lactamase (ESBL) genes (and thus potential for multidrug resistance) was nedligése.
results contrasted with previous studies reporting the presence of specific human exttaiates
pathogenicE. coli(ExXPECaNnd multidrugresistant (MDR) lineages poultry (Johnsoret al.,
2017; Jakobseewet al., 2010)and surface watergGomiet al., 2017b; Colemaset al, 2013)
Several previous studies have attempted to attribute transmission of BRPEGans to poultry

or other environmental sourcebut the majority of these studiessually selectively culture fo
antimicrobialresistant bacteriarather than culturing all bacteria and then quantifying resistant
strains within that population. These studies, therefore, do not present an accurate snapshot of
the prevalence of multidrugesistantE. colin the envionment and foodchain(Manges 2016;
Lazarugt al., 2015) Many of these studies have used traditional, {msolution typing methods

to deducethat theseE. colistrains, andyenes such as tse encodingntibiotic resistancend
virulence factors can spread from foegroducing animals, via the foechain, to humans
(Platellet al., 2011b; Dolejskat al., 2011a) and additonally from environmental sourcédang

et al, 2013; Dolejskat al.,, 2011b) However, thesenethodsmay not have provided sufficient
resolution to reliably assess the relatedness of thesairss isolated from norhuman and
humanclinical sourcesThis highlights the importance of applying whgenome comparative

analysiswith the aim of distinguishing between seemingly related strains of bacteria.

E. colisolated from different geograpbal regions and ecosystems have highly heterogeneous
genomes and may vary in size by up to 1 NBergthorsson and Ochman, 1998hediversity
between E. coligenomescan be attributedto the deletion or acqusition of mobile genetic
elements by horizontal gene transfdn a previous studyy Lawrence andDchman(1998) it

was found that~18% of all open reading frames (ORFs) of Ehecolistrain MG1655 are
horizontdly acquired, which have conferred properties permittiBgcolito colonise otherwise
unreachable ecological niches. Horizontal gene transfer is largely responsible for the evolution
of different E. colipathotypes, as many virulenassociated gene@dhesins, toxins, invasins,

and others) and antibiotic resistance genes may be encoded on mobile genetic elesumhis

as pathogenicity islands, plasmids, and transposons. Genes conferring other selective
advantages, such as niche adaptation and fitness) aiske up part of the dispensable
(accessory) genome and can be readily transferred between strains via methods of horizontal

gene transfer, such as conjugation and transduction. WAgelaome sequencing has provided a
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method by which to comprehensively dlaaterise the genetic diversity and evolution of large
populations of related strains, which had proven very difficult prior to the advent of whole
genome analysi@Vetzker, 2010)TheE. colspecies, which can nge from harmless commensal

to versatile pathogen, is a model organism for such wAygleome based studigd enaillonet

al., 2010) Anapplication othe comparativegenomics approactwould includethe investigatbn

of disease outbreaks andiagnosis of infectious disease agerntne example is the use of
genome sequencingf environmentalE. colito expand theunderstanding of the ecology and
speciation of this modeadrganism which was achieved in a study by lamal ceauthors(2011)
Genomic comparisons were conducted between pathogenic/commerisal coli and
environmental strains that are phenotypically and taxonomically indistinguishable from
typicalE. colicommensal or patbgenic). It was found that the commensal genomes, which
encode for more functions that are important for fithess in the human gut, do not exchange
genetic material with their environmental counterparts. Due to the high discriminatory ability
of comparativegenomics, it was revealed that genetic exchange between emergent ecologically
distinct phylogenetic clades d&. colimay not be as pronounced or prolonged as would be

expected(Luoet al., 2011)

Phylogenetianalysisof wholegenome sequence dataas transformed our understanding of

the evolution andexpansionof many important bactrial lineagesdue to the highresolution

view it provides.However,many of theseanalyses do not consider the potential role tbe
acessory genomevhen inferring evolutionarpaths To be able to accurately determine and
compare the entire gene contents of multiple genomes, the -panome approach was
developedTettelinet al., 2008) The pargenome is the entire gene set of all strains of a species.

It consists of a core genome, which represents the genes present in all strains of the species,
and also a dispensable or variable (accessory) genome, which refers to genes that are not
present in dlof the strains; these include genes present in two or more strains, or even genes
unique to only single strain@ettelinet al., 2008) Therefore, on inclusion of every new genome

in a pangenome analysis, newrsin-specific genes are added and thus, the size of the pan
genome increases. The core genotygically includes housekeeping genes for celledope or
regulatory functions, while the accessory genome comprises genes which encode for the species
diversity and provides selective advantages for strains, such as niche adaptation, antibiotic
resistance, and virulendactors Pangenome analysis is therefore beneficial for comparing the
population structures and mechanisms of adaptation and evolution for rdifie bacterial
populations, as well as providing targets for vaccines and antibiotic treatffattelinet al.,

2008) Pangenome analysis can also be used to determine the gene pool of a given species

(Tettelinet al., 2005) as well as from different speci@Sordienko, Kazanov and Gelfand, 2013)
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The pangenome approach can also provide a method with which to contrast the gertertto

of strains from the same specidaut of different pathotypes or clonal groups.

A recent study by de Been and colleag{2é14)implemented wholegenome sequencing
(WGS) analyses to study the relatednesseaghalosporirresistantE. colifrom humans, retail
chicken meat, poultry and pig¥hisanalysisdemonstratedsignificantheterogeneity between
human and poultryassociated isolates and the study failegptovideevidence for recent clonal
transmissionof cephalosporirresistantE. colistrains from poultry to humans, as hdaeen
suggestedoreviouslybased on traditional, lowesolution typing methodsAlthough this study
suggested that there is little or no overlap betweEncolisolates of human angoultry origin,

the study had focussed primarily on EBaducingE. coli Similarly, several previous studies
have been conducted attempting to address the question of potential for waterborne
transmission oE. colto humans from freshwater sourc€é®jerUsoz, Gonzalez and Vitas, 2017;
Zhang, Gao and Chang, 2016Jowever, these studies are usually biased towards ESBL
producing and MDIE. colbecause of selectively culturing for resint isolates in their sampling

procedure, and thus the relative abundance of these isolates is largely unknown.

5.1.1. Aim and djectives

There is a need for wholgenore-based comparativeanalyses ofE. colipopulations from
poultry and the environmeraind humans, in whicBSBiproducingE. colare not the sole focus

but instead investigatediproportion to their frequency. To address this, comparative genomic
analysis of WGS data for ntwaman and humastlinical populations oE. coli obtained from

the same geographical region, is performed in this chapter, in order to provide sufficient
resolution to determine the level of genetic heterogeneity between these populations. The two
populations compared in this chapter include an unbiased sample laitésy with regards to
antimicrobial resistance, obtained from river water and retail chicken meat in the Nottingham
area (i.e. the noshuman population ok. colidefined in chapter 4). Representing the human
clinical population oNottingham is a colle@n of blood andurine-derived isolates oE. colj
obtained from hospital and communityacquired extraintestinal infections.Nottingham
provides the ideal regional ecosystem for comparison of such populatidasauili because of

the comprehensivegphenotypic and genotypiclata available for humastlinical ExPES&trains,
collected by the NTU Pathogen Research Group ovepdise decadgAlhashashet al,, 2016;
Alhashastet al, 2013; Croxakt al, 2011b; Croxakt al, 2011a) Inclusion of humaielinical
strains isolated from these Nottinghabased studies allows for geographically constrained
comparisorbetween the two populationsBy applying a pagenome approach, in conjunction

with core genome phylogenetic analyses, this chapter aims to providerégghution genomic
139



comparison to determine the extent of genetic overlap between the-haman and human
clinical populations oft. coli in Nottingham. These comprehensive comparative genomic
analyses aim to provide sufficient discriminatiom address whether the nchuman reservoir

of E. colicontributes to the burden of hospitahind communityacquired human extraintestinal

infections in this region.

Specific objectives of this chapter were:

1 Tocomparethe population structures of humadalinical and nofhumanE. coli, with
regards tothe prevalence of clinically important STas determined byin silico
multilocus sequence typing.

1 To determine the relatedness of strains from the hurpaimical and norhuman
populations ofE. coliby constructing a SNIPased core genome phylogenetic tree.

1 To compare the prevalence of antimicrohiasistance determinantandthe prevalence
of human KPEC straingetween the humarclinical and norfhumanpopulatiors of E.
coli.

1 To constructphylogenetic tres from core genome alignments orderto determine
the relatedness of two nohuman representative strains of clinically important STs,
ST131 (G¥) and ST648 (GD49), to the wider populations of the ST131 and ST648
lineagesobtained from multiple hosts.

1 To perform comparative genomic analysis of all haman and humaitlinical strains
of E. coljusing a paigenome approach to identify the propaohs of genomidoci that
are unigue to either population or present in both populations

1 To determine the extent of gene movement between closely related strains of the
humanclinical and nofhuman populations oE. coli by comparing the pagenomes
and detected core genome recombination events between strains of ST69 and ST10

from both populations.
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5.2. Materials and Methods

The keybioinformatics tools,scripts and methodsused in this chapter were desioed
previously in sections 2.6@22.6.7 of chapter 2. Thé. colistrainslisted in Table 5.1 represent

the humanclinical population in Nottingham, which were used for comparative genomic
analyses with the nothuman population ofE. coli TheE. colistrains used for comparative
phylogenetic anaises of ST131 and ST648 populations are detailed in Table 5.2 and Table 5.3,

respectively.

Table 5.1. One hundred and thirtsix sequenced humauwlinical E. coligenomes isolated from

Nottingham.
Strain name ST ST Sample Disease type Year of
complex source isolation
B3 131 131 Blood Bacteraemia 2011
B5 131 131 Blood Bacteraemia 2011
B9 10 10 Blood Bacteraemia 2011
B10 73 73 Blood Bacteraemia 2011
B14 73 73 Blood Bacteraemia 2011
B16 131 131 Blood Bacteraemia 2011
B18 73 73 Blood Bacteraemia 2011
B20 10 10 Blood Bacteraemia 2011
B22 131 131 Blood Bacteraemia 2011
B26 131 131 Blood Bacteraemia 2011
B29 73 73 Blood Bacteraemia 2011
B31 69 69 Blood Bacteraemia 2011
B33 69 69 Blood Bacteraemia 2011
B34 95 95 Blood Bacteraemia 2011
B36 73 73 Blood Bacteraemia 2011
B37 131 131 Blood Bacteraemia 2011
B38 95 95 Blood Bacteraemia 2011
B40 73 73 Blood Bacteraemia 2011
B44 131 131 Blood Bacteraemia 2011
B46 131 131 Blood Bacteraemia 2011
B47 131 131 Blood Bacteraemia 2011
B48 131 131 Blood Bacteraenma 2011
B51 131 131 Blood Bacteraemia 2011
B54 131 131 Blood Bacteraemia 2011
B58 131 131 Blood Bacteraemia 2011
B65 131 131 Blood Bacteraemia 2011
B71 131 131 Blood Bacteraemia 2011
B72 73 73 Blood Bacteraemia 2011
B73 73 73 Blood Bacteraemia 2011
B75 131 131 Blood Bacteraemia 2011
B77 131 131 Blood Bacteraemia 2011
B83 196 None Blood Bacteraemia 2011
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B84
B87
B89
B9l
B94
B95
B102
B104
B107
B116
B125
B132
B133
B134
B150
Ul

U2

us

u7
U1z
uis
(UNRY)
uz21
u22
uz24
u30
u36
u42
u44
u48
u50
us8
u60
ue4
ue67
u7e6
u79
uso
uo2
U102
U104
UTI18
UTI24
UTI32
UTI62
UTI1188
UTI226
UTI306
UTl1423

73
58
131
73
131
131
73
131
38
133
131
131
131
73
131
73
131
131
73
131
3451
10
73
95
73
73
73
73
131
73
73
91
95
69
69
73
131
131
131
38
3452
131
131
131
131
131
131
131
131

73
155
131
73
131
131
73
131
38
None
131
131
131
73
131
73
131
131
73
131
None
10
73
95
73
73
73
73
131
73
73
None
95
69
69
73
131
131
131
38
None
131
131
131
131
131
131
131
131

Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Blood
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
Urine
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Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI

2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2009
2009
2009
2009
2009
2009
2009
2009
2009



UTI587
F14W091968
F14W1270203
F14W12702€20
F14W13116€0
M14W080122
M14W0B59518
M14W09859531
M14W101150
M14W102050
M14W107589
F14W098435
F14W125408
F14W138284
M14W071194-25
M14W0711942
F14W108540
F14W113875.8
M14W127066
M14W118794
F14W114148
F14W114148
F14W1311662
M14W138421
F13W143423
F14W10416724
F14W10416730
F14W1041631
F14W10446219
F14W1044628
F14W118623
F14W141832
M14W073874
M14W108795
M14W113876
M14W125435
M14W13110335
M14W1311035
F14W071693
F14W080037
F14W108313
F14W1134642
F14W1134640
M14W114085
M14W140076
1980_EC
1982_EC

1983 _EC

1984 _EC

131
10
10
10
10
12
12
12
12
12
12
58
69
69
69
69
73
73
73
80
88
88
95
95
131
131
131
131
131
131
131
131
131
131
131
131
131
131
355
404
404
648
648
648
681
95
2622
538
73

131
10
10
10
10
12
12
12
12
12
12
155
69
69
69
69
73
73
73
568
23
23
95
95
131
131
131
131
131
131
131
131
131
131
131
131
131
131
None
14
14
648
648
648
None
95
None
538
73

Urine
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MSU
MU
Blood
Blood
Blood
Blood
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UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
UTI
Neonatal sepsis
Neonatal sepsis
Neonatal sepsis
Neonatal sepsis

2009
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2015
2015
2015
2015



1985 EC 73 73 Blood Neonatal sepsis 2015

2113 EC 95 95 Blood Neonatalsepsis 2015
2114 EC 95 95 Blood Neonatal sepsis 2015
2286_EC 69 69 Blood Neonatal sepsis 2015
2297 EC 120 None Blood Neonatal sepsis 2015
2300_EC 458 73 Blood Neonatal sepsis 2015

Table 5.1. One hundred and thirtgix sequenced humawlinical E. col genomes isolated from
Nottingham.

One hundred and thirtgix E. coligenomes, from the Nottingham Trent University (NTU) Pathogen
Research Group strain collection, were included in this chapter for comparative genomic analyses with the
Nottingham norhuman population oE. coliisolated in chapter 4. These strains were previously isolated
from humanclinical samples (blood and urine culturedjtained from the QMC hospital in Nottingham.
Genome sequences and annotations were provided as FASTA fileBRafiks from separate PhD studies

at NTU: Gemma Clark, 2009; Fahad Alhashash, 2011; Ruqgaiah Bedawai, 2014; Mohamed Saad, 2015.
ST: sequence type as confirmeditbgilicomultilocus sequence typing analysis; MSU: midstream sample

of urine; UTI: urinartract infection.
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Table 5.2. Two hundred and fortjwo sequencedST13E. coligenomes used for comparative

phylogenetic analysin this chapter.

Strain name Source Sample Year Country Referer_lce/
Accession number
JIE186 Human UTI 2005 Australia ERRS53763
B36EC_81 Human UTI 2007 Australia (Pettyet al., 2014)
MS2481 77 Human Bacteraemia 2007 Australia (Pettyet al., 2014)
MS2493 59 Human Bacteraemia 2007 Australia (Pettyet al., 2014)
S104EC_75 Human UTI 2008 Australia (Pettyet al., 2014)
S105EC_73 Human UTI 2008 Australia (Pettyet al., 2014)
S98EC 75 Human Asymptomatic 2008 Australia (Pettyet al., 2014)
S100EC 53 Human Unknown 2009 Australia (Pettyet al., 2014)
S101EC_81 Human Unknown 2009 Australia (Pettyet al., 2014)
S108EC 61 Human Neutropenia 2009 Australia (Pettyet al., 2014)
S109EC_69 Human Asymptomatic 2009 Australia (Pettyet al., 2014)
S1DEC 77 Human UTI 2009 Australia (Pettyet al., 2014)
S111EC 69 Human UTI 2009 Australia (Pettyet al., 2014)
S112EC 73 Human UTI 2009 Australia (Pettyet al., 2014)
S113EC 75 Human Unknown 2009 Australia (Pettyet al., 2014)
S65EC_79 Human Unknown 2009 Australia (Pettyet al., 2014)
S79EC 75 Human Unknown 2009 Australia (Pettyet al., 2014)
S99EC _49 Human Asymptomatic 2009 Australia (Pettyet al., 2014)
S102EC 51 Human Unknown 2010 Australia (Pettyet al., 2014)
S103EC_73 Human Pyuria 2010 Australia (Pettyet al, 2014)
S107EC_75 Human Bacteraemia 2010 Australia (Pettyet al., 2014)
S77EC 77 Human UTI 2010 Australia (Pettyet al., 2014)
S114EC_77 Human uTI 2011 Australia (Pettyet al., 2014)
S115EC_75 Human UTI 2011 Australia (Pettyet al., 2014)
19770 DA Cat 2009 Austria ERR264251
S121EC 81 Human UTI 2000 Canada  (Pettyetal., 2014)
S123EC 81 Human UTI 2001 Canada  (Pettyet al., 2014)
S125EC_83 Human Swi 2002 Canada (Pettyetal, 2014)
S126EC 79 Human UTI 2002 Canada (Pettyet al., 2014)
S127EC_59 Human UTI 2002 Canada (Pettyetal., 2014)
S131EC 75 Human UTI 2002 Canada  (Pettyetal, 2014)
S122EC 81 Human UTI 2003 Canada (Pettyet al, 2014)
S124EC_77 Human UTI 2003 Canada  (Pettyet al., 2014)
S128EC 79 Human Primary sepsis 2004 Canada (Pettyet al, 2014)
S129EC 79 Human UTI 2004 Canada  (Pettyetal., 2014)
S130EC_83 Human UTI 2004 Canada (Pettyetal., 2014)
S132EC_77 Human UTI 2005 Canada (Pettyet al, 2014)
S133EC 73 Human UTI 2005 Canada  (Pettyetal., 2014)
S134EC_81 Human UTI 2005 Canada  (Pettyetal., 2014)
S135EC_77 Human BTI 2005 Canada  (Pettyetal., 2014)
S120EC_63 Human BTI 2009 Canada  (Pettyetal., 2014)
WCE266 Human Ascites fluid 2005 China LSFO00000000
WCE296 Human Pleural effusion 2005 China LSEZ00000000
WCE307 Human Bacteraemia 2005 China LSGU00000000
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WCE208
WCE233
E4
J09
J21
M8
K0178B
HR47
27678
27679
27683
27684
27685
27686
27690
17530
18582
22233
18572
23942
12520
12556
18342
18982
19001
19336
19529
21176
21177
21178
21181
21182
21201
21514
22022
22186
22239
22372
23511
23778
23927
24089
24510
852
972
1011
1019
1039
1087

Human
Human
Human
Human
Human
Human
Avian
Avian
Avian
Avian
Avian
Avian
Avian
Avian
Avian
DA
DA
DA
DA
DA
Avian
DA
DA
DA
DA
DA
DA
Human
Human
Human
Human
Human
Human
DA
Avian
DA
DA
DA
DA
DA
DA
DA
DA
Human
Human
Human
Human
Human
Human

UTI
Bacteraemia

Asymptomatic

UTlI

Asymptomatic
Asymptomatic

Cormorant
Rook
Rook
Rook
Rook
Rook
Rook
Rook
Rook
Dog
Dog
Dog
Dog
Dog
Chicken
Dog
Dog
Dog
Dog
Dog
Dog
Unknown
Unknown
Unknown
Unknown
Unknown
Unknown
Dog

Bird

Cat

Dog

Cat

Dog

Dog

Cat

Dog

Dog

UTI

UTI

UTI

UTI

UTI

UTI

146

2006
2006
2011
2011
2011
2011
2007
2010
2011
2011
2011
2011
2011
2011
2011
2008
2009
2010
2009
2010
2007
2008
2009
2009
2009
2009
2009
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2011
2011
2011
2011
2011
2011

China
China
China
China
China
China
CZR
CZR
CZR
CZR
CZR
CZR
CZR
CZR
CZR
Denmark
Denmark
Denmark
France
France
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany

LSEX00000000
LSEY00000000
LRXB00000000
LSEG00000000
LSEHO0000000
LSEKO00000000
LSEIO0000000
LRXEO0000000
ERR264279
ERR264280
ERR264281
ERR264282
ERR264283
ERR26428
ERR264285
ERR264240
ERR264245
ERR264266
ERR264244
ERR264273
ERR264278
ERR264289
ERR264242
ERR264246
ERR264247
ERR264249
ERR264250
ERR264257
ERR264258
ERR264259
ERR264260
ERR264261
ERR264262
ERR264263
ERR264264
ERR264265
ERR264267
ERR264268
ERR264269
ERR264271
ERR264272
ERR264274
ERR264275
LNPWO00000000
LNOMO0000000
LRHPO0000000
LRHQO0000000
LRHRO0O000000
LRHS00000000



1223
1351

1366

1369

1380

1389

1402

2963

2999

3019

3020

3134

3140

24790

24839

26368
IR18E_63
IR49_69
IR65_69
IR68_79
MB1074
MB14972
MB17684
MB3298
MB3323
19017

19801

20130

20441

20936

18570

20402

23736
S92EC 51
S93EC_79
S94EC_63
S95EC_75
S96EC_53
S97EC_73
K0198B
HS115
27702

27703

17898
HVM1147 73
HVM1299 69
HVM1619 79
HVM1997 61
HVM2044 75

Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
DA
DA
Livestock
Human
Human
Human
Human
Human
Human
Human
Human
Human
DA
DA
DA
DA
DA
DA
DA
DA
Human
Human
Human
Human
Human
Human
Avian
Avian
Avian
Avian
DA
Human
Human
Human
Human
Human

UTI

UTI

UTI

UTI

UTI

UTI

UTI
Asymptomatic
UTI

UTI

UTI

UTI

UTI

Dog

Dog

Cattle

UTI

UTI

UTI

UTI
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
Dog

Dog

Dog

Cat

Dog

Dog

Cat

Dog
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Cormorant
Rook

Rook

Rook

Dog

Abscess
Abscess

SWiI

UTI

UTI
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2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2011
2009
2009
2009
2009
2012
2012
2012
2012
2012
2009
2009
2009
2010
2010
2009
2010
2010
2009
2009
2009
2009
2010
2010
2007
2010
2011
2011
2008
2010
2010
2010
2010
2010

Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
Germany
India
India
India
India
Ireland
Ireland
Ireland
Ireland
Ireland
Italy

Italy

Italy

Italy

Italy

NDL

NDL
NDL
NZ

NZ

NZ

NZ

NZ

NZ
Serbia
Serbia
Serbia
Serbia
Spain
Spain
Spain
Spain
Spain
Spain

LRHTO00000000
LRHUO0000000
LRVNOOOO0000
LRVO0000000
LRVPO0000000
LRVQO00000000
LRVR00000000
LRVS00000000
LRVU00000000
LRVTO0000000
LRVV00000000
LRVWO00000000
LRVX00000000
ERR264276
ERR264277
ERR26288
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
LSELOO000000
LSEMO00000000
LSENO0O000000
LSEO00000000
LSEPO0O0O00000
ERR264248
ERR264252
ERR264253
ERR264255
ERR264256
ERR264243
ERR264254
ERR264270
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
LSEO00000000
LRXFO0000000
ERR264286
ERR264287
ERR264241
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)



HVM2289_73
HVM277_81
HVM3017_57
HVM3189_79
HVM5_47
HVM52_83
HVM826_63
HVM834_75
HVR2496_77
HVR83_61
P53EC_53
P56EC_47
P146EC71
P189EC 55
P50EC_77
EC958
S39EC_79
S43EC_81
S47EC_79
S53EC_79
S1EC_81
S2EC_61
S30EC_81
S31EC_81
S32EC_79
S5EC_75
S6EC_73
uTI18
uTI188
uTI226
uTI24
UTI306
uTI32
uTI423
UTI587
uTI62
S10EC_77
S11EC 83
S12EC_79
S15EC_83
S19EC 73
S21EC_59
S22EC_83
S24EC_75
S26EC_69
S34EC_75
S37EC_83
S116EC_77
S117EC_49

Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human

UTI

UTI

UTI

UTI

UTI

UTI

RTI

UTI

UTI

UTI
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
UTI

Unknown
Unknown
Unknown
Unknown

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

BTI

BTI

148

2010
2010
2010
2010
2010
2010
2010
2010
2010
2010
2011
2011
2011
2011
2011
2001
2004
2004
2004
2004
2007
2007
2007
2007
2007
2007
2007
2008
2008
2008
2008
2008
2008
2008
2008
2008
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2009
2011
2011

(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
CAFL01000001
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
ERR062284
ERR062289
ERR062293
ERR062292
ERR062295
ERR06294
ERR062296
ERR062291
ERR062297
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)
(Pettyet al., 2014)



S118EGB9
S119EC 71
B104

B125

B132

B133

B150

B16

B22

B26

B3

B37

B44

B46

B47

B48

B5

B51

B54

B58

B65

B71

B75

B77

B89

B94

BY5

u12

U2

U44

U5

u79

uso

u92
F13W143423
F14W118623
F14W141832
M14W073874
M14W108795
M14W113876
M14W125435
M14W13110335
F14W1041631
F14W10416%0
F14W1044628
F14W1041624
F14W10446219
M14W1311035
GD45

Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human
Human

UTI
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraenia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
Bacteraemia
UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

UTI

Environment River water

149

2011
2011
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2012
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2014
2015

UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK
UK

(Pettyet al., 2014)
(Pettyet al., 2014)
LRWUO00000000
LRWX00000000
LRWYO00000000
LRWZ00000000
LRXA00000000
LRWAO00000000
LRWB00000000
LRWC00000000
LRVY00000000
LRWD00000000
LRWEO0000000
LRWF00000000
LRWGO00000000
LRWHO00000000
LRVZ00000000
LRWIO0000000
LRWJ00000000
LRWKO00000000
LRWL00000000
LRWMO00000000
LRWNO0000000
LRWOO00000000
LRWR00000000
LRWS00000000
LRWTO00000mD
LSEQO0000000
LSERO0000000
LSES00000000
LSETO0000000
LSGT00000000
LSEU00000000
LSEV00000000
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished
Unpublished



F283 Avian Crow 2012 USA LRXD00000000
JJ1886 Human UTI 2012 USA CP006784.1

Table 5.2. Two huned and fortytwo sequenced ST13E. coligenomes used for comparative
phylogenetic analysis in thishapter.

Two hundred and fortpne ST131E. coligenomes were included in this chapter for comparative
phylogenetic analysis with the single NottingharoliST131 strain (GD453olated from river water in
chapter 4. These strains were isolated from various hastss multiple geographiciacationsand time

periods The ST131 population includes 125 avian (wild birds), domesticated animal (catggsihd do
livestock (cattle), and humatiinical isolatessequenced as part of a recesttidy byMcNallyet al (2016a)

102 human isolates (clinical and asymptomatic) from a previous phylogenomi¢Ptighet al, 2014)

and 14 humartlinical isolates obtained from the NTU Pathogen Research Group strain collection
(unpublished). The genomes were provided by Alan McNally as FASTA files and the accession numbers (or
citation) forthese genomes are shown in the table.

DA: domesticated animal; SWI: surgical wound infection; UTI: urinary tract infection; RTI: respiratory tract
infection; BTI: biliary tract infection; NDL: The Netherlands; UK: United Kingdom; USA: United States of
Amaeica; CZR: Czech Republic; NZ: New Zealand
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Table 5.3. Eightyine sequencedST648E. coligenomes used for comparativphylogenetic
analysis in this chapter.

Strain name CTXM carriage
F 12 GNB_311 blacrons
F 30 1 R8 ND

F_G N B_2781 blac'rxm.14
F_GIB_2809 ND
F_GNB_2838 blacTxv-15
F_GNB_3697 blactau-15
F N13 1 3 blacTsxv-s
F_QUCO093 blactau-15
GD49 ND
IHIT22921 blacTxv-15
IHIT22927 blactxwv-15
IHIT22988 blacTxw-15
IHIT22990 blactxwv-15
IHIT23010 blacTxw-15
IHIT23044 blactxw-15
IHITB167 blacTxw-15
IHIT23176 blacTxv-15
IHIT23177 blactxwv-15
IHIT25637 blacTxw-15
IHIT25686 blacTxwv-15
IHIT27893 ND
IMT12298 ND
IMT12560 blacTxv-1
IMT13211 blacTxv-3
IMT16316 blactxv-15
IMT16343 blacTxu-15
IMT16352 blacTxv-1s
IMT17438 blactxv-1s
IMT17486 blacTxv-14b
IMT17507 blacTxv-1s
IMT17539 blacTxu-15
IMT17576 blacTxwv-15
IMT17887 blacTxwv-15
IMT17908 blactxv-3
IMT18337 blacTxuv-15
IMT18340 blacTxuv-15
IMT18351 blacTxv-14
IMT18984 blacTxuv-15
IMT19322 blacTxuv-15
IMT20000 blacTxv-15
IMT20607 blac'r)qw.14
IMT20610 blacTxv-14
IMT21183 blacTxuv-15
IMT21409 blacTxuv-15
IMT21500 blacTxu-15
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IMT21502 blacTxv-15

IMT21509 blacTxw-15
IMT21529 blac'rxm.14
IMT21531 blacTxw-15
IMT22074 blac'rm.ls
IMT23463 blacTxv-14
IMT23464 blacTxv-14
IMT23760 blacTxv-15
IMT23775 blacTxw-15
IMT24056 blacTxv-15
IMT24058 blacTxw-15
IMT24081 blacTxv-15
IMT24488 blacTxv-15
IMT24490 blacTxw-15
IMT24495 ND

IMT24616 blacTxuv-15
IMT24817 blac'r)qw.15
IMT24818 blacTxu-15
IMT24834 blacTxw-15
IMT24837 blac'r)qw.15
IMT24849 blacTxu-15
IMT26356 blacTxv-15
IMT27014 blactyu-15
IMT33120 ND

IMT33123 blacTxv-15
IMT33127 blacTxu-15
IMT33136 blacTxv-15
IMT33143 blacTxu-15
IMT33148 blacTxv-15
IMT33149 blac'rxm.14
IMT33150 blacTxu-15
IMT33151 blacTxv-15
IMT33152 blacTxu-15
IMT33159 blacTxv-15
IMT33167 blacTxu-15
IMT33170 blacTxv-15
IMT33171 blacTxv-15
IMT33601 ND

IMT33602 ND

IMT33608 blacTxu-32
IMT33613 blacTxw-15
IMT34407 ND

IMT34408 ND

NA®3 blacTxu-15

Table 5.3. Eightyine sequenced ST64B. coligenomes used for comparative phylogenetic analysis

this chapter.
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Table 5.3. Eightyiine sequenced ST64B. coligenomes used for comparative phylogenetic @gsisin

this chapter.

The genomes of 88 ES@oducing ST648. colistrains were included in this chaptéor comparative
phylogenetic analysis with the single NottinghantoliST648 strain (GD493olated from river water in

chapter 4. These str@s originated from different hosts including humans, companion animals (cats, dogs,
and horses), and wild birds, across Western Europe. The genomes were previously sequenced by Sebastian
Guenther and colleagues (University of Greifswald) and were proasdlEASTA files for this study. The

CTXM types identified for each strain, as determinedrbgilicoresistance gene screening using ABRicate,

are provided in the table.

ND: not detected.

5.3. Results and Discussion

5.3.1. Comparing the prevalence of Sbetween the humarclinical and norhuman

populations ofE. coli

In silicoMLST analysis in chapter 4 revealed that the Nottingham populati@ oblisolated

from nonthuman samples in this study is clonally diverse, with a total of 64 different seque
types (STs) identified among 128 strains (section 4.3.4, Table 4.4). The population structure of
non-humanE. colwascomprised largely of a wide variety of different STs, with the ST10 clonal
complexrepresenting themost predominant central genotypelong with closely related STs
such as ST93, ST746, ST752, and ST1551, whichreregigentin both retail chicken and river
water samplesTo put the prevalence gequence typed the non-humanE. colipopulation

into the context ofthe humanclinicalE. colipopulation MLSTdata fora large collection oE.
colistrains isolated from humaalinical cases in Nottingham were included in thelgsis for
comparison Sequence type designations were obtained 38© humanclinicalE. colistrains
isolatedfrom two previous Nottinghanthased studies; 13df these strainsvere isolated from
cases of unary tract infection and urosepsis @derly patientgCroxallet al., 2011b) 140 and

125 strains were isolateddm bacteraemia patients and urinary samples, respectively, as part
of a separate Nottingharbased study(Alhashashet al, 2013) Sequence types were
determined in these studies by PGRsed MLST and using thgping scheme developed and
hostedby Mark Achtman and colleagu@#/irth et al., 2006)

t SNOSy il 3S LINBGItSyO0S RFEOGF F2N) {¢a gAGK x
humanclinical population y R sglates amionghe nonhuman populationof E. colj are
presented in Figure 5.1A and 5.1B, respectively. Considering the larger sample size of isolates

analysed for the humaualinical population oE. colj this may explain why a greater number of
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unique S$ (n = 13Bwere identified. The most prevalent STs identified in the huciamical
population were ST131 (17.0%), ST73 (14.3%), ST69 (7.0%), and ST95 (5.8%), whichedye all
associated with EXPEC infections in humans (Fig. 5.1A). In tHeuntan mpulation ofE. colj

on the other hand, the mostrgvalent STs were ST10 (12.5%), and closely related STs of the
{e¢mn Of2ylt O2YLX SESZ {¢TpH O6pdp:0X {¢MppM OI
O2YLINR &SR Fff {¢ad NBLINBIADYKRTR Od & XIRWIAA & FA 12§ S
2 iolates in the norhuman population (Fig. 5.1B). This category constituted 30.8% of human
clinical isolates and 44.5% of nboman isolates. Although more unique STs were detected in

the humanclinical population, the level of genotypic heterogeneity woagpear to be similar

to that of the norhuman population, which revealed a high proportion of isolates belonging to
0KS W2GKSNJ {¢aqQ OF GS32NE 4 A 0 Khisywaslconfdrged byt NI (i A
calculating the Shannon diversity indices for thmiadance of STs in both the humalinical

(3.81) and norhuman (3.79) populations d&. coli The Hutcheson-test was then used to

compare the diversity of the two populations. The calculate@lue of 0.11 does not exceed

the critical value of 1.96, dicating that the difference between the calculated diversities of both
populations is not statistically significamt<€ 0.05; 95% confidence intervdl).comparison, the

two populations would appear to differ in terms of population structuas illustated by the
prevalence of STs Figure. 5.1. The humaglinical population oE. colis dominated by the four

main ExPE@&ssociated STs, ST69, ST73, ST95, and ST131, which together represent around 44%
of this population. It is well documented in theeliaiture that these four sequence types are
collectively responsible for a large proportionfcolurinary tract and bloodstream infections
(Kalloneret al.,, 2017; Doumittet al., 2015; Alhashasét al., 2013; Croxakbt al., 2011b; Laet

al., 2008) The ST95 complex, which is a prominent EXPEC sequence type complex associated
with extraintestinal infections in humans dn poultry (Vincent et al, 2010) was
underrepresented in this strain set (5.8% of isolates) in comparison to the other major EXPEC
STs reported. The relatively low proportion of ST95 strains compared to the owesegpation

of ST131 in the Nottingham humaitinical population oE. colhighlights the recent emergence

of a new dominant clonélohnsoret al., 2017; Kallonest al., 2017; Clarlet al., 2012) The nonr

human population oE. colisolated from this study is not highly represented by the four major

STs identified in the humaciinical population, and instead the analysis reveals that the ST10

clonal complex is the most@dominant genotype.

Comparison of the prevalence of the most predominant STs of both populations (ST131, ST73,
ST69ST95, and ST10) further demonstrates the disparity in the population structures of human
clinical and norfhumankE. coli(Fig. 5.2). Whal the important multidrugresistant (MDR) EXPEC

lineage ST131 was the most commonly encountered ST among helimizal isolates analysed
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in this study, only one instance of the same genotype was observed in thduman
population ofE. colj indicatinga significantly low prevalence aomparison § < 0.0001, twe

tailed C A & K S NA&dditinally, dhé welknown human ExPEC sequence types ST73 and ST95
were prevalent in the humauwlinical populationbut could not be detected among ndruman
isolates @ E. coli ST69, which is a highly virulent strain associated with human extraintestinal
infections(Kallonenret al., 2017; Alhashasét al., 20L3; Croxalkt al., 2011b; Lawt al., 2008)

as well as some animal modé@ristovacet al., 2017; Tartoét al., 2005) was identified among
humanclinicalE. colisolates in addition tmon-human (retail chicken) isates (Fig. 5.2 hisST
represented a higher proportion of humatiinical isolates (7.0%) than ndwman isolates
(3.1%) however,this differencemay not be consideredto be significantyg = 0.137, twetailed

C A & K SNSIA0 idia®dnmimon human ExPEC ST that is also associated with food animals and
retail poultry meat(Aslamet al, 2014; Bergeroret al, 2012; Vincentet al, 2010) It was
revealed in this study that STHdminates in the nosfhuman population oE. coli(prevalent

among 12.5% of isolates), but comprised a significantly lower proportion (1.5%) of the human
clinical population ofE. coli(p < 0.0001, twetailed C A & K S )NIXThis sugdesisia more
widespread prevalence of this ST in the environment and food chain than in heiimaral cases

of extraintestinal infection. The paucity of human EXPEC STs 131, 73, 69, and 95 in-the non
human population ofe. coliwould suggest that the nachuman reservoir of human EXPEC is
negligible, at least in so far as it has been sampled in this study, and it is unlikely to be responsible

for the majority of human EXPEC infections in Nottingham.
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Figure 5.1Percentage prealence ofE. colisequence types (STs) amokg colistrains isolated from (A)
humanclinical and (B) nofhuman samples collected in Nottingham.

The humarclinical population oE. col{n = 399) comprise 259 isolates from cases of UTI and urosepsis in
elderly patients, and 140 from bacteraemia patients. STs were determined thaBP&RVILS@s part of

previous studiegAlhashaslet al, 2013; Croxaét al, 2011b) Thenon-human popudtion comprised28

sequenced strains from retail chicken and river water samples. ST designations were imatiedyL ST

analysis of WGS data. Percentage prevalence is presented for all S§swith NELINSa Sy 4 6 A @S
0KS W20 rSEININEEC 32 yGIGAR G dzd Sa |t f |, gxcept foNSLMBALSadiRR 0 &

which are presented independently in chart B.
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Figure 5.2. Percentage prevalenoéthe most predominantE. colisequence types (STs) associated with
human ExPEC iné&ion in the humanclinical and norhuman populations ofE. colin Nottingham.

Percentage prevalence comparison is presented for STs 131, 73, 69, 95, and 10, detected in the human
clinical population (n = 399) and nbaman population (n = 128) Bf cdi. ST131 was the dominant clone

of the humanclinical population (17.0%), but only one ST131 strain (0.78%) was detected in the non
human population oE. coli indicating a statistically significant difference between the two populations
(**human-clinicd ST131 vs nehuman ST1343< 0.0001, twetailedC A & K SNIb@wekkrddnthuman

EXPEC sequence types ST73 and ST95, which were also prevalent in thelihicalgpopulation, were

not identified among nouman isolates dt. col{**human-clinicd ST73s norhuman ST73 < 0.0001,
two-tailedC A a K S;NiD@mandifcal $T98s norhuman ST95 < 0.1, twotailedC A & K SNST@9, (i Sa i
on the other hand, was prevalent in both populations and whilst this genotype represented a higher
proportion of humanrclinical isolates (7.0%) than rboman isolates (3.1%), this may not be cargida
statisticallysignificant differencenimanclinical ST69 vs ndruman ST6% = 0.137, twetailedC A & K S N &
test). The prevalence of ST10 was significantlyehign the norhuman population (12.5%) than that of

the humanclinical (1.5%) population (**humariinical ST10 vs ndruman ST1(p < 0.0001, twetailed

C A & K S)NIba&astériSks iepresent comparisons made between hufiracal and nofhuman isolats.
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The MLST data for both populations were combined and divided into groups of closely related
isolates and clonal complexassing the PHYLOViZ platform to construct a complete minimum
spanning tree (MST) of all the STs in the anal{seamblipopulation (Fig. 5.3). When comparing

E. coliisolates from humastlinical and nofhuman samples, the analysis revealed that the
majority of these isolates clustered into different sequence types or clonal groups, based on
their source of isolation. The MST ithages a noticeable separation in the population structures

of humanclinical and norhumanE. coli This is demonstrated by a large proportion of roughly
90% (124/138) of the STs identified among hurchmicalE. coliisolates being unique to this
populdion (i.e. not found in the notuman population). Similarly, a relatively large proportion

of around 78% (50/64) of the STs identified among-hamanE. coliisolates were unique to

this population. This meant that out of the total 1B6coliSTs identied among all isolates, only

14 STs (7.5%) were prevalent in both the hurlnical and norhuman populations. This would
indicate that considerable genotypic differences exist betwEewolistrains isolated from the

two populations, and it suggestsdhthe population oE. colthat exists in the environment and

food chain is largely distinct from the humatinical population oE. coliassociated with human
EXPEC infections. Of the 14 STs prevalent in both the hafimeal and norhuman
populatiors, clinically important EXPEC strains were identified among ST69, ST131, ST141, ST58,
ST93, and ST10 in the rRbuman population oE. colianalysed. ST648 is a highly multidrug
resistant clone observed in human patients glohadnd more incidentally ircompanion
animals and wild birdéGuenther, Ewers and Wieler, 201This ST was also prevalent in the
humanclinical and nofhuman populations presented in this study. Other STs present in both
populations includesT48, ST394, ST409, ST644, SBIZH11, and ST2459. The presence of
sequence types such as ST131, ST141, ST58, ST93, and ST648 in river water samples would
indicate a relatively small level of contamination of surface wateis.lplstrains belongingo
clinically important clonal groups, due to direct discharge from wastewater treatment plants
and agricultural runoff. Human EXPEC strains belonging to ST69 and ST10 were isolated from
retail chicken meat in this study, which may suggest a link betweetaminated food products
andE. colistrains that cause extraintestinal infection. Overall, the MST (Fig. 5.3) illustrates two
populations oft. colin Nottingham which appear to be distinct in terms of population structure
and do not frequently come intcontact with each other. Further genomic analyses would be
able to determine whether strains of clinically important clonal groups isolated from the non
human population are the same strains implicated in commuadguired and hospital

acquired extraingstinal infections.
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Figure 5.3Minimum spanning tree (MST) illustrating thE. coliSTs isolated from humaalinical and norhuman samples.
The MST was produced using Phyloviz v3. The size of the nodes reflects the number of strains belongil®td\eaes outlined by a yellgveen ring represent ST
complexes. The sample types (huntdinical, red; nofhuman, blue) are overlaid onto the diagram, which confirms the predominance of ST131, ST73, ST65, and ST95 among

humanclinical isolates and th&T10 clonal group among nrbaman isolateswith a limited number of STs shared between the two populations.



5.3.2. Comparative phylogenomic analysis of the humafinical and norhuman

populations ofE. coli

The collection of sequenced isolates from Naghambased studies includes the 12 coli
genomes isolated from river water and retail chicken samples in chapter 4, representing the
Nottingham norhuman population oE. colin this study. Also included are 1B6colgenomes
previouslyisolated fran humanclinical samplesO2 f t SOG SR FNRBY GKS vdzSS
(QMC) hospital in NottinghanThe human-clinical population encompasses 47 lees from

cases of bacteraemi&9 isolates from cases of WJland 10 isolates from cases of neonatal
sepsis obtained from the NTU Pathogen Research Group strain colldatietadata forstrains

are providedn Table 5.1)lt should be noted that these sequenced strains do not represent the
true population structure of humadwlinicalE. colin Nottingham, dudo a large proportion of

these genomes being selectively sequenced based on their ST designation and association with
extraintestinal infections. This would explain the overrepresentation of ST131 and ST73 strains

in the humanclinical population oE. cal

A maximumlikelihood SNiased phylogenetic tree was constructed using Parsnp (Fig. 5.4),
which wasderived from a core genome alignment, obtained from localisedicear blocks
(length =62,825 bptotal SNPs = 55,67,70f allnon-human and humastlinical E. coligenomes

(n = 264)The population included cryptic claée colisolates, which served as the outgroup for
the tree. With source of isolation annotated on the tree as coloured bars and phylogenetic
clades defined by coloured branches acdéogdto phylogroup, the analysis revealed an
observable phylogenetic divide between the huradimical and norhuman populations oE.

coli. There is a clear clustering of isolates according to ST, and due to the overrepresentation of
ST131, ST73, ST95, &¥L2 strains, the humaaiinical population is dominated by phylogroup
B2, with 80.1% (109/136) of the population belonging to this phylogenetic group. In contrast,
only 7% of the nofmuman population (9/128) were classified as phylogroup B2, demongratin
the lack of classically pathogenic strains in this population. The difference in population
structures between the two populations is therefore quite evident. Other phylogroups present
in the humanclinical population oE. colwould include phylogroups (n =3), D (n=10), E (n =
2), B2 (n = 4), A (n = 7), and additionally, one strain belonging to cryptic cMdea€ also
identified. NorhumanE. coliisolates outnumber the humaalinical isolates present in these

phylogroups, further illustratinghie difference in the two population structures.

Although there is a bias towards ST131 and ST73 among the sequenced-¢lumeahE. coli
genomes included in this analysis, the distribution of STs and clonal complexes demonstrated in

Figure 5.3 indicatea prevalence of STs which are closely related to the larger clonal groups of
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ST131, ST73, ST95, and ST69. When this is taken into consideration with the clustering of these
ST complexes on the phylogenetic tree (Fig. 5.4), it strongly suggests thatdise huiman

clinical population oE. coliis largely represented by phylogroups B2 and D. This is consistent
with previous studies which have indicated that Phylogroup B2 strains are generally more
virulent than strains belonging to the other grougRicardet al., 1999; Boyd and Hayt1998)
Additionally, phylogroup B2 and, to a lesser extent, phylogroup D are predominantly associated
with strains that cause extraintestinal infectio@®hnson and Ste2000; Picardet al., 1999)
Conversely, most of the nemuman population belong to phylogroups A and B1, suggesting a
high proportion of largely commensal strainskbfoli, as described by previossudies(Duriez

et al., 2001; Picaret al., 1999)
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Figure 5.4Maximum-likelihood SNFbased phylogenetic tree of 26B. colistrains isolated from human

clinical and norhuman samples in Nottingham.

The 12&. colgenomes isolated from river water and retail chicken samples in chapter 4, representing the
Nottingham noshuman population oE. coliare presented on the tree in addition to 1B6colgenomes
previouslyisolated from humadtlinical samples. The humalinical population encompasses 47 isolates

from cases of bacteraemia, 79 isolates from cases of UTIs, and 10 isolates from cases of neonatal sepsis
(details of strains are provided in sectm@, Table 5.1). The phylogeny was inferred from a core genome
alignment of the combined populations (62,825 5677 SNP264 genomes) constructed using Parsnp.

The phylogenetic tree was visualised and edited using(J&inic and Bork, 20163ource of isolation is
annotated on the tree as coloured bars and STs/ST complexes are indicated on the tree as coloured
segmentdehind the strain name§ he phylogenetic clades are defined by branch colouring acctoding

each phylogroup/cryptic clade.
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5.3.3. Determining the prevalence of EXPEC strains in the hurlnical population

of E. coli

The high prevalence of phylogroup B2 strains in the huigaical population of. coliwould

be suggestive of a high prdeace ofvirulenceassociated genes (VAG@®icardet al., 1999;
Boyd and Hartl 1998)he population ighereforelikely to consist of a high proportion of EXPEC
straing due to this phylogoup being predominantly associated with strains that cause
extraintestinal infectiongJohnson and Stell 2000; Picatdal., 1999) In chapter 4,analysis of
EXPEC VAG profiles irateed that the prevalence of EXPEC strains in thelmaman population

of E. coliis very low, which is in contrast to previous studies that have reported a consistent
observation of specific human ExPEC lineagestiitry (Johnsoret al., 2017; Jakobseet al.,
2010)and surface water¢Gomiet al., 2017b; Colemast al., 2013) Only 11 of the 128 nen
humanE coliisolates (8.6%) &re classified as ExPBased orthe possessionf two or more

of the following VAGgapAand/or papC afa/dra; kpsMT IliutA; andsfa/foc.

In silicoEXPEC VAG profiling was also carried out for the 136 sequénamiiisolates of the
humanclinicalpopulation(Fig. 5.5). The genomesre screened for the presence of the abeve
mentioned VAGs by running the bioinformatics pipeline ABRicate, which scans the Virulence
Factors Database (VFDB) to generate VAG profiles for each isolate. This alloweddlenpes

of EXPEC strains in the humemical population to be determined and compared with that of

the nonthuman population oE. coli It was found that thepap operonspapAandpapC as well

as the iron acquisition geneitA, are widespread throughouthe humanclinical population,
whilst the afa/dra operons and S fimbrial adhesin and F1C fimbriae clusfarf¢c) were
detected in a number of phylogroup B2, F, and D strains (Fig. 5.5). Similar to tireiman
population, the type Il capsule mark&psMT llwas not detected in humaalinical isolates.
Roughly 67% of the humatiinical population (91/136) were defined as EXPEC, representing the
majority of the population. EXPEC strains were identified predominantly in phylogroup B2,
however 9 EXPEC staiwere also detected within phylogroups D, E, and F. EXPEC strains were
prevalent among several different sequence tygesluding STs 131, 73, 95, 12, 404, 648, 88,
69, and 38, indicating the clonal distribution of EXPEC within the halir@inal populéion of E.

coli. The difference between the prevalence of EXPEC in the Nottingham haimaral and non
human populations oE. colirevealed in this study is statistically significant (66.9% prevalence
in humanclinical vs 8.6% prevalence in nRbaman;p < 0.0001, two tailedC A & K SNIhis S & (
highlights the possibility that an obviom®n-human reservoir of human EXPEC does not exist
and therefore, the nofhuman population oE. colis unlikely to contribute significantly to the

weight of human ExPEQfections, in comparison to the humaaiinical populatiork. coli
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isolated from humanclinical samples in NottinghamtHumanclinicalE. coligenanes (Table 5.1) were
mass screened for VAG carrigigg running the ABRicate bioinformatics tool to scan the Virulence Factors
Database. The presence of two or more of the following VAGs were used to define the EXPEC pathotype:
papAand/or papC afa/dra; kpsMT I} iutA; andsfa/foc VAGs are mapped onto the maximilikelihood
phylogenetic tree as redoloured bars and strains identified as EXPEC are shown in green. ST designations,
as determined bin silicdMLST, are also indicated on the tree. The diffeeén EXPEC prevalence between
humanclinicalandnon-humank. colis statistically significant (66.9%, hurdinical vs 8.6%, ndmman;
p < 0.0001, twadailedCA &8 KSIND & GSai
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5.3.4. Distribution of antimicrobial resistance genes among humalnicalE. coli

In chapter 4,in silico antimicrobial resistance gene profiling revealed a diverse range of
resistance determinants detected in the Nottingham Ammman population ofE. colj which
corresponded to 8 different antibiotic classéSig. 4.6; sectiod.3.6). However, contrary to
previous reports of MDRE. coliconsistently being reported from ghenvironment and food
sourcesa very low prevalence of ESBL genes was observed imothibuman populatiorof E.

coli. Thissuggess that multidrug resistane to the extended spectrum adf-lactam antibiotics

likely occurs at a very low frequency. To compare the prevalence of antimicrobial resistance
genes in the humawlinical populatiorwith that of the norrhuman population, all 136 human
clinicalE. colgenomes were also screened for the presence of acquired antimicrobial resistance
genes. This was achievadsilicq by running the bioinformatics pipeline ABRicate, which scans

the ResFinder database to generate antibiotic resistance gene profiles forsetatl iEig 5.6).

With regards to the humalinical population ofE. coli a total of 51 different resistance
determinants were identified, compared to 4f&nes identified inhe nonrhuman population.
These genes corresponded to 11 different antibiotasses, 8 of which were identified in the
non-human population, and 3 additional classes: polymyxins, quinolones, and glycopeptides
(vancomycin). Noticeable similarities between the two populations would include the high
prevalence of aminoglycoside resisce genes. The streptomycin resistance geste&, strB,
aadAl, andaadA5 were detected at high frequencies throughout the hurtdinical population.
Additionally, a high prdvt Sy O $actaFblarimie), sulphonamide sull and sul?d), and
tetracycline {et(A), tet(B), andtet(34)) resistance genes were reported among huroimical
isolates, similar to the nehuman population oE. coli On the other hand, some observable
differences were also noted between the acquired resistageeeprofiles of both populations.
The humarclinical population revealed a higher prevalence of chloramphenicol resistance
genes, particularlgatAl andcatB3, which were identified in 26.5% oftalimanclinical isolates,
compared to the lower prevalence (3.9%) among-homanE. colisolates. Furthermore, there

is a clear contrast between tHeequenciesof trimethoprim resistancgenesobserved for both
populations. The prevalence difr alleles which confer resistance to trimethoprim, was
generally low for the nofinuman population, whilst a high prevalence dif gene types was
identified among humaitlinical isolates, in particuladfrAl7 (33%prevalencg, which has
frequently been reported irelinicalE. colisolates(Seputieneet al., 2010) This correlates well
with the high level of phenotypic trimethoprim resistance observed for hutlancal isolates

of E. coliin a previous NThased study(Croxallet al, 2011b) Additionally, the macrolide
resistance genenph(A), which was detecteith only two isolates of the nehuman population,

wasconsiderablymore prevalent in the humaulinical population (29.4%f isolates). However,
165



additional macrolide resistance genaagh(B), Inu(F), Inu(B), andisa(A)) present in the non
human populationwere notdetected in the humastlinical population This may suggethat
althoughE. coliare intrinsically resistant tmacrolide antibiotic§Gomiet al., 2017b) there is a
disparity in the type of macrolidessistancegenes that are acquired and conserved in both
populations, perhaps due to the selective pressutes they encounter A noticeable pattern
that canbe observed from the antimicrobial resistance gene profiles of the huwigmical
population is the concentration of gen@sthe ST131 clade of phylogroup B2g 5.6. These
isolates demonstrate a high prevalence of él thajor resistance determinants associated with
this population, in particulanadAl andaadA5, blactxv-1s, blaoxai, mMph(A), sull, anddfrAl7.
Thismay suggesthat humanclinical ST131 in this populatiaglikely to becomprised ofnainly
ST13XkladeC isolates, which is the most dominant lineage (currently up to 80% of global ST131
belong to clade QNicolasChanoine, Bertrand and Madec, 20b4)d is often associated with

blactxv-15 carriage.

One of the significant observations made between the two populations is the appreciable
difference in prevalence oESBL genefesultsfrom this study have revealed very low
prevalence of ESBL genes in the shoiman population oE. colj through moleculadetection
by multiplex PCR assays of 230 isolatesdction 4.3.2f chapter 4, and confirmed byn silico
antimicrobial resistance gene profiling of the 128 sequenced-mananE. coligenomes (in
section 4.3.6 of chapter 4Vhile the emergence andsiemination of the CTM family of ESBLs
amongE. coliwithin the comnunity is of particular concetrthe blacrw family of genes could
not be detected in the noimuman population oE. coli By contrast, howeveblacttype ESBL
genes were identifieth 21.3% of all humaalinicalE. colisolates Fig 5.6), with blacrxv-1sbeing
the most prevalent ESBL gene (present in 20.6% of all isolates). Furthebtasggenes,
namelyblaoxai andblaoxaio, were identified in only 1% of norhumanE. colisolates analysed,
whereasblaoxai predominated in 21.3% of all humantinical isolates analysedndicating a
significant difference between the two populatiorf.6% vs 21.3%p < 0.0001, two tailed
C A & K S)NSM&typé ESBLS, which were not detettia the norhuman population, were less
prevalent than the other ESBLs and were identifiedrity 2.9% of all humadglinical isolates.
However, he high prevalence dflacrxy and blaoxagenes in the Nottingham humatiinical
population ofE. coliis corsistent with previous reports of ESBLs being commonly detected in
humanclinical isolategKalloneret al., 2017; Alhashaskt al.,, 2013; Croxaet al., 2011b; Laet
al., 2008) suggesting that these isolates may act as resesvoirESBLS. The absencebtacrx
m-carrying plasmidsn the nonhuman population ofE. colianalysed would indicate that
horizontal transfer of such genetic elemeftistween isolates from nohuman sources occurs

at low frequencies. Tih would suggest that nehuman isolates of the Nottinghant. coli
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population do not readily encounter ESpioducing strains of the humaclinical population,
and horizontal gene transfeand recombination between the two populations are likely to be

limited.
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Figureb.6. Distribution of antibiotic resistance gene profiles across the population of E3&olistrains

isolated from humanclinical samples in Nottingham.

The genomes ofie 136 humarstlinicalE. colstrains included in the study population were mass screened
for antibiotic resistance gene carriad®y running the ABRicate bioinformatics tool using the ResFinder
database. Presence of resistance determinants are showre@hthogenetic tree as purptmloured bars

and are grouped by antibiotic class. ST designations, as determimedibgoMLST are also indicated
next to the taxa on the tree. The humalmical populatiorshowedhigher prevalence of chloramphenicol
and trimethoprim resistance genes, in addition to ESBBsriv andblaoxd, when compared to the nen

human mpulation (section 4.3.6, Fi4.5).
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5.3.5. Phylogenetic analyses of thi. colilineages ST131 and ST648
5.3.5.1.E. coliST131

Of the limited number of clinically significant sequence types identifiedthe norrhuman
population ofE. coli onlya singlestrain belonging to the ST131 clonal group veadated from

river water samples The ST131 lineage of exttestinal pathogenicE. colihas keen rapidly
globally dissemin&d to become the dominant MDRrain of E. colifrom urinary tract and
bloodstream infectionsacross theglobe (Banerjee and Johnson, 2014he phylogenetic
structure of the ST131neage consists ohtee distinctclades(Petty et al., 2014) These are
defined as clades A, B, and®which clade C, also knownld80RYx, is associated with the rapid
expansion and global dissemination of MDRates carryingthe blactxv-1s ESBL geneCore
genome phylogenetic analysis of the huragimical and norhuman populations oE. coli(Fig.

5.4) did not provide significant genomic distinction between strains belonging to the same clonal
group. To gain faher resolution between closely related strains found in both hurshnical

and norrhuman sources, these strains must be analysed in a wider context of strains within the

sameclonal group

To determine the position of the singl®n-human ST131lisolate from this study in a wider
population of the ST131 lineage, it was included igl@bal collection of 242E. coliST131
genome sequencefrom multiple ecosystemsT@ble 5.2. In addition to the river water isolate,

125 were avian (wild birds), domestied animal (cats and dogs), livestock (cattle), and human
clinical isolatessequenced as part @ recent study bivicNallyet al. (2016a) 102 were human
clinical isolates from a previoyshylogenomic studyPettyet al.,, 2014) and the remaining 14
were humanclinical isolates obtained from the NTU Pathogen Research Group strain collection
(unpublished)A coregenome alignment and maximum likelihood phylogeny alatsined fran
localised cdinear blocks (length = 37,932bp, total SNPs = 287,01L2or all242 genomes
which confirmedthe 3-clade structureof E. coliST131as previously describedHg. 5.7. This
analysis revealed that the river watstrain (GD45) had clugted with clade B, which appears

to be the most genetically diverse clades indicated by longer branch lengths and all isolate
sources are represented in this cla@&g. 5.7)It is therefore importanto note that GD45 is not

a clade C strainwhich is the most globally dominant lineagé&slobal longitudinal studies
revealedthat clade B was predominant among ST131 before the 1990s, however, since the
2000s clade C has become the most dominant lineage with up to 80% of global ST131 belonging
to clade Q(NicolasChanoine, Bertrand and Madec, 201@)ade C is mostly fluoroquinolone
resistant and is often associated with carrying the ESBL lg@sgwm-15, Whilst clade B is most

often fluoroquinolonesuscepible and rarely carries plasmids wibhactxv-15. This is consistent
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with the GD45 strain isolated in this study, which is BE&fgjative. Given the position of GD45
within clade B, it can be deduced that this isolate is not associated with the line&3d.81 that

is currently responsible for the majority of extraintestinal infections in humans and is therefore

unlikely to be of significant concern to human health.
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Figure 5.7Maximum likelihood SNased phylogenetic tree of 24E. coliST131 isoles.

A global collection of ST18frains isolated from humans, wild birds (avian), dogs and cats (domesticated
animals), cate (livestock), and river watere indicated by coloured bars at the tips of the tree. The
phylogeny was inferred from a corergme alignment of all strainkeggth = 3,727,932 hpotal SNPs =
287,012,242 genomes) constructed using Parsnp. The phylogenetic tree was visualised and edited using
iTOL. The names of the taxa correspond to those listed in Table 5.2. The phylctmteid, B, and C are

indicated by colour coding of the branches and the ST131 strain isolated from river water in this study

(GD45) is highlighted in blue within clade B.
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5.3.5.2. E. coliST648

ST648 is another ExPBRSS0ciated sequence type, in addit to ST131, which is associated with
worldwide disseminatiorof E. coliproducing the CT4 -lactamase(Pitout, 2012) ST648,
which belongs to phylogroup F, has been identified previously in livestockc@mganion
animals(Ewerset al.,, 2012) Of particular concernare ST648 strains with an ESBL phenotype
whichhave been observed globally in human patients, and more incidentally from domesticated
and wild animals inlope and AsigGuenther, Ewers and Wieler 2011; Guentieal., 2010;
Zong and Yu, 2010; Cortes al., 2010) The frequent occurrence of CNk15-type ESBLSs in
ST648 isolatesamong samples from predominantly companion animals and holsgklights

the widespread dissemination of this E§Bbducing genotype, which has been detected in
livestock, wildlife, and humans. A previous studylyers ad co-authors(2014)suggestedhat

the prevalence of CTM-15 ¢ a predominanty humanf A y {-I&cERmaske type¢ among
companion animal ST648 isolates indicatieat a mutual exchange of such strains between

clinical, community, and environmental surroundingjkely.

In the present study, mly a single isolate of ST648 was idieed among the nofhuman
population ofE. colianalysed.To determine the phylogenetic relation of this strain within the
context of a wider population of the ST648 lineage, it was included in a European collection of
89 E. coliST648 genome sequencdom multiple host sourcesT@ble 5.3. In addition to the

river water isolate, 88 strains were isolated from different hosts including humans, companion
animals (cats, dogs, and horses), and wild birds, across Western Edrop@re genome
alignment and marmum likelihood phylogeny was obtaindtbm localsed calinear blocks
(length = 4,002,82Bp, total SNPs = 208, 1yfr all 89 genomesHig. 5.8. The phylogeny reveals
three predominant clades that are observable in the population, with the Nottinghaer-ri
water isolate (GD49) positionedithin the population of European isolates (not forming a
separate branch)Annotatbn of identified CTX types oro the tree exposes a predominance

of the blacrxv-1s ESBL type in the pomition. An overwhelming majdyi of approximately 88%
(78/89) of the population were found to harbowr CTXM ESBIlgene with blacrxu-1s being
detected in roughly 72% (64/89) of the population. The 14 other-K@¥¥sitive isolates were
found to carryblacrxw-1, blactxv-s, blactxv-14, andblacrxw-s2. There were only 11 isolates in the
population in which CFXI type ESBLSs could not be detected, including GD49 isolated from the
current study. Interestingly, GD49 clusters with the clade of primarilyNM-f¥gative isolates,

and isolats carryingblacrxw-z, blactxv-14, and blactxv-z2 were also present, whilst only two
carriers ofblactxv-1s were identified within thisclade. The majority of CIM-15-producing
isolates thereforeconstitute the other two clades within the populationhis suggests that a

level of genetic diversity exists within this population of ST@4®re strains have lost their CTX
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M-associatedplasmid or acquired different CIW-associatedplasmids perhaps due to

ecological separation and encountering a changenivironment.

It is also interesting to note that despite the geographical separation between theriegBiive
GDA49 strain (isolated from Nottingham) and the rest of the populatonsisting of primarily
MDR isolates from animals (isolated fromainland Western Europe), GD49 still falls within the
tree indicating its phylogenetic relation to the European population of ST&A& would
support a widespread dispersion of this sequence type, as has been reported g{Guoahther

et al, 2012; Cortest al., 2010; Sidjabagt al., 2009) and it may also imply that the ST648 strain
isolated from the environment could originate from humans, companion animals, or likestoc
Based on the association of théacrxv-1s ESBL type in ST648 isolates kitiman-clinical cases
observed in previous studig@ong and Yu 2010; Cortesal., 2010; Nicola€hanoineet al.,
2008) it would seem unlikely that ST648 isolates that do not possess-M&BKyingplasmid,

in particularblactxv-1s, can be attributed to the global expansion of ST648 in humans. Having
identified an ESBhegative $648 strain in the nohuman (river water) population d&. colin

this study, itmay suggest that ST648 strains in this population pose little clinical significance to

humans.
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Figure 5.8 Maximum likelihood SNased phylogenetic tree of 8. coliST648 isolates.

A European collection of ST&t8ains isolated from humans, companion animals (cats, dogs, and horses),
wild birds and river wateare included in the phylogenetic tree. The phylogeny was inferred from a core
genome alignment of all retins (length = 4,002,82®p, 89 genomes)constructed using Parsnp. The
phylogenetic tree was visualised and edited using ib@trxv carriage, as determined by silico
resistance gene screening using ABRicate, is annotated on the tips of theciobmieesd barsThe names

of the taxa correspond to the strains listed in TableTh8.single ST648 strasolated from river water in

this study (GD49) is highlighted in blue on the tree. Five differerMCiyges were identified in the
population:blactxv-1, blactxv-3, blacTxv-14, blacTxv-15, and blacTxuv-s2. blactxv-15 was found to be the most
frequently detected CTM type, whilst GD49 was one of the few strains that did not possess-®-CTX

carrying plasmid.
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