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Abstract 2

Abstract

Clostridium perfringensa sporeforming bacterium that produces >20 toxins, is
known to causéboth human and animal intestinal diseases inclydiogdborne
diarrhoea, preterm necrotising enterocolitis (NEC) and necrotic enteritis (NE) in
chickens. Currently, there isvery limited information on genomic virulence
determinants, and the phylogenand epidemioloy landscape ofthis enteric
pathogenthus in this thesis | sought to comprehensively expldestinatassociated

C. perfringensstrainsusing both genomic and phenotypiethodologies.

Whole Genome Sequencing (WGS) and bioinformaipproaches was usdd
examine a novel collection &f. perfringenssolatesand publically available genomes
(n=552, including 109 public genomefspm a diverse range of hosts and disease
states includingiNEC-associated preterm infants, foodborne diarrhoea patidkts
associated broilergnd healthy humans and animals. These genomes were analysed
in combination or adiscreetdisease subsets to determiniectionlinked virulence
features, genomic epidemiologndhypervirulent genotypesand indicated a highly
diverse pangenome (7.4% core genorn®in-specific and novel virulence factors,
widespread distribution of conjugative plasmids, lbegn persistenceand inter
regional transmission events during disease outbredkss work represents the

largest WG &based phylogenetic and comparative genomidS.gerfringengo date.

Furthermore, a subet of C. perfringenssolates were characterised phenotypically
using microbiologcal assays to determine hypegrulent phenotypeswhich linked to
genomic analysisThese hypevirulent strainsverethenused to establish a novél
perfringensoratchallenge mouse modeThis enteric infectionmodel will allow
further mechanistic wi in understanding the role @. perfringensin relevant

intestinal diseases amday be usetb facilitate therapy or vaccine development.

Overall, this multidisciplinary work providegnportant novel insights into the
intestinal pathogenC. perfringensat both a genomic and phenotypic levand
provides a platform for subsequent translational studies into efforts to ré&luce

perfringensassociated disease burden in both humans and animals.
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Chapter 1  General introduction

This chapter is a general iatuctionthat forms the background of this thesis. The
contentsof this chaptemare primarily based orfverbatim)the peerreviewedreview
article publishedin Emerging Microbes & Infectionthat | am first author®. The

published review articles reproduced ilAppendix 7.

1.1 Introduction

Clostridium perfringengformerly known aBacillus aerogenes capsulatus, Bacillus
perfringens, Baclius welchii or Clostridium welchii) is a Gram positive, spore

forming, anaerobic, rodhaped bacteriunfFigure 1.1) 2. It was first isolated and

identified as a novel bacterium in 1891 by William H. Welch from the autopsy of a
38yearold man, where gas bubbles were observed witii@ctedblood vessels. This
gasforming trait (the original naméacillus aerogenes capisius bGaerogene:
|l iterall-prmdaosngairn Latin) was | ater |
seen in British and French soldiers during World WarThis organism was later

named aBacillus perfringengin Latin perfringensme ans Obr eaki ng thr
mirrors its tissuénvading nature) by Veillon and Zub&rand designated &@acillus

welchiiin 1900 by Walter Migula in Germardy In the 19404t was given its current

nameClostridium perfringensntheBer gey 6s Manual of Deter mi
6

C. perfringengs associated with diverse environments including soils, food, sewage,

and as a member of the gastrointestinal (GI) tract microbial community (i.e.
microbiota) of both diseased, and mtiseased humans and animals. Notably it has

been assoated with humans for thousands of years as evidenced by the recent
identification ofC. perfringenausing Next Generation Sequencing (NGS) technology

in the mummified Gl tract of a >500@aro | d Neol i t hic O6Tyrol es
known as Otzi), found inreAlpine glacier in 1991.
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Figure 1.1: Electron microscopy images of  C. perfringens vegetative cells and spores

(A) Scanning electron microscopy images of C. perfringens LH019. (B) Transmission electron
microscopy of C. perfringens Q143 in spore forms. (C) Scanning electron microscopy image of the
germination of C. perfringens Q143. (D) Binary fission of C. perfringens Q143 under scanning electron
microscope. Images processed by Mrs Kathryn Cross.

Clinically, C. perfringenshas been constantly associated with various significant
systemic and enteric diseases, in both humans and animals, including gas gangrene
(Clostridial myonecrosis), food poisonir(§P) and norfoodborne diarrhoea, and
enterocoliti$®. Importantly,C. perfringenstrains are known to secrete >20 identified
toxins orhydrolytic enzymes that could potentially be the principal virulence factors
involved in pathophysiologsf.

This introductory chapter will explorphenotypic and genomic features of this
important and remerging pathogen, including virulence factors, and antimicrobial
resistance (AMR) profiles, and the clinical impact of th&terium in relation to
several medically important intestinal diseases, across several host Specihg,.
some of the important unresolved questions in relatidd. fwerfringensassociated
infections, and implications for future research directimshighlighted towards the
end of this chapter.
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1.2 Isolation, identification and typing methods

There are numerous methods for isolationCofperfringens and biochemical and

molecular methods for identification as detailed ablel.1.

Method Method details in brief Refs

Direct plating Direct plating on TSC-EYA + 18-24 h anaerobic incubation at 11
37°C. Pitch black colonies with opaque halos are presumptively

C. perfringens.

Ethanol pre-treatment Ethanol pre-treatment (50% ethanol) for 30 mins + plating on 12

Isolation

Fastidious Anaerobe Agar (sometimes supplemented with 0.1%
taurocholate). Colonies that exhibit beta-haemolysis are
preliminarily identified as C. perfringens.

Nagl er 6s r ea Knownas lecithinase (alpha-toxin) test. Egg-yolk agar plates are 13
split into two halves, where one half contains anti-alpha-toxin,
and following anaerobic incubation, positivity is defined as
turbidity around colonies on the anti-alpha-toxin-free side which

confirms C. perfringens.

Reverse CAMP test Streptococcus agalactiae is streaked on blood agar, and C. 14

perfringens streaked perpendicular to S. agalactiae. After 24-48

Bioc hemical identification

h of anaerobic -i nedabaonhenwi kAl ¢

synergistic haemolysis, this confirms C. perfringens.

16S ribosomal RNA PCR  Appropriating full-length 16S rRNA universal primers/smaller 15
region of 16S rRNA gene in PCR to amplify 16S rRNA gene +
sequencing and identify using informatics approach (based on

sequence similarity >97% to assign taxonomy).

MALDI-TOF Mass Rapid and inexpensive identification method based upon the 8
Spectrometry mass spectrum analysis of highly-conserved ribosomal proteins

from whole bacterial cells 1 apply bacterial colonies straight onto

Molecular identification

the MALDI-TOF metal target and followed by appropriate

treatments and analysis.

Multiplex PCR Multiplex PCR approach is commonly used to amplify key toxins 16
genes to classify C. perfringens into 7 (A to G) different
toxinotypes according to the toxin genes combination.
Genome-wide sequence Genome-wide search on relevant toxin genes using sequence 17
search similarity search program e.g. BLAST for toxinotyping on C.

perfringens genomes.

Typing

Fluorescent amplified This technique is based on selective PCR amplification of 18
fragment length restriction fragments from genomic DNA digestion. It is a rapid
polymorphism (fAFLP) and highly reproducible PCR method to discriminate sub-types

in epidemiological study.

Table 1.1: Common isolation, identification and typing methods in C. perfringens research

Table adapted from Kiu and Hall (2018) under the Creative Commons BY licence 1. PCR: Polymerase
Chain Reaction.
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Historically, bacterial typing systems were developed to distinguish distinct bacterial
strains from a single species, and more importantly, to recognise epidemic clones with
specific pathogenicity.C. perfringensstrains, clinically weHknown for toxin
production, are typed (recently updated for 7 toxinotype&;Areviously only types

A-E 9 according to the combination of typing toximSgure 1.2) they produce, i.e.
Utoxin ABKCh, - BRBN, ( EHOKiX(TX)aenterotaxin (CPE) and
NetB %°.

This toxinotyping method indicated that certain toxins wereaated with certain

hosts and diseases etgpe B (particularlyCPBit harbours), is exclusively linked to
dysentery in sheep, and rarely seen in other Rb$tRassociated CPE wagnotyped

in type F strains (previously named as @iisitive type A; not to be confused with
heatresistant type C strains) although CPE can also be produced by certain type C, D
and E strains, wheaes -tbo2x i n ( C-BE2(perfriagolgsin @; PFO) could be
found in any toxinotype$'”?2 However, it is important to note tha single strain

is known to produce the entire panoply of toxihs

Since the advent dhe Polymerase Chain ReactioRGR) technique multiplex PCR
toxinotyping has now replaced the classical antisagthodology ands the routine
rapid typing technique in clinical laboratorf@€g°2324 However, thisecentlyupdated
typing systemis still largely limited b the identification of the @ypingd t oofi ns
previously 4 although some do pick ugaccessorytoxins) 2225 Moreower, linking
toxinotype to disease phenotype is also highly debated as detediypmgfPLC has
little diagnostic value, as it can also be detected in healthy indivi¢fusisportantly,
type A strains (most strains are type A, as this toxinotype is universal in the

environment) were also associated with enteric diseases #irains were detected

to harbour ot her additional Omi nor 6 toxi

are not addressed in this current toxinotyping metfét
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Figure 1.2: Current toxinotyping scheme of  C. perfringens

Figure reproduced from Kiu and Hall (2018) under the Creative Commons BY licence *.

Most recently, Whole Genome Sequencing (WGS) dafa pérfringensas revealed
substantial genetic divergence in the sequenced genomes, when comparing similar
toxinotypes>1”-28 Potentially, with the ai of bioinformatics tools, more novel toxins

or virulence genes will be discovered and identified for investigati@n pérfringens
pathogenicity, and disease transmission tracking in hospital and environmental
settings. Genombased research in a reldt€lostridiumgut pathogenClostridium

difficile (it has since been suggested to be taxonomically mov@ldstridioides, has
highlighted the utility of WGS as an appropriate tool to understand bacterial
pathogenicity, including identifying AMR genesicamonitoringC. difficile spreac®

2 I mportantly, WGS has alssobC. difficéerthati f i e d
appear to be linked with more severe disease outcomes, which includes @tdeast
different ribotypes®*34 and was used in monitog bacterial spread, and tracking
sources of infection, at an international le¥®i® These studies indicate that WGS

will be key to understand, classify and characterise pathogens, incl@ing

perfringensin this genomic era.
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1.3 Genomiccharacteristics

C. perfringenshas a relatively low GC content, betweenZBP6, and genome sizes
range from 3.84.1Mb, with 2,500 to 3,600 predicted genes present in each individual
genomé’. The first ever complete genome sequend®. gferfringengstrain 13) was
published in early 2002; a historical gas gangr@ssociated strain from 1939 (this
also represents the first Grapositive anaerobic pathogen to be sequenééd)
Virulencelinked genes within the sequence data include phospholipaBe@ (+

toxin), hyaluronidase (f o x i n) , c - lolxa g e ntaxdPpFadDd GPBL
Moreover, 61 sporulatienand germinatiosrelated genes were encoded, which
supports the fact th&. perfringends a spordormer. Notably, most virulence genes

in this type A stran were not found on genomic islands, or near insertion/transposase
sequences, and GC content of those genes were similar to the average GC percentage,
implying that horizontal gene transfer (HGT) of these toxin genes was an ancient
evolutionary event. Thistudy also highlighted differences in environmental adaption
genes, including glycolytic enzymes, and sporulatioked genes, whereas recent
studies indicated that phylogenetic relationships betw&eperfringens(based on

core genome analysis) doest nelate to clone origin or toxinotypés’.

Two moreC. perfringensgenomes were sequenced and published in 2)G6rain
ATCC13124 (a gas gangrene strain isolated 194Mbljby, et al.®®), and strain
SM101 (aFP strain isolated in 1953°%). Key findings indicated that ATCC13124
contains a putative restrictianodification system that is obstinate to genetic
transformation, a range of glycolyticelated genes that are straipecific
(highlighting differences in environmental adaptation capabilities), and additionally
that sporulation capacity is straspecific, based on the comparative studies of
sporulationlinked genes. Importantly, this study revealed an unexpectedly high
degree of genomic diversity, with no two strains identical with respect to genomic
islands.

Following the reduced cost of WGS, anoth&.®erfringenssolates were sequenced,
and analysed alongside the4apdsting 3 strains in 2015 Coregenome regions were
first reported to be highly syntenous (similar in nucleotide sequence arramye@@
content (approximately 28.3%, similar to what was previously described), and
importantly the corggenome phylogeny constructed did not show any potential

relatedness/ clonal origins amongst different toxinotypes.
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A recent largescale genomic studfthat | cofirst authoredthat investigated 5€.
perfringensstrains, representing the larg&st perfringensgenomic study to date,
revealed a diverse pangenome (a repertoire of genes in a defined number of genomes),
with only 12.6% core genes (commoengs hat are present in each genorRgjure

1.3) Y. A wide array of toxin genes was profiled in this styalg; -cldstripain €cp)

and microbial collagenasedA) were conserved in all examined genomes, the-pore
forming toxin PFO gengfo was found to be encoded in most genomes (>90%),
whereas thé&P causative toxin CPE gempewas consistently detected in historical
FPisolates (isolated before 1950s), and was also linked with enteritis in dogs and foals
40 Importantly, prevalence of aminoglycosidesistant/antdefensin genemprF

(100% detection), and tetracyclinesistant efflux protein gene®tA(P) (>75%
detection) encoded within the genomes underlined the potential antimicrobial resistant
threat of C. perfringensassociated infection. This study also suggested that these
diverse genetic variations may have been driven by HGT, especially prophage
i nsertion, wiftrheiend tdbesteréed®BByUI&IR IRterspaced Short
Palindromic Repeaf€RISFR]; no single CRISPR prophage defence system detected

in >70% of the genomes).

The substantial genetic divergence in @eperfringengpangenome suggests there
may be additional novel virulengee| at ed genes encoded wil
g enome 0 jon to the ptashikiorne toxins, known to be primarily responsible

for specific disease pathologies. Thus, it is important to analyse plesmmiodied
genes/toxins, in tandem to chromosomahcoded genes in the accessory genome, to
provide a more complegenomic picture o€. perfringensPotentially, with the aid

of bioinformatics tools, more novel toxins or virulence genes will be discovered and
identified for investigation in relation t@. perfringenspathogenicity, and disease
transmission trackingnihospital and environmental settings, as has been performed
for the related gut pathoged. difficile . To fully determine and research the
pangenome, and discover potentially novel virulence genes, more isolate sequencing
will be required, including addition of isolates from a range of hosts and environmental
conditions, with may pave the way for translational research into new treatment

strategies again§l. perfringensnfections.
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Figure 1.3: Linearised pangenome of 56 C. perfringens strains

Each coloured block represents synteny (or, homolog: identical gene) in the pangenome. Figure
reproduced from Kiu et al. under the Creative Commons BY licence 7.

1.4 Plasmids

Importantly,C. perfringensstrains are known to carry plasmids, which often encode
virulenceassociated proteins including toxins and antimicrobitlis Disease
associated toxins includin@;PE,ETX, ITX, NetB, CPB2and Binary Enterotoxin
(BEC) have all been detected @h perfringensplasmids’#2 HGT of plasmids
between strains is reportéd be via thetcp conjugation locus that exists in most
known C. perfringensplasmids®. Impatant toxincarrying plasmids will be briefly
reviewed in order of toxinotypes. For comprehensive review< operfringens
plasmids, and other related insertion sequencebreeeiman et al. (2015) and Li et
al. (2013)*42

CPE is known to be involved P and norfoodborne gastroenteritis. It was reported
thatup to 70% ofPcases, causative. perfringensstrains (mainly type F, previously

known as CPEpositive type A) were shown to encode chromoserpal rather than
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plasmidcpe while the latter was associated with ffondborne gastroenteritis
(responsible for 85% of all cases}. Somecpeassociated plasmids have also been
shown to encodepb2genes oiab/ibp (ITX) genes (e.g. pPCPF560%) Type B strains
carry plasmids which encode one of the deadliest toxins on &ar¥y, and CPB.
Plasmid £P8533etx encode=tx and cpb2genes, but notpb *°. Most plasmids in
type B strains also possess other virulence genes encaedingn and ureasé®.
Similarly, plasmids in type D strains also caecpeand/orcpb2genesand plasmids
range in size from 45 kb to 110 kb

C. perfringengype C strains possess plasrhorneCPBgenecpb, and other plasmids
reported to carry other toxin genes includopp?2 tpel, or cpe®. In type E strains,

two major families of plasmids have been identified: (1) plasmids ¢apibp (ITX)
genes,a-toxin gene anccpe gene, howevergpe contains nonsense and missense
mutations ands thus norfunctional *°; (2) The® plasmids, including pCPPB
encode bothap/ibp (ITX) genes andpegene but not the-toxin gene®®. NetB is a
chicken NEassociated toxin, which is plasmid encoded. ThaestB-encoded
plasmids can potentially carry other virulence genes including tetracycline resistance
genes (e.g. pJIR3537 and pCW3) apb2gene(e.g. pJIR3844).

Notably, many toxin plasmids @&. perfringensare highly similar, sharing up to 35

40 kb of identical sequencéd. In addition, someC. perfringenssolates can carry
multiple ner-identical plasmids that encode different toxin and AMR getles
However, no one isolate has ever been found to possess plasmilscthde all key
toxins; only certain plasmid combinat®icould can be maintainedithin single
strain which sugests plasmid incompatibilitiedue to presence of distinct plasmid
segregation systems, and warrants further reséaréf® Furthermore, the universal
existence ofcplocus indicates that conjugative plasmid transfer could be a key HGT

event for increasing virulence Gf perfringensstrains.

1.5 Virulence-related factors

C. perfringenscan generate a complement of extracellular toxins and hydrolytic
enzymes (>20), survive in aerobic environments (i.e. oxygen tolerance), produce toxic
gases, and rapidly grow. Therefore, it mes®es the capacity to effect various

histotoxic (i.e. toxigenic to tissues) infections in humans, including gas gangrene in



Chapter 1 General introduction 31

contaminated wounds, gastroenteritis (including foodborne andfawooivorne
diarrhoea) in human adults, necrotic enteritis (NE) nnmals, and recent links to
necrotising enterocolitidNEC) in preterm infant$*. Relevant virulence factors Gf.

perfringensare represented and summariseHigurel1.4.

1.5.1 Transmission and colonisation

1.5.1.1 Oxygen sensitivity

C. perfringendgs commonly known as a strict anaerobe; however, this bacterium can
also survive in the presence of oxygen, and/or low concentrations of supesoxide
hydroxykradicatgenerating compound®. It was shown to survive in aerobic
conditions for >72h, which was attributed to its generating capacity of Superoxide
Dismutase (SOD)®. Genomic analysis indicates there are putative NADPH
dehydrogenase genem@D andycdF), which generate enzymes that help maintain
intercellular redox balanc®. Notably, as an aeftwlerant anaerobe. perfringens
could potentially survive through aerobic environments (such as on surfaces in
hospital wards”) and trigger disease development in aerojhdhvironments (i.e.
adult/préerm infant gut), and additionally oxygexposed tissues (such as gas

gangrene), which may facilitate bacterial htwshost transmissiofr.

1.5.1.2 Sporulation

C. perfringenss a spordormer, which enables this bacterium to survive in extreme
or nutrientdepleted conditions. This spei@ming characteristic plays a vital role in
the transmission of this Grapositive bacterium from diverse environments to hosts,
leading toinfection, includingFP in human adult$®. Some spores . perfringens
(especially-Passociated strains) had been demonstrated to resist extreme terepera
conditions, which may contribute ©. perfringenssurvival and subsequent disease
pathology>®° Although, capable of sporulatioB, perfringensappears to be a less
prolific (in vitro) sporeformer than itClostridiumrelatives such a€. difficile 1>6%

For lab based assays, sporulation can be achieved using thexpaiimented
raffinosesupplemented DuncaBtrong sporulation mediuff.
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Figure 1.4: Disease -linked virulence factors of  C. perfringens in intestinal infections

Figure reproduced from Kiu and Hall (2018) under the Creative Commons BY licence *.

Molecular regulation of sporulation @. perfringenss less well studied compared to
the model bacteriunBacillus subtilis Previous studies have indicated that the
transcriptional regulator CcpA (encodeddmpA) is required for effectual sporulation
62 and Spo0A £po0A, a transcriptional factor known to be presenCinstridium
species includingC. perfringensis associated with sporulation initiatiéh Sigma
factors, including SigF, SigE, SigG and SigK (gemseg, sigE sigG and sigK
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respectively) are known to regulate the sporulation proceSs pérfringen$3%4 In
addition to this, it was also reported tRatperfringensporulation processes could be
regulated by an Aglike quorumsensing system, potentially promoted by tioeY
gene in type AFP strains® Importantly, CPE is known to be produced ®y
perfringens during sporulation, which correlates with the pathogenesig-mf

as®ciated diarrhoe#f.

1.5.1.3 Germination

Germination ofC. perfringensan be triggered by small molecules termed germinants

i commonly known as sugars, nucleosid@amino acids, salts and purings
Importantly, primary bile acids (including glycocholate, cholate and taurocholate) in
the human Gl tract are also known to act as potent germingdisstridiumspecies,
whereas secondary bile acids, such as deoxycholate (derivatives generated by certain
gut microbes), can inhibit the vitro proliferation ofC. perfringen$®. This proposed
6col onising germinati ono -fermersy includingC. mod u s
perfringenspotentially acts as a signal to initiate grovahd to persist in the intestinal
environment!®. This persistence, and lotgrm gut colonisation may correlate with

the ongoing symptoms (up to several weeks) of nonfoodborne diarrhoea in Fatients
From a colonisation resistance perspective, inhibition of germination, by secondary
bile products produced by sident commensal bacteria, implies a kstgnding
competition for limited nutrients and niches within the gut.

1.5.1.4 Rapid proliferation

Notably, C. perfringensrepresents one of the fastgsbwing organisms currently
known ands reported to have a very shofl8 min generation time when cultured at
43°C in optimal media, and 127 min at 37°C’°. Rapid growth of this bacterium
potentially predisposes the host to tissue infection, as in the cases dflByiaovine
necrehaemorrhagic enteritis (could be <5h), and gas gangrene. Als&;. as
perfringenshas a twefold quicker generation time, when compared to intestinal
commensals like wildype Escherichia coli(typically 20-:30 min in LuriaBertani
broth), this could represit a potent mechanism for outgrowing other resident bacteria,
leading to efficient gut colonisation.
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1.5.2 Disease initiations

1.5.2.1 Histotoxic gas production

Clostridial myonecrosis (better known as gas gangrene), is accompanied by profuse
gas production, which could in theory be the mechanical determinant of tissue injury,
alongside rapid cell proliferation &. perfringens Importantly,C. perfringensis

known to generate hydrogen sulphitfeusing ubiquitous sulfuric sources from the
environment), a readifpermeable toxic substance to human cells, which when
produced in excess is associated with other intestinal inflammatory diseases (e.qg.
Ulcerative Colitis)’2 Thus,C. perfringensassociated gas production represents an
understudied virulence trait in the pathogesesigut infection, such gseterminfant

NEC (discussed in more detail below), which symptoms significantly mimic those of

gas gangrene; necrosis of tissue accompanied by abundant gas prddittion

1.5.2.2 Toxins and virulent enzymes

Presently, 23 virulence genes that encode toxins and virulent enzymes have been
identified in C. perfringens(summarised inrable 1.2) asthe most prolific toxia
producing pathogen currently known. Some key toxins will be briefly discussed and

summarised in this sukection.

1.5.2.2.1 Alpha-toxin

PLC (encoded by genglc or cpa) was identified in 1941 as enzyme phospholipase
(i.e. phospholipase C), which was the first bacterial toxin shown to possess enzymatic
activity . This toxin is present chromosomally in all strain€gberfringensandacts

on eggyolk lipoprotein (lecithin), which results in increased turbidibasis ofa
medical diagnostic test f@. perfringenssuch as Nagler reaction or egglk agar'™.
Biochemically, PLChas been shown to hydrolyse cell membrane phospholipids,
which eventually leads to cell necrssia key characteristic in gas gangréhé®
Indeed,this toxin is essential for gas gangrene pathology, as shown in aivo
myonecrosis model’. Mechanistically,PLC may play three major roles in gas
gangrene pathology; firstly, it is ableitopactonthemovemenbf immune cells such

as neutrophils to infected tissues (mechanism currently unknown), hence potentially
reducing pathogen clearance at infected sites. Secondly, it can cause constriction of

blood vessels, which may reduce the blood supply to tissuesctbeating a micro
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aerophillic environment conducive @. perfringensovergrowth. Thirdly, this toxin
can activate inflammation cascades in host cell metabolism (arachidonic acid and

protein kinase C), which may lead to direct immumediated pathology dfssues’®.

1.5.2.2.2 Beta-toxin

CPB, encoded by genepb, is a plasmieencoded poréorming toxin that is thought

to beintestinatnecrotic, and also important for systemic enterotoxaemia, in humans
and neonatal animals, as showrinrvivo studies’®®. C. perfringengype C strains

that possess thepb gene were associated with historical Clostridial gut infections;
Darmbrand (poswvorld war Il in Germany), and Pig Bel (Papua New Guirféa)
Previous intestinal loop studies have indicated a synergistic effect with CPE (encoded
by cpe 82 Furthermore, this toxin shares sequence similarity with several pore
forming toxins produced b$taphylococcus aureiist oxi n ( A: 22-% and
toxin (28%) and leucocidin (S:17% and F:28%)

1.5.2.2.3 Perfringolysin O

PF O ( -tokirs emcoded by geneoAor pfo), is also a poréorming toxin that acts

on cholesteretomprising cell membranes. This toxin has been shown to be involved
in the pathogenesis of gas gangrene haminorrhagienteritis in calve& . Notably,

PFO shares structural homology with similar pfaeming toxins identified in
StreptococcuBacillus Listeriaand many other genefd PFQis also known for its
capacity to induce tumour necrosis factor alpha (MNF and i nt-€)r | euki
expression in the host, and it could activate apoptosis through p38 MARK)émit
activated protein kinase) pathway as demonstratauitro models®®. Interestingly,

it has synergistic cytotoxic effects wilLC on bovine epithelial cells, highlighting

the significant role of this toxin in disease developnieft Please refeto the work

by Verherstraeten et al. (2015) focomprehensive review of PFQ

1.5.2.2.4 Beta2-toxin

CPB2 encoded bypb2plasmid gene), a poffierming cytolytic toxin shares <15%
sequence homology witGBPB, distinguished itself as a novel toxin producedy
perfringens®®. CPB2prodwcing C. perfringensstrains have been associatedwgut
diseases such as necrotisiegteritis in piglets, and enterocolitis in foat&
Importantly, this pordorming toxin has been suggested as an accessory to€in in
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perfringensassociated nefoodborne diarrhoe®, and proposediplay an important

role in preterrdNEC in potential synergistic effects with antibiotic gentam#€in

Gene Toxin name Abbreviation Alternative Mechanism of pathogenicity Refs
in this thesis name
1 plc/cpa  Phospholipase PLC U-toxin Disruption of cell membrane 76
2 cpb b-toxin CPB - Pore-formation 91
3 ‘3‘” etx Gtoxin ETX - Pore-formation 92
4 '% iap stoxin component la  |AP (ITX) - Cytoskeleton disruption 50
5 =2 ibp stoxin component Ib IBP (ITX) - Cytoskeleton disruption 50
6 S cpe Enterotoxin (CPE) CPE - Pore-formation and tight- 50
junction disintegration
7 netB NetB NetB - Pore-formation 93
8 cpb2 b2 toxin CPB2 - Pore-formation 88
lam a-toxin LAM - Potent protease 94
10 pfo/pfo  Perfringolysin O PFO d-toxin Pore-formation 95
A
11 cpd U-toxin CPD - Pore-formation 96
12 ccp Clostripain CCP - Digestion of collagen 37
13 colA Microbial ColA a-toxin Digestion of collagen 97
collagenase
14 é nanl Sialidase Nanl - Mucolysis 37
15 ‘g, nanJ Exo-Usialidase NanJ - Mucolysis 37
16 'é nanH Neuraminidase NanH - Mucolysis 98
17 g nagH Hyaluronidase NagH e-toxin Digestion of connective tissue 37
18 < tpeL Glucosylating toxin TpeL - Induction of apoptosis 99
19 becA Binary Enterotoxin BECA - Pore-formation 100
Component A
20 becB Binary Enterotoxin BECB - Pore-formation 100
Component B
21 netg NetE NetE - Pore-formation 101
22 netF NetF NetF - Pore-formation 102
23 netG NetG NetG - Pore-formation 101

Table 1.2: Pathogenicity of the currently identified C. perfringens toxins

Table adapted from Kiu and Hall (2018) under the Creative Commons BY licence 2.

1.5.2.2.5 Epsilon-toxin

This deadly toxirETX, is plasmidencoded byetxgeneC. perfringengype B and D
strains and is essential for pathogenesis. Epsilon toxin is involved ialggoat and
sheep) enterotoxaemi®. ETX is currently thought to be the most potent of all toxins
produced byC. perfringensevidenced by the L3 of 70ng/kg body weight, ranked

only behindC. botulinumandC. tetanineurotoxins. It has been demonstrated to affect
various organs, such as kidneys and liver, through unknown mechanisms, that allow

this toxin to enter systemic circulatidf. Due to its potential use as a biological
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weapon,ETX-producingC. perfringensstrains are on the export control list in a

number of countries including USA and thi &f>1%

1.5.2.2.6 lota-toxin

This cytoskeletordamaging toxinTX (also considered agypingtoxin produced by

C. perfringen} consists of two celbinding monomers la (enzymatic component) and
Ib (binding component; encoded on plasmidsamandibp gene respectively), which

act synergistically to first translocate the toxin into host cells, then exert enzymatic
activity on ADP-ribosylating actin to disassemble the cytoskeleton, which eventually
leads to apoptosis and cell dedfh Furthermore, ITXshares a certain degree of

virulence similarity with oedema and lethal binary toxins frBaxillus anthracis
108,109

1.5.2.2.7 Microbial collagenase

Mi crobi al c ol | a g daxia),seecodedably chmmdsamel gaadAa s o
is a key toxin produced bg. perfringenghat degrades collagen. Thiszgme might
contribute to intestinal infection, as collagen, the substrate for collagenase, is a primary
component of intestinal connective tissues/basal membrane of human and animal hosts,
thus disruption may damage basal integrity, which may lead tdual¢issue necrosis

8110 However, Awad etéxin B hota majordiéternaintare th at h at
Clostridial myonecrosis mouse model (gas gangrene), despite its capacity to hydrolyse

collagent!t,

1.5.2.2.8 Enterotoxin (CPE)

CPE (encoding gerepe is recognised as the key toxin to caeBand norfoodborne

diarrhoea, it has also been demonstrated to disrupt the iht&ceallaudin tight

junctions in gut epithelial celld'>'2 Importantly, this pordorming toxin was

demonstrated to bind and necrotise human ileal and colonic epithalivitno, and

can induce cell death i.e. apoptosis, via the caspas¢hway 4. Hence, the potential
pathogenesis mechanisms underlyiRgould result from CPEnduced tight junction

rearrangements or pefermation.

1.5.2.2.9 Sialidase
Three sialidases, encoded by genasH, nanl and nanih C. perfringensare also
named as neuraminidases or -skaidases (Nanl and NanJ). This group of enzymes

represent important virulence factors durgperfringensmediated tissue infection;
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they catalyse hydrolysis of terminal sialic acids frglycoprotein glycolipids and
polysaccharides of cell membranes that aids in bacterial attachment to hoSf.cells
This mucolytic potential suggests tl@atperfringensmay utilise intestinal mucus as

a nutrient source, and thereby potentiates intestinal colonisation, which has been
modelled using thin vitro Cace?2 cell line!*®. Importantly,in vitro studies have also

de monst r atdxie dssotidtea with Manl (exaphasialidase) increased the
virulence of C. perfringens!!’. Furthermore, Nanl was shown to potentiate the
virulence of ETX, CPB and CPE, via bindingnhancing ETX) and proteolytic
activation CPB and CPE) mechanisms, potentially enhanci@g perfringens
pathogenesis!®, Notably, in a gas gangrene mouse model, Nanl and NanJ are not
essential for virulencé'®. For a comprehensive review of this toxin, please refer to
work by Li et al. (2015*%°.

1.5.2.2.10 NetB

NetB, a pordorming toxin (encoded byetB), shares limited amino acid sequence
similarity with CPB (38% sequence identitypLC from S. aureuq31% sequence

i dent i ttoxih (40nsdqueirce identity) fro@. perfringens'?’. Less than a
decade ago, this chickéME associated toxin (plasmiabrne), was discovered and
shown to be e s-gdmiforiesidn foimatiorsbotieimaell limefmodals,

and avianin vivo models via genetic mutant strains, and thus fulfilled molecular
Kochdés postul ates &% Ths toxin is imposast indagiane r mi n
agriculture asmetB-positive C. perfringensstrains recovered from broiler chickens
(healthy birds) can be as high as 61%, however expression of NetB was shown to be
lower in healthy birdswhen compared with NBassociated chickens (92% vs 29%)

123 In addition,netBwas later identified as part of a plasreidcoded pathogenicity

locus named NELe& capable of being transferred via conjugation, indicating the
potential spread in relation to chicken NE epidemioltgy* Please refer to Review

by Rood et al. for a comprehensivesdription on NetB and poultry NE°,

These extracellular toxins represent potent virulence factors central to intestinal
disease devepment. However, not all toxins are secreted by all strain€.of
perfringens(excludingPLC), hencejn silico identification of virulence genes using
NGS techniques and bioinformatics tools are essential for rapid and comprehensive

genatoxinotyping ofC. perfringenscompared with conventional molecular tools.
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1.5.3 Antimicrobial resistance (AMR)

AMR traits in C. perfringenspose a serious clinical treatment concern, due to its
capacity to generate an array of lethal toxins. Presently there are several phenotyping
studies published (based am vitro susceptibility testing of Minimal Inhibitory
Concentration; MIC) on the AMR rpfile of C. perfringens however, there is
currently limited genetic/WG®ased AMR genotyping studiésable1.3).

Tetracycline resistance @. perfingenswas first described in 1968, when 11 strains
of C. perfringensver e t est ed, and found to posses:
tetracycline, thus penicillin G (obenzylpenicillin)was recommended as the drug of
choice for treating Clostridial iettion12%. Plasmidcarrying tetracycline resistance
(tetcomponents) iIC. perfringensvas genetically shown for the first time in porcine
samples (3 straind§’. Tetracycline resistance elemetesP), was then detected in

81 tetracyclingesistanceC. perfringensstrains (D0%), with 93% of these strains
carrying a secondary resistance gene, etdtB(P) ortet(M), notably, no single strain
possesses allet genes?8 MultidrugresistantC. perfringensstrains were first
reported back in 1977, multiple straing=() isolated from porcine faeces were
demonstrated to be resistant against tetracycline (MIC £g/88), erythromycin
(MIC > 12&g/ml), clindamycin (MIC > 6d4g/ml), and lincomycin (MIC > 128)/ml)

129 A PCRbased AMR study on 160 environmental strains (water, soil and sewage)
revealed encoded macrolide resistargenes erm(B)(26%), erm(Q)(1%), and
mefA)(18%), in addition to the commonly foundtA(P)(53%),tetB(P)(22%), and
tet(M)(8%) 1%C.

Macrolide andincosamide resistance (mainly erythromycin and lincomycin) appears
widespread'®!, and therefore is considered ineffective in treatihgperfringens
infections. This is supported by a recent multidrug resistance study of 263 stira
C. perfringensisolated from diarrheal neonatal piglets in Thailand, where higher

resistance was observed for erythromycin, lincomycin and tytésin
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Antibiotic class Inhibitory High Moderate High Refs
mechanism susceptibility resistance resistance

Penicillin Cell wall Penicillin G Ampicillin 129,133-137
synthesis Amoxicillin

Glycopeptides Cell wall Vancomycin 134,138
synthesis Daptomycin

Imidazoles Nucleic acid Metronidazole 134,135
synthesis

Cephalosporins Cell wall Cefotaxime Ceftazidime 134,136,137
synthesis Ceftriaxone

Ceftiofur

Amphenicols Protein Chloramphenicol 129,134,135
synthesis

Carbapenems Cell wall Imipenem 135
synthesis

Tetracyclines Protein Tetracycline* 17,129-
synthesis Minocycline 131,136,139

Doxycycline

Lincosamides Protein Lincomycin* 131,132,135
synthesis Clindamycin*

Macrolides Protein Erythromycin*  129-133
synthesis Tylosin

Quinolones Nucleic acid Norfloxacin 134
synthesis Enrofloxacin

Nalidixic acid

Aminoglycosides  Protein Gentamicin 133,137
synthesis Streptomycin

Polypeptides Cell wall Bacitracin 133,137
synthesis Colistin

Table 1.3: Asummary of C. perfringens antimi crobial resistance

*High-prevalence (both pheno- and genotypic) antibiotic resistance reported. Table reproduced from Kiu
and Hall (2018) under the Creative Commons BY licence 1.

Recent WGS studies on AMR genes have detaotggA(multidrugresistance gene),
using various public AMR databases®@rperfringenstrainst*°, and also tetracycline
resistant genetetA(P), teB(P) andtet38 The genesmprF and rpoB (rifampin-
resistant) have also been reported to be encadfedAnti-defensin genemprF
(possibly involved in multidrugesistant, including resistance against gentamicin)
was recently reported in a largeale genomic study &. perfringengn=56 strains)

to be presenin 100% of the genomés. In this latest genomic studigtA(P) was
detected in 75% of the 56 strains, which is more prevaleam tetB(P)(42%).
Interestingly,ANT(6)}Ib, an aminoglycoside resistance gene, was also reported to be
encoded in &. perfringengoxinotype C strain. Although mainly anaerobic bacteria

like C. perfringensmay have reduced transport of aminoglycosidéadellularly,
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there are also findings th&. perfringensare sensitive to aminoglycosides like
gentamicin at higher concentration, which indicates @aperfringensmight also
have acquired additional resistance to aminoglycosiiés:

WGS will be a key toolto tackle C. perfringensAMR, particularly in rapid
diagnostics, however goltandard phenotypic MIC tests will also be required to
clinically determine the antimicrobial susceptibilities and facilitate antibiotic

management.

1.6 Clinical associations in humans and animals

C. perfringensas been constantly associated with gut diseasess both animal and

human hosts (summarisedTiablel1.4) as described in this section.

1.6.1 Animal hosts

1.6.1.1 Poultry NE

Poultry NE was first documented in England in 198% Since then, NE has been
consistently reported in every continent around the globe. Importéntberfringens

is unequivocally identified as the key aetiological organism of NE in broiler chickens
143 Global financial impact of NE is significant, with an estimated economic loss of 6
billion US$ in 2015, projecting pfib loss per bird at > US$0.062%.

Classic NE pathologies are characterised by gaseous lesions and mucosa necrosis in
gasfilled distended small intestine, howey#érese can also involve kidney and liver

as secondary infection sit&8. Proposedkey biological factors that contribute to NE

are hydrolytic enzymes (e.g. collagenas®)d toxin production (traditionally
understood aBLC, and more recently NetB and TpelL, both are gorming toxins,

were linked to the onset of NE*%147 Other NEpredisposing factors include: a high
protein diet that favours the growth Gf perfringensand environmental stress (e.g.

high stocking density), which alters gut microbiota/host immunity that eventually
increases ris of infection 4. For amore detailed introductioto poultry NE see

section5.2
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Host Disease Affected Clinical symptoms Associated Refs
species groups toxinotypes/
toxins
Cow Bovine necrotic Neonatal Distended colon; mucosal Type A/ CPB2, 87,149
enteritis calves necrosis PFO
Chicken Poultry necrotic Neonatal Gaseous lesions; mucosal Type A, C, G/ 150
enteritis chicks 2-5 necrosis; distended CPB, NetB, TpeL
weeks post- intestines
hatching
Pig Swine enterocolitis  1-7 days old Severe diarrhoea, necrotic Type A, C/ICPB2 151
neonatal mucosa, villus atrophy
piglets
Dog Canine n/a Haemorrhagic/ necrotic Type A, 102
gastroenteritis intestines F/enterotoxin
CPE, CPB2
Horse Equine necrotising  1-14 days Bloody diarrhoea; Type A, F/ CPE, 102
enterocolitis old neonatal  haemorrhagic and necrotic CPB2, NetE, NetF
foals intestines & NetG
Human Acute watery Both children  8-14h after food ingestion: Type F/ CPE 152
diarrhoea (food and adults intestinal cramp, watery
poisoning) diarrhoea without vomiting
(self-limiting: 12-24h)
Human Non-foodborne Older adults Abdominal pain and Type F/ CPE 153
diarrhoea (>60 years diarrhoea (prolonged
(antibiotic- old) duration >3 days to several
associated weeks), often accompanied
diarrhoea and by blood in the faeces.
sporadic diarrhoea)
Human Enteritis Children/ Intestinal gangrene (small Type C/ CPB 81
necroticans malnourishe intestine as key infection
(Pigbel) d adults site)
Human Preterm 1-14 days Distended abdomen; Type A/ CPB2 8,9
necrotising old neonatal  pneumatosis intestinalis
enterocolitis preterm (gas cysts formation);
infants intestinal necrosis

Table 1.4: C. perfringens -associated intestinal diseases in both animals and humans

Table reproduced from Kiu and Hall (2018) under the Creative Commons BY licence 1.

1.6.1.2 Equine Acute Necrotising Enterocolitis

Acute necrotising enterocolitis (ANEC) in foals/horses (cause@.lperfringeng is

a severe intestinal disease that resemblesl#issic clinical signs of. perfringens

infections; rapid disease development and necrotic intestines (mainly the ©8lon)

ANEC symptoms are characterised by bloody diarrhoea, followed by a haemorrhagic

and necrotic gut®. Type FC. perfringenstrains (previously type A) harbouring both

CPE andCPB2 are often associated with this deadly condittéfh More recently,

NetE, NetF ad NetG toxins (pordorming toxins) were proposed to underlie the

pathogenesis of foal NEE.
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1.6.1.3 Swine enterocolitis

C. perfringengype A strains (also less frequently, GR&bouring type F strains) are
widely considered as the invasive agent of-haemorrhagi@enterocolitisin piglets,
although the actual pathogenesis remains undefined. Similar toGtperfringens
intestinal hfection, this disease commonly affects -oveekold piglets, suspected to
inherit (i.e. via vertical transmission during birth) the bacterium from the microbiota
of mother sows!®®. Symptoms involve severe diarrhoea (@#@emorrhagic),
accompanied by necrotic mucosa and atrophy of intestinal @HB2was initially
believed to drive the development of this disease (backed bgrejubgical studies

in 1990s), and as such was used as a diagnostic biomarker, although this has become
controversial in recent yeaf& Type C strains that car@PB are associated with
haemorrhagienterocolitisin piglets and largely affect 1 to 4 days old neon&fedn
contrast to type Anfection (to a lesser degree, typanifection), type Cinfection is
characterised by haemorrhagnterocolitis which is proposed to be driven by the
presence of type C strains and low trypsin secretion (trypsin can inac@iR&en

the immature host gdt”.

1.6.2 Human hosts

1.6.2.1 Darmbrand

Dar mbr and, which I|Iiterally means Oburnin
describe a particular type of necrotic inflammatory gut disease (also known as enteritis
necroticans, EN) associated with perfringens that occurred epéammically post
second World War (1944949) in nortAwest Germany®®. Darmbrand causative
strains were later classified as type C strains that &, and these strains are
highly resistant to heat®. Many of these type C strains also harbour CPE, which has
been shown to act synergistically witiPBin an intestinal loop model and therefore
CPE was suggested pay a role in some cases of EfNNotably, the heatesistance

of this strain might be attributed to the production of a small-saidble protein
(Ssp4) that could potentially play a central role in disseminatio€.gberfringens
strains 6. Darmbrand was believed to be facilitated by poor -p@st sanitary
(bacterial contamination), and malnutrition (protemalnourished) conditions, as this

disease diappeared within a few years after its first recognittén
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1.6.2.2 Pigbel

Enteritis necroticans (EN), or commonly known asipadyin the highlands of Papua

New Guinea (PNG), is a form of inflammatory gut diseaséwas associated with
pork-feasting activities that took place among PNG Highlanders in outbreaks first
documented back in 1966°% The classical description of the symptoms is
Ospontaneous gangrene of smal | i ntestine
caused which resembles Dar mbr an®,Theand ooc
aetiology of this fatal infection was thought to be largecansumption ofC.
perfringenstype Gcontaminated pork (due to poor hygiene), and large amount of

sweet potatoes which contain trypsin inhibitor (trypsin secreted in the gut could break

down CPBsecreted by. perfringeny 13 Similar cases of EN we also reported in

Uganda'®® Indonesiat®®, Thailand®® and Nepal®’. Notably, ENlike cases were

also reported (rare cases) in developed countries, including USA, in exclusively

diabetic subjects, who also have attenuated trypsin prodd€tion

1.6.2.3 Acute Watery Diarrhoea (FP)

C. perfringendhas been associated wkP since it was first docuamted in both the

UK and the USA in the 1948€’. C. perfringastype AFP, is ranked the second most
prevalent bacteriaFP in the US, estimated at 1 million cases per annum, after
Salmonella’®. In the European Union (EU) member countr@sperfringendinked

FP outbreaks were projected at approximately 5 million cases per year (2611)
perfringenslinked foodborne cases are suggested to be waderted due to its self
limiting symptoms, thus the statistics published based on laboredofirmed cases

may be lower than the actual numbers, suggesting a higher actual epidemiological
impact.

Hallmark symptoms include, rapid appearance withib48hrs after food ingestion,
intestinal cramp, watery diarrhoea without fever or vomitifig Currently, FP C.
perfringers cases are thought to be caused by CPE (encodegpéogene). This
secreted pororming toxin is also demonstrated to disrupt intestinal tight junction
barriers and initiate disease developmeéatFor a more detailed description Gn
perfringensassociated acute watery diarrhoea (or, foodborne diarrhoea), see section
4.2
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1.6.2.4 Non-foodborne diarrhoea

C. perfringenshas also been associated hwitonfoodborne diarrhoea (a distinct
disease entity frorP, characterised primarily by more severe symptoms and longer
duration), which includes antibiot&ssociated diarrhoea M), and sporadic
diarrhoea! >4 AAD typically occurs in 525% of patients after administration of
broadspectrum antibiotics™. Non-foodborne diarrhoea typically affects older adults
that ae >60 years of age (although sporadic diagah® also associated with younger
age groups)’®. Clinical symptoms are abdominal pain, prolonged diarrhoea (>3 days
to several weeks), and bloody stodts!’’ Patients suffering from nefmodborne
diarrhoea, particularly AAD, can become serigudl due to diarrhoeanduced

dehydration, and may progress to develop colitis, although full recovery is common
178

Although other pathogenic bacteria includi®y difficile (most common AAD
pathogen; ~25% of casé$® and S. aureushave also been implicated in AAD,
enterotoxigenicC. perfringenstype F strains (pragting CPE) are estimated to be
responsible for up to 15% of all AAD casé$!®%181 CPE, produced b@. perfringens

type F strains (encoded by plasnalidne cpe gene), has been reported to be the
aetiological agent forC. perfringensassociated noefoodborne diarrhoea, as
evidenced by the high prevalence in diarrhoea patients, but not healthy individuals.
Importantly, type F strains have also been linlesporadic diarrhoealthough to a
lesser extent’, AAD-associate. perfringensstrains are also described to be more
adherent to Cae@ intestinal cells, when compared to othd® strains, which is
attributed to the production of sialidase N&fd The spordorming nature ofC.
perfringenscould also potentially contribute to the commonly observed disease
persistence ahrelapse®. Molecular detection of faecal CPE or PCR confirmation of

cpegene represents the curratinical diagnostic method fo€. perfringensAAD
24,184

1.6.2.5 Preterm infant NEC

PretermNEC has been clinically linked wit@. perfringenssince the 1970s, as type

A C. perfringenswvere isolated from necrotic tissues in many NEC cases. Notably, it

was even called 6égas gangrene ofghly he bo

similar diseased histology with the infamous tissue myonectbsis
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NEC has ~14% prevalence in preterm infants lesa #@00 g birth weight (i.e.
extremely low birth weight, ELBW), a high mortality of 30% with surgical NEC, and
overall mortality up to 50%. NE@elated deaths account for 10% of all mortality
cause$n neonatal intensive care unit (NI¢Blccording to a Ukhationwide study?®,

and is the most severe and lethal neonatal Gl emergency worfdvitiee additional
anntal cost for treating NEC in pterm infants is conservatively estimated at £13.5
million in the UK (excluding longerm postsurgical treatment), whilst in the US $1

billion is estimated to be spent annually by neonatal departments oR8NEC

The involvement of bacteria in the pathogenesis of NEC has been strongly implicated
since the disease was first descri€dBothKlebsiellaandC. perfringenave been
linked to clinical NEC in recent yeatsMost recently, the emergence of two extensive
preterm infant NEC cohort studies that profiled metagenomic faecal samples, have
both indicated that. perfringenss significantly abundant in the infant gut microbiota
prior to NEC developmenf®. These studies are supported by the substantial number
of NEC studies (14 studies to date since 1970s, more than any individual bacterial
agents, as summarisediable 1.5) that have reporte@. perfringensas a potential
pathogenic agent®®. Thus, C. perfringensappears to be a pathogenic agent of
microbiatNEC, i.e.C. perfringensassociated NEC, and may link to specific disease
symptoms®®. For a more detailed desciigmh onC. perfringensassociated NEC, see
section3.2
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Recent advancement of WGS and genomic analyses, particularly those focussing on
other gut pathogens includin@. difficile, Klebsiella pneumoniaeand Salmonella
entericahas proved successful in understanding the pathogenic role of these bacteria
in diseas development and tracking bacterial transmisg9t°t These enteric
pathogens have all been sequenced extensively witmrgendormation made public

on NCBI (National Center for Biotechnology Informatiopgenomedatabase (as of
November 2018; bracketed digits indicate number of genoi@edjfficile (1404),E.

coli (13475) K. pneumonia€6503) ands. entericg9798). Yet,ncluding two batch
additions of 30 genomes towards the end of 2016 and >55 genomes2A18idhere

are only 112 publicly available genomesXiperfringenshighlighting the lack of in

depth understanding of this pathogen with respect to its genofarciation. WGS

based investigation may allow identification of putative/novel disaaseciated
genotypes and virulence factors, that may facilitate intervention strategies and/or

therapy development

1.7 Unanswered questions

The clinical link between intéigal diseases an@. perfringends clear and defined,
however the underlying factors responsible for specific aspégathology remains
uncertain(Table1.6).

Deciphering the genes that are involved in the sporulation, germination, enzyme/toxin
production, oxygen tolerance, AMR and other novel virulence factors could lead to
more targeted clinad preventions inC. perfringensassociated adult and neonatal
intestinal diseases, whether it be humans or animals. Important questions may be
answered utilising WGS and silico tools, to delve into the genetic makeup of this
notorious, yet undestudial pathogen. In tandem furthir vitro andin vivo studies
should be carried out to confirm the importance of suspected novel virulence traits,

i.e. to fulfil Molecular Koch's postulates.
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What are the key knowledge gaps in understanding C. perfringens as a pathogen, and what are the

potential approaches to investigate/mitigate the virulence of C. perfringens in clinical diseases?

Question s

1

Compared to other pathogens (e.g. C. difficile),
there is limited WGS data for C. perfringens,

what is the genomic diversity of this important

Approaches

1

Isolate diverse strains from various
environments, i.e. from both case and control

samples

pathogen? 1  Perform comprehensive bioinformatics analyses
T Can we use WGQerftngensdt ype to understand evolution e.g. SNP based
isolates, and can WGS be used in diagnostics phylogeny, and investigate variants and spread in
(including AMR profiling), and to track spread in clinical settings
outbreaks settings? 1  Carry out pan-GWAS/comparative genomics to
1 C. perfringens causes diverse diseases in a wide identify/predict specific virulence genes related to
host range, but what are the microbial virulence disease development.
factors responsible for pathology, and is this 1  Develop/optimise clinical diagnostics from faecal
host/strain specific? samples via e.g. ultra-long read real-time
1 What are the host immune cells/ signalling sequencing method such as Oxford Nanopore
cascades involved in C. perfringens-associated 1  Develop and characterise in vivo infection models
clearance and/or pathology? for different disease types (e.g. NEC and
1 C.perfringenscan resi de as a o0 gastroenteritis)
of the gut microbiota, what are the external 1  Pinpoint specific virulence genes involved in
factors that may lead to overgrowth and disease? infection via bacterial transcriptomics (RNAseq)
1 Can C. perfringens be directly linked to NEC and knock-out bacterial strains, to fulfil molecular
pathogenesis? Kochds postul ates.
1  What are the therapeutic approaches that could 1  Perform microbiota profiling (e.g. 16S rRNA
be used to prevent C. perfringens infection in metagenomics or shotgun metagenomics) to
multi-host species? investigate the impact of C. perfringens to
microbiota members, and the role of microbiome
in C. perfringens infections
1  Understand host defence mechanisms using
immunological approaches, and knock out in vivo
models
1  Develop therapeutics for C. perfringens infections

including phage therapy, vaccines, microbiota

treatment i.e. probiotics

Table 1.6: Knowledge gaps in understanding  C. perfringens and proposed research approaches

Table reproduced from Kiu and Hall (2018) under the Creative Commons BY licence 1.

These approaches may help establish future platforms for disease prevention strategies
such as vaccines, phage therapy, microkiatsed therapeutics, or implementation of
specific antibiotic administration policies. Furthermore, understanding the genomes

will potentially enable epidemiological tracking (as is taking place for other
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pathogenic bacteria), allowing us to pinpoint the origin and route of spread of isolates

in the hospital settings, which is vital within clinical contexts.

1.8 Hypotheses
1.8.1 Overarching hypothesis

C. perfringensplays a causative role in intestinal diseases, including preti&i@
foodborne diarrhoea and poulNE, via an array of toxin and accessory virulence

geneswhich arewidely disseminated via clonal expansion.

1.8.2 Study-specifichypotheses
Chapter 3 - Specific nosocomial virulent genotypes©f perfringensare linked to

pretermNEC disease progression

Chapter 4 - Specific epidemic strains o€. perfringensare responsible for

gastrointestinahssociated outbreaks

Chapter 5 - Broiler caecal contents exhibit microbiome signatures for poultry NE,
and specific genotypes of chickassociatedC. perfringensare linked with poultry
NE

Chapter 6 - C. perfringenss a genetically diverse, zoonotic and widdligseminated

pathogen

Chapter 7 - C. perfringenssolates exhibit strakspecific virulence properties, and
certaindiseaske i nked str ai ns a-pathogérficisttaineer 6 t han

Chapter 81 Hypervirulent C. perfringensstrains can induce disease symptoms in

mice

(0]
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1.9 Primary researchaims

Thisresearch had 5 primary research aims:

1. To isolate and sequence (WGS)-ggsociatedC. perfringensfrom clinical
samples, cohorts including preterimfants FP patients,carehome non
foodborne diarrhoea patierdad broiler chickens

2. To genotypeC. perfringensusing bioinformatics to determine full virulence
profiles and genetic variationef C. perfringensisolates andlink disease
outcomes with pathogenic genotypes

3. To determine genomic epidemiological spread of diseaassociatedC.
perfringensgenotypesandunderstandgjlobal phylogeneticof C. perfringens

4. To phenotypeC. perfringensvirulence traits ana@haracteriseC. perfringens
pathogenesis using vitro models for the selection ghenotypicdly 6 h y-p e r
v i r udtrans to be employed in animal models.

5. To set up and characterige novel oralchallengedmouse model of C.

perfringengntestinalinfections

1.10 Structure of the thesis

The hesis is organised into 9 chapters.

Chapter 1 is an introductory chapter that presents a comprehensive literature review

on the research background and summarises the hypotheses and aims of the thesis.

Chapter 2 comprises the details of materials and m&@seaethods, including various

bioinformatics approaches used in the studies.

Chapter 3 presents a study on the genomic virulence and epidemiology of preterm
associatedC. perfringens This chapter provides insights into the full virulence
profiles and pagenome of hospitdinked C. perfringensand a novel understanding

of the nosocomial spread and persistenc€.gferfringendgn a multicentre neonatal

study.

Chapter 4 describes phylogenomic investigation on-fsmdoning and care home

associated. pefringensisolates across England and Wales. This study determines
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specific virulence plasmid disseminations and identified potential clonal expansion of

enterotoxigenicC. perfringensstrains.

Chapter 5 contains a microbiome study on chiekssociated caem contents and a
genomic investigation on NEelated isolates. The findings identify specific NE

diagnostic microbiome marker and combinatory role oflidked virulence genes.

Chapter 6 is a population genomic study on the complete set of isolatedblavtol

date including public genomes and newly sequenced genomes. This study presents the
pangenome ofC. perfringens and identifies potential zoonotic relationship,
genetically distinct lineages and intercontinental disseminations.

Chapter 7 describeshé phenotypical characterisation of a s of preterm
associatedC. perfringens isolates. This chapter identifies hyperulent C.
perfringensstrains that were selected for use in a novel mouse infection model study

described in Chapter 8.

Chapter 8 esents a novel orghallengeC. perfringensnfection model that reveals
unexpected immunmediated microscopic pathologies. This reproducible infection
model has the potential for use in future therapy development a@aipstfringens

intestinal infetions.

Chapter 9 is the final discussion chapter, summarises the impact of the new findings,

future perspectives and conclusions of the thesis.
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Materials and m ethods

2.1.1 Reagents, kits and equipment

Primaryreagents, kits, equipmeand toolsusal/mentioned in thighapterare listed

in Table2.1to Table2.3.

Materials

Components and conditions

Supplier

Phosphate Buffer Saline (PBS)
25% sucrose in TE buffer

Lysozyme

Proteinase K
RNase A

EDTA

Sarkosyl NL30
Phenol-Chloroform-lsoamyl
alcohol (IAA) solution

E buffer

Chloroform:IAA

Ethanol

Phase-lock gel tubes for DNA
extraction using Phenol-

Chloroform

PBS, pH7.2

TE buffer: 10mM Tris and 1mM
EDTA pH8.0

Lysozyme re-suspended in
0.25M Tris pH8.0
~15-20mg/ml proteinase K
10mg/ml RNase A (boiled before
use)

0.5M EDTA, pH8.0 (pH
adjusted)

30% Sarkosyl

25:24:1 (Phenol-Chloroform-
Isoamyl Alcohol)

10mM Tris pH8.0

24:1 Chloroform:1AA

Absolute ethanol (>99.5%)
MaXtract High Density tubes

Sigma-Aldrich, Dorset, UK
Sigma-Aldrich, Dorset, UK

Roche, West Sussex, UK

Roche, West Sussex, UK
Roche, West Sussex, UK

Sigma-Aldrich, Dorset, UK

Sigma-Aldrich, Dorset, UK
Sigma-Aldrich, Dorset, UK

Sigma-Aldrich, Dorset, UK
Sigma-Aldrich, Dorset, UK
Sigma-Aldrich, Dorset, UK
Qiagen, Manchester, UK

Table 2.1: Materials used in Phenol

-Chloroform DNA extraction for WGS samples
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Equipment

Model

Supplier

Anaerobic chamber

Autoclave (portable)

Centrifuge

Microscope (fluorescence and
brightfield)

Gel electrophoresis unit
Homogeniser for DNA
extraction samples

Incubator

Micro-centrifuge
Micro-centrifuge (refrigerated)
Microplate reader

Microplate reader (anaerobic
condition)

Nanodrop spectrophotometer

PCR station
PCR thermal cycler

pH meter
Pressure transducer (USB
connection)

Qubit meter

Safety cabinet

Ruskinn Concept Plus
Classic 2100 Standard (9-litre)

Eppendorf 5810R

Carl Zeiss Axio Imager 2

ENDURO Gel XL
FastPrep-24

Cooling incubator
Prism

Prism R
FLUOstar Omega

Tecan infinite F50

Nanodrop 2000

UV HEPA PCR Systems
Applied Biosystems Veriti 96-
well thermal cycler

Martini MI 151
PX409-015GUSBH

Qubit 2.0

Walker Class Il MSC

Baker Ruskinn, Bridgend, UK
Prestige Medical, Blackburn,
UK

Eppendorf, Stevenage, UK
Carl Zeiss, Cambridge, UK

Labnet, New Jersey, USA

MP Biomedicals, Santa Ana,
USA

Binder, Tuttlingen, Germnay
Labnet, New Jersey, USA
Labnet, New Jersey, USA
BMG Labtech, Ortenberg,
Germany

Tecan, Mannedorf, Switzerland

Thermo Fisher Scientific,
Loughborough, UK
UVP, Upland, USA
Thermo Fisher Scientific,
Loughborough, UK
Rocky Mount, USA
Omega Engineering Limited,
Manchester, UK
Thermo Fisher Scientific,
Loughborough, UK
Walker Safety Cabinets,
Glossop, UK

Table 2.2: Details of equipment used in the laboratory
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Item

Supplier

Agar

Agarose for Gel Electrophoresis

Brain Heart Infusion (BHI)

Caspase-Glo 3/7 Assay

CytoTox-One Homogeneous Membrane Integrity Assay

D-cycloserine

DNA ladder (1kb and 100bp)
DNA lo-bind tubes (1.5 and 2.0ml)
DPX mountant for histology

Egg yolk emulsion

FastDNA SPIN kit for Soll

Feeding tube 20G

Inoculation sterile loops (disposable)

KAPA 2G Robust PCR kit

Lead acetate test strips (detection of H2S)
Molecular water (water for molecular biology)
Perfringens Agar Base

QIAGEN Plasmid Midi Kit
QIAquick PCR Purification Kit
Qubit dsDNA BR assay

Reinforced Clostridial Medium (RCM)

Spreader

Staurosporine

Oxoid (Thermo Fisher Scientific),
Loughborough, UK
Sigma-Aldrich, Dorset, UK

Oxoid (Thermo Fisher Scientific),
Loughborough, UK

Promega, Southampton, UK
Promega, Southampton, UK
Oxoid (Thermo Fisher Scientific),
Loughborough, UK

Promega, Southampton, UK
Eppendorf, Stevenage, UK
Sigma-Aldrich, Dorset, UK

Oxoid (Thermo Fisher Scientific),
Loughborough, UK

MP Biomedicals, Santa Ana, USA
Instech, Plymouth, USA
Microspec, Wirral, UK

KAPA Biosystems, Wilmington, USA
Sigma-Aldrich, Dorset, UK

Merck Millipore, Billerica, USA
Oxoid (Thermo Fisher Scientific),
Loughborough, UK

Qiagen, Manchester, UK

Qiagen, Manchester, UK
Invitrogen (Thermo Fisher Scientific),
Loughborough, UK

Oxoid (Thermo Fisher Scientific),
Loughborough, UK

Microspec, Wirral, UK

Abcam, Cambridge, UK

Table 2.3: Materials and kits

2.1.2 Ethics approval and consent for participation in human studies

2.1.2.1 BAMBI study

BAMBI study (Baby Associated MicroBiota of the Intestine study) carried out at

Norfolk and Norwich University Hospital (NNUH) was approved by the University
of East Anglia (UEA) Faculty of Medical and Health Sciences (FMH) Ethics

Committee. Sample colleotn followed the protocols outlined by NRES approved

UEA Biorepository (Licence no.: 11208). Written consent was given by the parents

for their infants for participation in this study..
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NEOM study (The Neonatal Microbiota Study) was approved by West London
Research Ethics Committee TwClinicalTrials.gov identifier NCT01102738;

Licence no.: 10/H0711/39). Parents gave written informed consent for their infant to

participate in the study

2.1.3 Faecal samples, bacterial isolates and isolate DNA extracts

Samples (faeal samples/isolate/isolate DNA) were obtained through collaborations

with various organisations as describédl{le2.4).

Collaborators Organisations Sample cohort/sample Location
type
Dr Paul Clarke NNUH Preterm infants (BAMBI)/ Norwich, UK

Dr Gusztav Belteki Rosie Hospital

Prof J Simon Kroll Imperial College

Dr Alex Shaw London
Dr Kathleen Sim
Dr Corinne Amar Public Health

England (PHE)
Sara Goatcher Banham Zoo and
Africa Alive
Dr Ron Dixon Lincoln University

Dr Joseph Brown

Prof Paul O University College
Cork
Dr Alan Walker University of

Aberdeen

faecal samples

Preterm infants (BAMBI)/
faecal samples

Preterm infants in SMH and
QCCH (NEOM and two-year
NEOM)/bacterial isolates
Outbreak patients in
England and Wales/isolate
DNA

Captive animals/faecal
samples

Poultry and farm/bacterial
isolates

Older adults in care homes
(ELDERMET)/ bacterial
isolates

Healthy adults/isolate DNA

Cambridge, UK

London, UK

Colindale, UK

Suffolk, UK

Lincoln, UK

Cork, Ireland

Aberdeen, UK

Table 2.4: Brief description of sample sources and relevant collaborators

NNUH: NorfolkandNo r wi ¢ h

St Maryds Hospital.

University

Hospital;

QCCH: Queen

Char
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2.1.3.1 Faecal sample collection in BAMBI study
Faecal samples were routinely collected from infant nappies in the NICUs into sterile
stool containers and storetl4a°C and stored a80 °C within 5 days.

2.1.3.2 Faecal sample collection in NEOM study

Samples were collected by nursing staff from nappies into sterile Eppendorf tubes and
stored in &20 °C freezer on the NICU wiin 2hof collection and stored a80 °C

within 5 days.

2.2 DNA extraction
2.2.1 Using FastDNA SPIN kit

This methodvas usean bacterial/faecal samples for IEONA metatawnomics 16S

preliminary identification and gPCR bacterial load estimation.

Briefly, DNA extraction (~100mg for faecal sample or ~40fdr bacterial sample)
was performed using FastDNA SPIN kit for Soil, according to the protocol described
by the manufacturers, with a modification to the homogenisation of sarPlesn

at speed setting of 6.0, using FastP2dpnstrument. Samples wesespended in 1ml

of Sodium Phosphate Buffer. DNA extraction protocol was then performed
accordingly, with a final elution volume of 65ul. Extracted DNA was stored in sterile
DNasefree and RNas&ee DNA lo-bind tubes at20°C after quantification until

further analysis

2.2.2 PhenolChloroform extraction

This optimised Zlay protocol wasised to generate ulttagh quality pure bacterial
genomic DNA for WGSoriginally obtained from Dr Derek Pickard/€licome Trust
Sanger InstituteyTSI) 2°2

2.2.2.1 First-day protocol

10ml pure cultures iBrain Heart InfusionBHI) were harvested {3h) for phenol
chloroform DNA extraction (washed with PBS). Briefly, bacterial pelletsewe
suspended in 2ml 25% sucrose in 10mM Tris and 1mM EDTA at pH 8.0. Cells were
lysed using 561 100mg/ml lysozyme. 1@0 20mg/ml Proteinase K, 30 10mg/ml
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RNase A, 4081 0.5M EDTA and 2561 10% Sarkosyl NL30 were added into the lysed
bacterial susperan after 1hincubation at 37C. This is followed by 620 mins

incubation on ic€until complete lysis is observedhd 50C overnight water bath.

2.2.2.2 Secondday protocol

Two to three rounds of equal volume (5ml each) phehtwroformisoamyl alcohol
extraction using 15ml gelock tubes to separate DNA from bacterial waste after
reconstituting the overnight samplest buffer to 5ml. Chloroformisoamyl alcohol
extraction was then performed to remove residual phenol, followed by ethanol
precipitation and 1@l 70% ethanol wash by centrifugaticat (eastwice). Air-dried

DNA pellets were finally resuspended in 2080C| of E buffer and stored ir20°C

after quantitation until further analysRefer toTable2.1 for details of materials and
conditions. This adapteahd optimise@xtraction protocol was originalfyrovided by

Dr Derek Pickard\WTSI).

2.2.3 Pre-sequencing analysis ojenomicDNA quality and quantity

DNA quality was assessed by Nanodrop spectrophotometer (acceptable thresholds:
260/280 ratio ~1.2.0, 260/230 ratio > 1.8) and DNA concentration was quantified
using Qubit 2.0 dsDNA BR assay kit.

2.2.4 Plasmid DNA extraction
Plasmid DNA was extracted using QIAGEN Plasmvithi/Midi kit and performed

according to manufacturerdés instructions.

2.3 DNA Sequencing
2.3.1 Sanger Sequencingn full-length 16S rRNA amplicors (bacteria)

2.3.1.1 PCR primers, conditions product confirmation and purification
Full-length 16S PCR was performeas a cultureindependent methotb identify
bacterial generaBriefly, KAPA2G Robust PCR reagentgere used in preparing the
PCR master mixDNase and RNassdree sterile watewas used in preparing dilan
and master mix for PR 5¢l of each diluted bacterial DNA extraaiptimal DNA
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concentratiorior PCR 10-30 ngful) was amplified wittPCR master mix comprising:
10 uM primers (l/samplg?®® 10mM of each dNTP mix (Ll/sample),GC buffer
with MgCl. (10ul/sample), Millipore HO (31.6ul/sample) and KapiG Robust DNA

polymerase (0Odl/sample), mastanix was prepared according to careful calculation.

Primers Sequences : -H

fD1 AGA GTT TGA TCC TGG CTC AG
fD2 AGA GTT TGA TCATGG CTC AG
rP1 ACG GTTACCTTG TTACGACTT

Table 2.5: Sequence s of universal primers used for full -length 16S rRNA PCR

Primer abbreviations: f, forward; r, reverse; D, distal; P, proximal 2%,

PCR Step Temperature Duration Cycles
Initial denaturation 94 5 min 1
Denaturation 94 1 min 35
Annealing 43 1

Extension 72 2 min

Final extension 72 2 min 1

Table 2.6: PCR amplification conditions for full  -length 16S rRNA PCR

PCR was performed in thermal cycler according to the conditions detailexbia

2.6. PCRproducts (4,500bp) were separated on 1% agarose gel and DNA bands were
stainedwith ethidium bromidefor x-ray visualisation negative control (molecular
watel) was included to detect any possible contationaof DNA. 1kb ladder was

used to esthate thesize of the PCR amplicon band3timers and reagents were
removed from the PCR products using a QIAquick PCR purification kit aiocptal
manuf act ur er spgerfopmingSarger 8dquetcied. o r e

2.3.1.2 Sequencing

PCR ampliconsvere then pepared according to sample submission guide (Eurofins,
Luxembourg) for nucleotide reading service at Eurofins (Sanger sequemeihgd).
Most final PCR products randebetween 90A.00(bp (after quality trimming).

lllumina shortreadseguencing

2.3.1.3 WGS
This work was performed at thgTSI (Hinxton, UK) facilitated by Dr Derek Pickard
and in collaboration with Prof Gordon Dgan. DNA libraries weresubjected to WGS
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pipelineon lllumina HiSeq 2500 platform to generd@lbp/125p pairedend reads
as described previoust§. Thesequencindjbrary preparatiorprocess wadetailedin
Table2.7 andTable2.8.

Step Step description Instruments/ details

1 Quantitation of DNA Using Biotium Accuclear Ultra high sensitivity
dsDNA Quantitative kit

2 DNA shearing mechanical shearing using Covaris LE220
instrument

3 Purification of sheared samples Agencourt AMPure XP SPRI beads on Agilent
Bravo WS

4 Library construction (end-repair, using O6NEB Ultra |1 <cust

A-tailing and ligation) WS automation system

5 PCR using KapaHiFi Hot start mix and IDT 96 iPCR tag
barcodes on Agilent Bravo WS automation system

6 Post-PCR purification Agencourt AMPure XP SPRI beads on Beckman
BioMek NX96 liquid handling platform

7 Quantitation of libraries Biotium Accuclear Ultra high sensitivity dSDNA
Quantitative kit

8 Pooling libraries Pool in equimolar amounts on a Beckman BioMek

NX-8 liquid handling platform
9 Normalisation libraries normalised to 2.8nM

10 Loading to sequencer loading on requested lllumina sequencing platform

Table 2.7: WGS library process with details

PCR Step Temperature Duration Cycles
Initial denaturation 95 5 min 1
Denaturation 98 30s 5
Annealing 65 30s

Extension 72 1 min

Final extension 72 10 min 1

Table 2.8: PCR conditions for WGS libraries

2.3.1.4 Metataxonomicsusing 16S rRNA

This work was performed at théTSI (Hinxton, UK). Library preparation was carried
out by Charlotte LeclaireBacterial DNAconcentratiorwas quantified using Gbit
and normalised to 5 ngj/for all samplesExtracted DNA was used as a template for
PCR amplificationTable2.9) of the V1+V2 regions of the 16S rRNA gene as detailed
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in Table2.10 for the primer sequences. 16S rRNA gene libraries were sequenced on

the lllumina MiSeq platform with 256p pairedend reads.

Duration Cycles

Temperature

94
94
55
72

PCR Step

3 min
45 s

Initial denaturation

25

Denaturation

15s

Annealing

30s

Extension

metatax onomics (V1+V2 regions)

Table 2.9: Amplification conditions of PCR for 16S

19V99OVLI9IDD.1009109009VILOVILOVYIDIVILLLVOVOIVIVIODIVOVYOVIOVYD 21.dS A"ZA
19V9OVLHIDDL099109009VILOVILOV.LIOVIVIVLLYOVIIVLIVIODIVOVVYOVIOVYD 1T.AS AYZA
19V99OVLOIDD.L009109309VILOVILOVILILOVY.LIVOVOIV.LYIDDIVOVYOVIOVYD 0T.dS AYZA
19V99OVLI9DD01009109209VILOVILOVOVLIDILDDLVOVOIV.LYIDDIVOVYOVIOVYD 60.AdS AHZA
19V9OV1I9IDD1009109009VILOVILOVYLLOIVIDLYOVOIV.LVIDDIVOVYOVIOVYD 80.AdS AHZA
LOVOOV.LDD001009.109009VILOVILOVIVY.LO LD LYOVOOV.LVIODIVOVYOVIOVYD £0.AS AHZA
19V99OV.I9DD01009109009VILOVILOVIIVOIDLDLYOVOIV.LYIDDIVOVYOVIOVYD 90.dS” AHZA
19V9OV1I9IDD1009109009VILOVILOVIDILY.LODLYOVOIV.LVIDDIVOVYOVIOVYD G0.AdS AHZA
LOVOOVLDD001009.L09009VILOVILOVOV.LYOIVILYOVOIVLVIDDIVOVYOVIOVYD 70,dS AHZA
19V9OVLDIDDL009L09009VILOVILOVOIDILYLVIVOVOIVLIVIODIVOVVYOVIOVYD €0.AS AHZA
19V9OVLDIDD1009109009VILOVILOVIOIV.LIOIVIVOVOIVIVIODIVOVYOVIOVYD 20.AdS A™ZA
19VOOVLHIIILIDDLIDDDOVILOVILOVYLOV LIV LYOVOIVLYIDOIVOVYOVIOVYI T0.AS AHZA
OVILIODLNALYDALLONWOVLIDLIVVIODLVIOOVLIODLYIVIV.LILYOVOIIVIOVOIDOIVLYOLYY TOSVS M4TA
OVOLIDDLNALYDALLONOVIOLIVVIODLVLIOVOV.LOLOVOVLIOLVOVOIIVIIVOIDDIVIVOLYY 80SdS MATA
OVOLIDDLNALYDALLONOVLIDLLIVVIODLVLIDIDVIVOOIVIVLIILYOVOIIVIIVOIDDIVLIVOLYY £0SdS” MATA
OVILODDLNALYOALLONOVLOLLVVYLIODLVIOIV.LIOVIOOVIV.LOLYOVOIOVIOVOIDDIVLIYOLYY 905AS MATA
OVILIODLNALYOALLONOVLIOLIVVLIODLIVIOIOVIDLDIVIVLIDLYOVOOIVIOVOIDOIVLIVYOLYY G0SAS MATA
OVILIDDLNALYDALLONOVLIOLLYVIODLVIOVILODDLIOVIVLIOLYOVOIIVIOVOIODIVLYOLYY 705AS M4TA
OVOLIDDLNALYDALLONOVLIDLIVYVYIDDLVIOV.LIDLYDIOVIVLIOLYOVOIIVIIVOIODIVLIVOLYY €05dS” MATA
OVILIODLNALYOALLONWOVLIOLLYVIODIVIVOLODDIVIVOVLILYOVIIIVIOVOIODIVIVOLYY 20SAaS MATA
OVILODDLINALYOALLOWOVIDLLYVIOD1VIVIOVIOVYIVIVLILYOVOIIVIIVOIDDIVLIVOLYY T0SAS MATA
0g :@gouanbasg siawld

Table 2.10: Primer sequences for amplifying V1+V2 regions of 16S rRNA gene



Chapter 2 Materials and methods 63

2.3.2 454 pyrosequencing

This work was performed by Dr Kathleen Sim and Dr Alex Shaw at Imperial College
London. The V3V5 regions of the 16S rRNA gene were amptifiesing forward
primer 357F and reverse primer 926RMjle2.11) as detailed in section 2.7 in Sim
(2015)*2. Briefly, 16S rRNA amplicons were sequenced by Imperial College London
in-house 454 Life Sciences GS Junior Titanium machine, or the Department of
Biochenistry of University of Cambridge, using 454 Life Sciences GS FLX Titanium
machine following the Roche Amplicon Libprotocol. The workflow and protocols

of the 454 sequencing are detailed on p.64 in Sim (2615)

Primers Sequences : i3 d

357F CTATCCCCTGTGTGCCTTGGCAGTCTCAGCCTACGGGAGGC AGCAG

926Rb CCATCTCATCCCTGCGTGTCTCCGACTCAGNNNNNNNNNNNN CCGTCAATTY
MTTTRAGT

Table 2.11: Sequences of primers used in 454 pyrosequencing

This information is taken from Sim (2015) 204,

2.4 Bioinformatics
Bioinformatic tools/pipelines applied in this thesis are described in this sediish.
of the written scripts developed foseiduring my PhD can be foundnmy GitHub

repositorie$

2.4.1 Computing environment and resources

All bioinformatics commantine computing tools were run on Norwich Bioscience
Institute (NBI) HighPerforming Cormputing Cluster (HPC) onCentOS Linux
operating systenRelevant tool and dependencies (modules required by another tool)
are loaded (using commarsdurcg on to the shell environment befousageof a
software/tool.SLURM workload managé(v16.05.8) was routinely used tobsuit

computational jobs to HPC.

! https://github.com/raymondkiu/informati¢sols
2 https://slurm.schedmcdao/
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2.4.2 16S rRNA full-length amplicon sequence analysis

Primarily for bacterial species identification, 16S rRNA nucleotide sequences for
bacterial isolates were mapped with NCBI nucleotide database (16S ribosomal RNA
sequences: Archaea and Bacteria) using NCBI 8TN, reference bacterial species
with highest identity hits/similarity scores (sequence identity musCao for

species level threshold) were assigned for preliminary identification

2.4.3 16S rRNA microbiome analysisvia OTU (Operational Taxonomic

Unit) assignment
Software O6Quantitativeol QI gMES VAt 8. Mi v
analysing the 16S amplicon data (454 pyrosequencing and lllumina -paided

sequencing dat&y®.

2.4.3.1 454long-read data

454 pyrosequencing Standard Flowgram Format (SFF) files were convefie8Té\
files (process_sff.py) followed by demultiplexing and qualiligring step at quality
score 5(split_libraries.py).

2.4.3.2 lllumina paired -end data

FASTQ pairedend reads were assembleerged using PEAR®, at Phred quality
score 33 andodllowed by quality filtering:--phred_quality threshold 19 and
phred_offset 33split_libraries_fastq.py).

2.4.3.3 OTU assignment and clustering

Chimeras were removeddlentify _chimeric_segs.py)sing USEARCH v6.2% prior

to openreferenceOTU assignmenfpick_open_reference_otus.py) to representative
clustered sequencdmsed onSILVA rRNA database (SSU_Ref 128leased in
September 201698usingUCLUST clusteringalgorithm at 97% sequeaitentity?°”.
Taxa read counts <5 and samples with0 total reads were omitted for clarity of data
representationBIOM files were subsequently generated for data visualisation in
softwareMEGAN v6.10.42%°, Reads were normalised as Relative Adamce (%)

before visualising using R programming environntéht

3 http://blastncbi.nim.nih.gov/
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2.4.4 Bacterial whole genomede novoassembly

2.4.4.1 Short-read genome assembly

An optimised and standardised approach was employed to geteeratecassembly

for data consistencfgacterial @nomes sequencedWd S| were assembtkusing the
presented pipelineF{gure 2.1) 2% Briefly, de novoassemblers Velvet1.2.10or
SPAdes v3.8.1 are used to assemble siead sequencing datajtial assembly was
furtherimproved by Sanger assembly improvement pipeline v1.7.0 which comprises
SSPACE as scaffolder to scaffold contigs and GapkFiller to fill up gaps in between
contigs by picking up unmapped reads from FASTQ refidsi(e2.1) 213214,

Iterate for best kmers 16 iterations 120 iterations
fastq —_— 2 AV Scaffolding fammdll Gap filling
Assembly
FastQC + VelvetOptimiser: SSPACE GapFiller + N50
- Sequences that fall 66-90% average read s Institut oy i ¢ oivel + Contigs number
gg‘owl‘l Dbhred SCOI‘S f;glt: ;(;:l;r:;rimers anger Institute assemoly iImprovement pipeline . Genome SlZe
will be trimme: -
via TrimGalore. based on assembly LargeSt COﬂtIg
scores. GC content

+ Spades
- Select best kmers
automatically fast Assembly
2= stats

assembly_stats.pl

Figure 2.1: De novo genome assembly workflow used for short  -read sequencing data

2.4.4.2 Long-read genome assembly

Canuvl.5,successor dbngread sequeceassembler Celera Assembler, was used to
assemble longead sequencing data in this stfdy Canu assembly mainlyarries

out 4 major tasks: noise detection, sequence correction, sequence trimming and
sequence assembly. Workflow was demonstrateéignre 2.2. Standard workflow

was carried out to obtailong-readassembly for analysis.



Chapter 2 Materials and methods 66

bas.h5
bax.h5

bash5tools.py

l Extract data

Canu assembly pipeline

fastq —_— Correction mmmd Assembly * N30 i
| « Contigs number
» Genome size

-correct -trim -assemble » Largest contig

GC content
|

Figure 2.2: De novo genome assembly workflow used for long -read sequencing

Assembly
stats

assembly_stats.pl

2.4.4.3 Genomecontamination checks

Genome assemblies were checked for potential sequence contamination prior to
downstream analysissenome contamination checks (based on assemblies) were
firstly performed using Kraken (based on MiniKraken datab$e to detect
sequences foother bacterial species. & genome assemblies found to be
contaminated with >5% of other bacterial species were excluded from analyses.
Genomes we subjected toAverage Nucleotide Identity (ANI) method (using
mummerbasedpyani*) to ensure genome quality. ANI >95% (mapped against
reference genome or paifise comparison) confirms species assignméhit
Sequences with <95% ANI were excluded from analysis. Assemblies >500 contigs

(considered as highly fragmented assempiie also excluded from studies.

2.4.5 Genome annotation

Prokka v1.13 was used for genome annotati@nSpecifically, an irfhouse genus
specific databas@enusClostridium was generatedréble2.12) and compiled using
CD-HIT v4.6.6 as BLAST database based on NCBI Reference Sequence Database
(RefSeq) high quality genome annotations includingChastridium species. This

4 https://github.com/widdowquinn/pyani
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No RefSeq Genome Strain NCBI Accession
1 C. perfringens 1207_CPER SAMNO03197169
2 C. perfringens ATCC13124 SAMNO02604008
3 C. perfringens B_ATCC3626 SAMNO02436295
4 C. perfringens CBA7123 SAMDO00057672
5 C. perfringens C_JGS1495 SAMNO02436294
6 C. perfringens CP15 SAMNO06252080
7 C. perfringens CPE_F4969 SAMNO02436168
8 C. perfringens D_JGS1721 SAMNO02436277
9 C. perfringens E_JGS1987 SAMNO02436167
10 C. perfringens FORCO003 SAMNO03140316
11 C. perfringens FORC025 SAMNO04209542
12 C. perfringens JFP718 SAMNO05323879
13 C. perfringens JFP836 SAMNO05323894
14 C. perfringens Jic SAMNO02317206
15 C. perfringens JP55 SAMNO03372134
16 C. perfringens JP838 SAMNO03377063
17 C. perfringens LLY_N11 SAMNO07624709
18 C. perfringens NCTC8239 SAMNO02436239
19 C. perfringens 13 SAMDO00061119
20 C. perfringens 2789STDY5608889 SAMEA3545297
21 C. acetobutylicum ATCC824 SAMN02603243
22 C. baratii Sullivan SAMNO03222823
23 C. botulinum ATCC3502 SAMEA1705919
24 C. butyricum KNU-L09 SAMNO04293668
25 C. chauvoei JF4335 SAMEA102059668
26 C. difficile* 630 SAMEA1705932
27 C. difficile* BR81 SAMNO06286529
28 C. difficile* E15 SAMEA3138880
29 C. difficile* M120 SAMEA3138368
30 C. novyi NT SAMNO02603464
31 C. paraputrificum LHO025 SAMEA104287982
32 C. pasteurianum DSM525 SAMNO02990135
33 C. sordellii* AM370 SAMNO04263499
34 C. tertium LHO09 SAMEA104287969
35 C. tetani E88 SAMN02603289

Table 2.12: Genomes used to generate Clostridium genus -specific annotation database

*Recently suggested to be moved to genus Clostridioides 21°. *Recently suggested to be classified as
genus Paeniclostridium 220,
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2.4.6 Pangenome analysis

Pangenome analysis software Roaryl23vas run with annotated GFF files (from
Prokka annotation) as the inputs at BLASTP identity 90P®Q) to obtain the
pangenome statistics (also wik option, thus paralogs were not split in the gene
clustering) and core gene alignments-(; via MAFFTV7.305)?21 Core genes were
defined as genes present in 99% of the genord®O; or default setting). Similarly,
accessory genes were defined as genes not present in 99% of the computed genomes.
Pangenome statistical plots were generated using R scripts fvany Rackage and

visualised in Phandangé?

2.4.7 Phylogeneticand SNPanalysis

Core genome trees were constructed based on core gene (genes present in 100% of the
computed genomes) alignments generated from Roary pipeline by concatenating all
single-copy coregene sequences and aligned via MAFFT v7 23053 SNPs within
coregenome (multFASTA alignment format) were extracted using S$ites v2.3.3

224 SNP distances were computed using-gists v0.2 based on muFASTA
alignment fileS. Snippy v4.0 was used for referenbased(readmapping) SNP
analysis.FastTree v2.1.9 was used to construct Maxintikelihood tree using
generalised timeeversible (GTR) model on 1000 bootstrap replictedrees were
visualised, rooted and manually annotated using iTO¥%®hylogenetic clustering

was assigned via hierBAPS analygs described in sectich10) ??”. Binary trees

were generated based on ggmesenceabsence matrix outputsoin Roary and
parsed with iFhouse Python scripts to construct binary nucleotide alignments.
Phylogenies were constructed as described.

2.4.8 Genomewide sequence search

Genomewide screening of genesgas performed using BLASTMAbased command

line tool ABRicatev0.5°, with 90% identity and 80% coverage minimum cutoffs to
infer identical genes (begtatch approach). Gene sequences of interest were retrieved
from public databaseprimarily NCBI Nucleotide database and UniProt datajtase
build the screening BLASY database usingnakeblastdlcommand. ARIBA v2.8.1

5 https://github.com/tseemann/sdjsts

8 https://github.com/tseemann/abricate
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(assemblybased) was also used as a secondary approach to confirm detections of

genesn raw sequencing FASTQ fil&g,

Databases used for gene screening include: toxin genes (cust@th Table2.13),
AMR genes (CARD database v2.0r6-2239°%°), putative virulence genes including
collagen binding protein and enterotoxin genes (custon® Table 2.14), Tcp
conjugative loci and insertion sequent8) elements (custom, n=1Fable 2.15).
GenecnaD was recently associated with chicken NE and putatively identified to
encode collagen binding proteit?.

Gene name Product Alternative name NCBI Accession

1  plc/cpa Phospholipase Alpha-toxin D63911.1

2 cpe Enterotoxin CPE - M98037.1

3 ccp Clostripain - NC_003366.1
4  colA Microbial collagenase Kappa-toxin D13791.1

5 nanl Sialidase Nanl - NC_003366.1
6 nand Exo-alpha-sialidase NanJ - NC_003366.1
7 nanH Neuraminidase nanH - Y00963.1

8 cpb Beta-toxin - KP064410.1
9 cpb2 variant1  Beta-2 toxin variant 1 - AP003515.1
10 cpb2variant2 Beta-2 toxin variant 2 - CP009558.1
11 pfo Perfringolysin O Theta-toxin BA000016.3
12 nagH Hyaluronidase NagH Mu-toxin NC_003366.1
13 etx Epsilon-toxin - M95206.1

14 iap lota-toxin component la - NC_015712.1
15 ibp lota-toxin component |b - NC_015712.1
16 netB Pore-forming toxin NetB - FJ189503.1
17 becA Binary enterotoxin component a - NC_023918.1
18 becB Binary enterotoxin component b - NC_023918.1
19 tpeL Peptidase - EU848493.1
20 cpd Delta-toxin - EU652406.1
21 netF NE Toxin NetF - KJ606986

22 lam Lambda toxin - AJ439340

Table 2.13: Accessions of C. perfringens toxin gene sequences
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Gene name Product NCBI Accession
1 cha Collagen adhesion protein BAB62495.1
2 chaA Collagen adhesion protein A ALJ54440.1
3 chaC Collagen adhesion protein C DQ366035.1
4  cnaD Collagen adhesion protein D CP000246.1
5 entA Putative enterotoxin A ABG85708.1
6 entB Putative enterotoxin B ABG85644.1
7 entC Putative enterotoxin C BAB80858.1
8 entD Putative enterotoxin D ABG83751.1

Table 2.14: Accessions of additional virulence  -associated genes

Gene name  Product Protein function NCBI Accession
1 tcpA TcpA Conjugative locus ABF47308.1
2 tcpB TcpB Conjugative locus ABF47311.1
3 tcpC TcpC Conjugative locus ABF47313.1
4  tcpD TcpD Conjugative locus ABF47314.1
5 tcpE TcpE Conjugative locus ABF47315.1
6 tcpF TcpF Conjugative locus ABF47316.1
7  tcpG TcpG Conjugative locus ABF47318.1
8 tcpH TcpH Conjugative locus ABF47319.1
9 tcpl Tepl Conjugative locus ABF47320.1
10 tcpd Tcpd Conjugative locus ABF47321.1
11 1S1470 1S1470 transposase Insertion sequence element ABG85734.1
12 1S1470-like 1S1470-like transposase Insertion sequence element BAE79022.1
13 1S1469 1IS1469 transposase Insertion sequence element YP_473486.1
14 1S1151 IS1151 transposase Insertion sequence element YP_473484.1

Table 2.15: Accessions of conjugative loci and insertion sequence elements

2.4.9 Bacterial pan-GWAS: genetrait association analysis

Scoary v1.6 was used to infer specific gémadt statistical association based on the

Roary output genpresencebsence matrix’l. Script scoary.py was run with default

parameters with an additional 10 permutations.

2.4.10Plasmidin silico analysis

Sequencing reads were utilised for computational plasmid prediction via software

PlasmidSeeker v1.8*% Plasmid prediction was based on 8,514 plasmid sequences

available on NCBI RefSeq databases (including G5 perfringens plasmids



Chapter 2 Materials and methods 71

downloaded in April 2017Table2.16) 7. All sequencingeads (single FASTQ) were
searched for matchingrkers at kmer length of 20 and screening cutoff avdue

0.05 based on FASTQ reads. Top predicted
highest kmer identity; kmer percentage80% is the minimum doff) was extracted

as predicted plasmids.

Potential plasmid sequences from hegguencingoverage assemblies
(unassembled single contig) were extracted usingoimse Perl scripts. Plasmid
annotation(GenBank format) was generateich Prokka v1.13 andrtemisv17 2%,
Plasmid comparison and visualisation were performed uBitbon tool Easyfig
v2.2.2%34

No Plasmid No Plasmid

1 pCP-TS1 19 pJFP838C
2 pCP8533etx 20 pJFP838A

3 pCP-OS1 21 pCP13 DNA
4 pCPPB-1 22 pCPF4969
5 pCW3 23 pJIR3844

6 plP404 24 pJIR3843

7 pJIR3536 25 pJIR3537

8 pCPF5603 26 pCpb2-CP1
9 pBCNF5603 27 pNetB-NE10
10 pCP8533S12 28 pDell_1

11 pFORC3 29 pDell_2

12 pJFP55F 30 pDlel_3

13 pJFP55G 31 pDell_4

14 pJFP55H 32 pCP15_1
15 pJFP55J 33 pCP15_2
16 pJFP55K 34 pCP15_3

17 pJFP838E 35 pCP15_4
18 pJFP838D

Table 2.16: Plasmid sequences of C. perfringens included in the PlasmidSeeker database

7 http://bioinfo.ut.ee/plasmidseeker/
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2.4.11Bacteriophagein silico detection

Web tool PHASTER is utilised for detection of bacteriophage species existing in
bacterial genomes. Annotated GenBank files were submitted to the PHASTER web
server(either manual submission or via API serfend annotated data were parsed
with in-house scriptsyisualised with heatmaps generated within R programming
environment. The detection of phage species idasn thePHASTER scoring
method and classification as follows: (1) intact: >90; (2) questionabt®07(3)
incomplete: <70%3°. Prophage with scores >70 will be considered as complete
prop hage, whereas o6éincompletebd prophage
Sequences of prophagegere extracted by default using PHASTERanually
annotated and colowoded using Prokka v1.13 and Artenails7 for visualisation in
EasyFig v22.2. Phagerelated genes in the pangenome were obtained using-string
search based on Ophageo, 6head?éd, ot ai |
6capsi do.

2.4.12CRISPR array mining

MinCED?® (v0.2.0) a commandine softwarederived from CRISPR Recognition Tool
(CRT)?%¢ was used to perfornapid CRISPRsearch in genome assemblisiefault
parametersOutputs were parsed using BASH tpxbcessing commands to generate
CRISPR countdor each genomeCRISPR counts were visualized in bar charts

generated using R package ggplot2 and function geom_bar.

2.4.13Pangenomewide functional annotation

Functional categoriesClusters of Orthologous Group£ QG categories) were
assigned to genes foiological interpretation via eggNO@&apper v0.99.3 based on
EggNog database (bacter@) default parametefd’-238

2.4.14Linear discriminant analysis (LDA)
LDA was performed using LEfSe (Linear discriminant analysis Efféige) via

Galaxy servef. Alpha value for nosparametric KruskaWallis test was set at 0.05

8 http://phaster.ca/
9 https://github.com/ctSkennerton/minced

10 http://huttenhower.sph.harvard.edu/galaxy/
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and threshold on LDA score at 2.5 for statistical significance. Graph was illustrated

using the LEfSe plotting modufé®.

2.4.15Nucleotide sequence accessions

All genome assemblies were submitted to E(Aropean Nucleotide Archive)s in

Table 2.17. Project accessionethils for individual isolate wasummarised in

Appendix 3.
Study Primary Secondary Genome
Accession Accession no.
NEOM isolate assemblies (Chapter 3) PRJEB25762 ERP107717 185
PHE isolate assemblies (Chapter 4) PRJEB25764 ERP107719 109
BAMBI (Chapter 6) and Lincoln (Chapter 5) PRJEB25766 ERP107721 83
NCTC long-read assemblies (Chapter 6) PRJEB28310 ERP110497 25
Zoo microbiome study (Chapter 6) PRJEB28310 ERP110496 17
ELDERMET study (Chapter 6) PRJEB28308 ERP110495 17
2-year NEOM study (Chapter 6) PRJEB28307 ERP110494 25
Total 461

Table 2.17: Accessions (ENA) for all newly -sequenced genomes described in this thesis

NCTC (PacBio-sequenced; NCTC3000 project) genomes were newly assembled in my work.

2.5 In vitro methods

2.5.1 Bacterial isolation

2.5.1.1 Direct plating

Direct plating method for isolatin@. perfringends an effective yet reliable approach

11 Firstly, faecal samples weraeighed in sterile Eppendorf tubes (approx.
100mg/sample) and then serially diluted in sterile Phosibafer Saline (PBS})
neat, 16fold, 100Gfold, 100Gfold and 1000€fold. The mixture contents were
homogenised using a horizontal mixer and varteandplated (100ul/ sampleplate)

on selective medidryptoseSulfite-Cycloserine Eggrolk Agar (TSGEYA; Table

2.18) 11240
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Composition Concentration
Perfringens Agar Base 469/L
D-cycloserine 400mg/L

Egg yolk emulsion 100ml/L

Table 2.18: Composition of TSC -EYA agar used for primary isolation of ~ C. perfringens

After 18-24h anaerobic incubation at 37°gitch-black colonies with opaque halos
(halos represent lecithinase activity Gf perfringens which morphology was
presumptively identified aS. perfringen}were restreaked with sterile culture loops
on fresh TSEEYA agar plates to obtain pure colonies and stdskeFigure 2.3).

After 2-3 rounds of restreaking of isolates, pure colonies were obtained.

Figure 2.3: Distinctive C. perfringens colo nies with opaque halos on TSC-EYA.

2.5.1.2 Ethanol-shock method

30min-et hanol treatment (50% et hanol i n Rob
the collected faecal samples at room temperature, aimed to eliminatspaoren

formers, followed by plating on autoclaved Fastidious Anaerobic Agar (FAA)
supplemented with defilmated sheep blood and 0.1% sodium taurocholate. After 48h
anaerobic incubation (in anaerobic jar), colonies with haemolytic characteristic growth

on agar were presumptively identified @s perfringens which were subjected to

further identification.
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Composition Concentration
Fastidious Anaerobic Agar 469/500ml
Defibrinated sheep blood (0.5%) 25ml/500mi
Sodium taurocholate (0.1%) 0.5g/500ml

Table 2.19: Composition of FAA for isolation of C. perfringens .

2.5.2 Molecular identification of C. perfringens
2.5.2.1 16S rRNAPCR and sequencing
Genomic DNAof isolates were extracteggction2.2.1) and 16S rRNA PCR (full 16S

geng was performed. This methoddsscribed irsection2.3.1
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Figure 2.4: Agarose gel showing full -length 16S rRNA gene amplicons
16S rRNA full-length amplicons were approximately 1,500 bp as shown.

2.5.2.2 Matrix -Assisted Laser Desorption lonisation Timeof-Flight (MALDI -

TOF)
All samplesprovided by Prof J S Kroll were identified by MALEIOF, performed
according t o manufacturer 6s instruction
Microbiology Department at Imperial College Healthcare NHS Trust. For details
please refeto p.66 Sim (2015}2 Isolates used for phenotyping studies wese
identified(for reaffirmation) using BrukeMicroflex at UEA Norwich Medical 8hool

with theassistancef Dr Emma Manners.
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2.5.2.3 Multiplex -PCR toxinotyping
A subset ofC. perfringenssolates wereaxinotyped by Dr Joseph Brown at Lincoln
University using multipleXPCR technique to screen for toxin genes inclugiogcpb,

cpb2 etx iap/ibp andpfo 24

2.5.3 Culturing

2.5.3.1 Pure cultures

All isolates weresultured insterile BHI for further analysisinless otherwise indicated,
including genomicDNA extraction for WGS angbhenotyping Briefly, stocks are
streaked on BHI agaand incubated in anaerobic cabinet at 37°C overnight
(approximately 1518h). Single colonies wereghen picked for further culturing

according tespecificexperimental protocols.

2.5.3.2 BHI Agar
BHI agar wasnade using BHI supplemented with 1.54reagar. BHI agar wathe

primaryagar used in phenotyping studies.

2.5.3.3 TSC-EYA Agar
Isolates werestreaked onTSGEYA for brief identification (<181 overnight
incubation Figure2.3).

2.5.3.4 Bacterial culture stocks
All bacterialculturestocks wer@reservedisingautoclaedRCM with glycerol (30%,
V/IV) in sterile cryogenic storage vials and stored lexgn at-80°C until further

analysis.

2.5.4 Colony Forming Unit (CFU) enumeration

Calculation of CFU is performed according to the formula below:

CFU/ml = number of colonies (CFU) x dilution factor x 50 (ml 1)
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For faecal sample,
CFU/g = number of colonies (CFU) x dilution factor x 50 (g = %)
For calculation of Limit of Detection @D),

CFU/ml = 1 (CFU) x lowest dilution factor x 50 (ml %)

2.5.5 Cell linesand maintenance
Rat Rattusnorvegicus) small intestinadell line IEG6 (ATCC CRL-k1 59 2 E) and
human colonic cell line Caed (ATCCHTB37E) were employed fo

experiments.

2551 IEC-6

Frozen stocks were resuscitated/resuspended-wwgmmeed (37C) medi a Dul bec
Modified Eagle Medium (DMEM, Thermo Fisher Scientific), supplemented with 10%
Foetal Bovine Serum (FBS; Thermo Fisher Scientific), 4miglutamine (Thermo
Fisher Scientific) and 0.1 U/ml bovine insulin (Sigilrich). Cells were
immediately transferred to T28erile culture flasks (25¢inCorning) and incubated

at 37C in 5% CQincubator for 2. Spehmedia was removed after-28h, replaced

with fresh warm media as describedlancubated until confluency wasached. For
making cell line stocks, cells weegrown to confluency (#80%) before trypsinisation

(1% trypsin for 10 min at 3T) and cell density adjusted to approximately £x10
cells/ml. 5% of DMSO (cryoprotectant) was added to 1ml aliquots before transferring
to -80°C freezer for 24h. After 24 gocks were stored t196°C liquid nitrogen for
long-term storage (cell banking). Cell line passage®6 were used, cells were split

at ratios 1:1€0 for each passage. Cells were counted on haemocytometer (Neubauer
Chamber).

2.5.5.2 Caco2
Cells were resus@ted and maintained as described above except the working
mediumi DMEM supplemented with 20% FBS. Cells were split at ratie1D5Cell

line passages 385 wereused in experiments.
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2.5.6 Growth kinetics assay

2.5.6.1 CFU Kkinetics: culture setup and drop-plating

Bacterial stocks were checked for purity on BHI agar prior to experiments. Single
colonies were picked and cultured in BHI broth anaerobically overnight
(approximately 1416h) to reachstationery phasgapproximately 1 x 10c.f.u).
Confluent cultures weriluted Zmillion-fold (10°) at the start of the 24 experiment,
estimating 18 starting CFU/ml/ well. Growing cultures were homogenised by

inverting 5 times before taking 1€I00f total liquid for plating.

Serial dilutions were performed with sterilB® in sterile Eppendorfs before drop
plating using Miles and Misra method on BHI affdrFor each time point and sample,

3 technical replicates were grplated for statistical accuracy. This experiment was
performed in 3 independent cultures (n=3) for each isolate. Plates were incubated at
37°C in anaerobic cabinet for 2Dh before CFU counting. Plates of highest dilutions

with CFU were selected for miasum accuracy.

2.5.6.2 Optical density kinetics measurement

20!l of each sample (triplicates) was transferred into sterilew®6 plate
anaerobically. Culture setup is described in se@iért.1 Plate reader TECAN was

used to monitor the growth kinetics for a continuous 24h. Plate reader was set to shake
plates every 15mins for 1min to avoid cell clogging.

2.5.7 Gas production assay

Autoclaved gas vials filled with 30ml sterile BHI were pegluced overnight in
anaerobic chamber prior to experiment. Overnight cultures were diluted to
approximately 1®CFU/ml each vial and asealed with butyl septum and aluminium
crimp, then moved to 3 incubator.

Briefly, gas produced by each culture was measured by USB pressure transducer
connected to a-&ay stopcock inserting a 23G hypodermic syringe needle (attached

to a 10ml syringe) into the sealed vial headspace, the gas pressure readeauts we
indicated on the display (using the recommended OMEGA software on a laptop). By
withdrawing the syringe plunger, the headspace pressure returned to ambient pressure
as indicated by a zero reading. Gas volume was indicated on the syringe barrel after
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theheadspace pressure returns to Z2&tdEach reading was then recorded every hour
for an extended period of 10Measurements were carried out in a fume hood. This
experiment was performed inrddependent cultures (n=3) for each isolate.

2.5.8 Hydrogen sulphide production assay

Overnightpure cultures were inoculated in 20ml fresh sterile BHI in 50ml Falcon
tubes at 1% inoculum and followed by 8h anaerobic incubation (negative control
Bifidobacteriun longumwas inoculated at 5% and incubated for 205 kest strips
(also known as lead acetate test strips$S Hetection range-800ppm) were attached

in each tube to visually determine the amount ¢ ldroduced by each strain using
blackening scorel(10). NaHS was added to BHI to serve as positive control as it
produces HS when dissolved in liquid (which gives a blackening score of 10). This
experiment was performed in 3 independent cultures (n=3) for each isolate.

2.5.9 Oxygen tolerance assay

Pure cultues (12 strains) were grown anaerobically to confluency for 24h in BHI.
Cultures were spotted in a dilution series onto BHI agar supplemented with 0.1%
sodium taurocholate. Spotted plates were dried and incubated under ambient (aerobic)
conditions at roomemperature (2C) for specified time periods (2486h) before

being returned to anaerobic chamber for determination of CFU count. All CFU were
counted after 1:A5h anaerobic incubation. Cultures (spotted plates) that were not
exposed to oxygen acted astrols for each strain. Viable percentage was shown after
comparing with control cultures. This experiment was performed in 3 independent

cultures (n=3) for each isolate.

2.5.10Sporulation assay

Pure cultures were induced to sporulate using the modified DiBtcang Medium
(at pH 7.8) as detailed ihable 2.20 for 24h anaerobic incubation urde otherwise
indicated®®.
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Sporulated cultures were treated with stefiltered 70% ethanol for 4h to eliminate
all remaining vegetative cells and spotted on BHI agar supplemented with 0.1%
taurocholate (a potent germinant) for spores.

Composition Weight/litre
Yeast extract 49

Sodium thioglycolate 19
Disodium phosphate (Na2HPO4.7H20) 10g
Raffinose 4g
Proteose peptone 159

Table 2.20: Composition of the modified Duncan -Strong Medium 62,

2.5.11Bile saltassay

2.5.11.1Germination response of spores

Ethanottreated sporulated pure cultusgsre serially diluted and plated on BHI agar
and BHI agar supplemented with 0.1% bile salts (taurocholate, cholate,
chenodeoxycholate and deoxycholate), followed by anaerobic incubation for >24h.
CFU were counted and felthange was calculated comparethv@FU on BHI plates
without bile salt supplementation.

2.5.11.2Responses of vegetative cells
Pure cultures were incubated anaerobically overnight before serially diluted and plated
on BHI agar (control), BHI agar supplemented with 0.1% bile salts (taurocholate,

cholate and deoxycholate).

2.5.11.3Mixed-bile assay
Pure cultures were incubated to confluency overnight before serially diluted and plated
BHI agar supplemented with 0.1% taurocholate + 0.1% cholate + 0.1% deoxycholate.

CFU were checked after >24 h incubation.

2.5.11.4Deaxycholate assay

Pure cultures were incubated anaerobically overnight before being reinoculated into
BHI broth containing different concentration of deoxycholate at 0.01%, 0.05% and
0.1%.
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2.5.12Minimum Inhibitory Concentration (MIC) assay

TheMIC of eachantibiotic againsC. perfringenstrairswas determined based on the
modified method of microdilution technique for antimicrobial susceptibility testing
244 MIC is defined as the lowest antibiotic concentration that inhibits the visible

growth of C. perfringensafter 24h-incubation.

Sterilefiltered antibiotics were prenade in stocks at desirable concentration prior to
storageat -20 C. Bacterial culturing was described previously-v@8l plate was
utilised for this assay approximately 1© CFUsof each strain waadded into each

well (sterile BHI) containing adifferent antibiotic concentration (double dilution)
accordingly. BHI without antibiotic served as a positive contosl growth and
supplemented with thiamphenicol atetml| served as negative control. FLst@r
Omega microplate reader was used to measure liquid turbidity at 595nm (absorbance)
to determine whether there is microbial growth in each well after 24h anaerobic

incubation. Absorbance >0.5 is considered as significant growth.

2.5.13Cell line toxicity assay

2.5.13.1Necrosis assay

IEC-6 cells (passage-B0) were seeded at 20,000 cells/well inv@dl plate (tissue

treated). After 72h 5% CfQncubation, approximately 56,000 cells per well (firm
monolayer) were subjected to experinseBriefly, phenolred DMEMwasremoved,

cells were washed twice gently and replaced with sterile phredofree DMEM
supplemented with 1% FBS. Diluted steffilkered (0.22m) bacterialsupernatants

(in ratio 1:2, 1:4 and.:8 as necessary) were added into each well at 5% total volume
followed by 2h 5% C@incubation. Necrosis measurement was performed using
CytoToxOne Homogeneous Membrane I ntegrity A:

instructions.

For Cace2 cells (passage 3b), cells were seeded at 20,000 cells/well. After 72h 5%
COz incubation,a confluentmonolayer was formed. Protocol follows as described in
previous paragraph, with an exception that supernatants were added in 25% of total

volume.
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2.5.13.2 Apoptosisassay
Cell seeding follows the above description. After 3h 5%, @ubation, caspase
activity was measured using Caspg&st o 3/ 7 Assay according

instructions. Staurosporineg#l) was used as positive control.

2.5.13.3Hydrogen sulphide toxicity assay

Sodium hydrosulfide (NaHS) was used as a sulfide donor eguavalence of b5 in

this study?*>. Concentration of soluble NaHS was prepared ranged from 0.0001% to
1% in PBS, sterildiltered (0.22m) and stored at°@ prior to experiment. Cell
seeding was performed as described, &itiNaHS solution being added to working
volume (20@l1) at 5% each well.Supernatants were harvest after 4h 5%, CO
incubation. CytoToxOne Homogeneous Membrane Integrity Assay was used to

measure potential <cell toxiionsty accordi n:

2.5.14PFO expression assay

BHI agar supplied with 5% sheep blood was used to identify PFO expresgin of
perfringensisolates. Briefly,C. perfringenswas streaked on the blood agar and
incubated anaerobically for overnight (<20h). As PEOknown produce beta
haemolysisin bloodsupplemented medi@ompletelysis of blood celly therefore
isolates with clear transparent halos formed around the colfndisating lysis of

blood cells)visualisedwere defined as PFPositive isolate$*.

2.5.15Bacterial transformation

Plasmid pMTL8315fdxgfp+ was the target plasmid (seigure2.5 for plasmid map)
to be inserted intoC. perfringensisolates. This modified versionof plasmid
pMTL8135 with green fluorescentrptein (GFP) gene was a gift from Dr Duncan
Gaskin?*’. This shuttle plasmidstored inE. coli TOP10 strain as stocks aB0°C)
comprisegatP gene for selection which conferbloramphenicol resistance @ram
negative bacteria anttiiamphenicol resistance in Grgmositive bacteriaOptimised
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transformation protodd! (electroporation) was obtained online from Clostridia

Research Group at the Warsity of Nottingham and performed accordingff§

2.5.16Plasmid stability test

Plasmid stability test was performed to determine the stability of the specific plasmid
in the transformants up to 60 generations. Briefly, transformed isolates were cultured
in BHI without antibiotic supplementatidthiamphenicol) to reach confluency every
12h (starting cultures at 1086Id dilution, 10006fold increase equates approximately

10 generations). Sutulturing was carried out every 12h (10 generations) for 6 cycles
(60 generations). Cultures were serialljuted every cycle (12h) and plated on both
selective (antibiotissupplemented) and neselective (without antibiotic) BHI plates.

CFU were counted after 420h incubation to compare plasmid retention percentage.

Figure 2.5: Plasmid map of pMTL8315fdx -gfp+

This annotated circular plasmid map was generated using Unipro UGENE v1.23.

2.5.17Realttime PCR (RT-PCR)

RT-PCR was performeavith help from Dr Lukas Harniscko semiquantify the
relative total microbial load in mouse faecal samples as described previtusly
Briefly, DNA of faecal samples (similar weight) were extracted and amplified using
Quantifast SYBR green mastermix (Qiagen) and-lergth 16S rRNA universal
primers (Table 2.5). Cycling was performed on a Roche LightCycler 480 using the
PCR amplification conditions ihable2.6. Cycle threshold (CT) value of each sample

11 http://www.clostron.com/CacElectroporationProtocol. pdf
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was compared directly as a relative comparison of total microbial load in faecal

samples.

2.6 In vivo methods

2.6.1 Ethics and licence

All animal experimentsand related protocols described were performed under the
Animals (Scientiic Procedures) Act 1986 (ASPA)nder project licence (PPL:
80/2545) and pepnal licence (PIL: 17382F677) amagproved by Home Office and
UEA FMH Research Ethics Committee. Animals are monitored and assessed
frequentlyduring studies for physical condition and behavior. Mice determined to
have suffered from distress were euthanised via ASPA Schegui¢otol (G, and
cervical dislocation Trained and qualified animal technicians carried out animal
husbandry aUEA DiseaséModelling Unit OMU).

2.6.2 Experimental animals and housing conditions

C57BL/6 wildtype female mice (juvergl mice: 35 weeks, adult mice:-9 weeks),
obtained from UEADMU were used in animal experiments. Animals were bred and
housed in DMU bar under specific pathogdnee conditions and moved to DMU
infection suite prior to the study. During infection study, mice were housed with
autoclaved beddg (and cage), food (stock pellets) and water wih light cycle

(12h of light and 1B of darkness). Cages were changed in laminar flow cabinet.

2.6.3 Bacterial strains and growth

Bacterial stocks were recovered on BHI agar for purity checks each time and
subsequently cultured in BHI broth overnight to reach conflueneyi® CFU/m,
approximately 1417h). Bacterial pellets were washed andguspended isterilePBS

before feeding the mice via oral gavagimsijng 20G plastic sterile feeding tube

2.6.4 Faecalsample collection and CFU enumeration

Faecal samples were collected in sterilized tubes daily and steB&&8Guntil further
analysis. Serially diluted faecal mixtureere plated on fresh TSC agand CFU
enumerated <24 anaerobic incubation. Pitchagk colonies were counted &5
perfringenscolonies. Black colonies were-streaked on new BHI plates to confirm

morphologies of experimental strains.
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2.6.5 Tissue processing: fixation, embedding and sectioning

Intestinal sections were fixed in 10% neutralfergd formalin for <24h and followed
by 70% ehanol. Tissues were processed <5 days in 70% ethanolarsiagtomated
Leica Tissue Rcessor ASP-300-S (Quadram Institute BioscienceQIB) and
embedded in paraffin manually. Sectioning was performed using a micr{Geane
thick sections; QIB)and left overnight for samples to -@ry prior to staining and

further analysis.

2.6.6 H&E staining
H&E (haematoxylin and eosimgtaining was performeébr structural imaging of

intestinal samplesgsing the protocgbrovidedby Dr Zoe Schofield{able2.21).

Step no. Reagent Time
1 Xylene 2mins
2 Xylene 2mins
3 Xylene 2mins
4 100% ethanol 2mins
5 100% ethanol 2mins
6 90% ethanol 2mins
7 70% ethanol 2mins
8 Running water 2mins
9 Distilled water 30s
10 Haematoxylin 3mins
11 Running water 2mins
12 70% ethanol 2mins
13 Eosin 6mins
14 95% ethanol 2mins
15 100% ethanol 2mins
16 100% ethanol 2mins
17 Xylene 2mins
18 Xylene 2mins
19 Mount slides with DPX

Table 2.21: H&E staining procedures

2.6.7 Mouse infection model

In-house wildtype C57BL6 3-4 weeksold female mice (after weaning) were treated
with a five-antibiotic cocktail that comprises kanamycin (0.4mg nbentanicin
(0.035mh mt), colistin (850U mif), metronidazole (0.215mg )l and vancomycin
(0.045mg mit) in autoclaved drinking water f@-4 days administeread libitum3*.
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Drinking water was then switched to sterile water, and 48h later mice were orally
gavaged with 150mg/kg of clindamycin. After 24h, mice were challenged with 10
CFU of C. perfringensin 10| and all mice were closely monitored for signs of
disease symptoms including significant weight Iqs20% that will require
euthanisationTetracycline was supplemented (0.001mg/ml) in drinking water post

oralchallenge in tetracycline model.

2.6.8 Pathological scoring method

All colonic section images were examined and graded shigided by Dr Lindsay

Hall. The histological severity dhfectiouscolitis was graded using a pathological
scoring system (Q4; denoting increasing severity) based on three general
pathological features: (1) inflammatory infiltration4), (2) epithelial hyperplasia and
goblet cell loss (&), and (3) mucosal architectu(0-5) 2°°. Theoverall score was the
sum of each component score. An overall pathological scord aidicates minimal

colitis, 5-8 as mild colitis, 911 as moderate colitis, above 12 as marked/severe colitis.

2.7 Bright-field and fluorescence ncroscopy

Bright-field microscopywas performd at QIB Analytical Science Unit, using
Olympus BX60 with a microscope camera Jenoptik C10 with ProgRes CapturePro

softwae v2.10. Zeiss Axio Imager (B) was used for fluorescence microscopy.

2.8 Electron microscopy
Scanning ElectroMicroscopy and Transmission Electron Microscopy images were
producedby Mrs Kathryn Cross@IB). Overnight bacterial cultures in BHI were

provided and further processed for the EM.

2.9 Graphing and illustrations

Figures were generated using GraphFadém v6.0.4 for WindowsGraphPad
Software, La Jolla California USAvivw.graphpad.cofnunlessotherwie indicated.

R packags (includingkey graphing packagegplotsandggplot? were often used to

generate various graphs and figures, janichary Rcoding scripts used in this thesis


http://www.graphpad.com/
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were made availablen my GitHub repository (github.com/raymondkiu/Thesis

RStudio v1.1for Windows and for Mac wereutilised for R programming?%-2°1
Several plts created using Perl and Python wardicated in thdegends Microsoft

PowerPoint 2016 was frequently used to edit figures and graphs.

2.10 Statistical analyses

All statistics were performed using GraphPad Prism version 6.04 for Windows,
GraphPad Softward.a Jolla California USAWww.graphpad.counless otherwise

indicatedin figure legendsP values<0.05areconsidered astatistically significant

Data expression anthsistical tests were indicated figure legendswhereappropriate.
Principal Component Analysis (PCA) was performed in R using pad@get2and
function autoplot Hierarchical population clustering of DNA sequencing data was

assigned in R using packagegerbaps ggtree,andphytools andfunctionhierBAPS


https://github.com/raymondkiu/Thesis
http://www.graphpad.com/

Chapter 3

3.1

This chapter will focus on discussing genomic and phylogenetic analys€s of
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Genomic v irulence and phylogenetic

analysis of preterm -associated C.
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control infants, delwg into virulence genes to identify extvaulent genotypes and

tracing genomic epidemiology df. perfringenswithin and across two hospitals

(Figure 3.1). Initial faecal sample collection ari@l perfringengsolation work were
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3.2 Background
3.2.1 Preterm NEC

By definition,NECis an acquired preterm inflammatory gut disease that manifests as
tissue necrosis anywhere along @idgract’>2%2 NEC was first reported in premature
infants in the 182®0s (in Paris and Vienna). After World War II, the emergence of
specialcare baby units (SCBU) in developed countries facilitated the increasing
survival of preterms, which also corresponded toeasing incidence of NE{ike

cases and NEC symptoms (first clinically characterised in 19523

Still, it was not until the arvial of modernNICU in the 1960s, that the rapid rise in
NEC incidence began to be widely recognised. However, at this time each NEC
symptom was categorised under different disease entities. NEC, was first coined in
1964 to address similar disease symptamser diverse designations including
neonatal appendicitis, peritonitis, and pneumatosis intestinalis in iffamdter half

a century, NEC remains the most severe and lethal neonatal Gl emergency worldwide
186,254

3.2.2 NEC pathogenesis and risk factors

Importantly, thetreatment for NEC has been nspecific since the introduction of
disease staging criteria i.e. Bell stage. This is perhaps due to our limited understanding
of NEC pathogenesis and the view of NEC as a single disease. Gordon et al, recently
proposed thaNEC is as a disease spectriiman outcome of several aetiological
pathways,nstead of a single disease. Pret?N\EC as a clinical endpoint of multiple
pathway disease is represented with associated risk facteigiire3.2. Primary risk

factors include feeds, antibiotics and microbial infection.
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Figure 3.2: Proposed a etiological pathways of both pre  term and term NEC development

NEC development was proposed as a disease spectrum. This figure was adapted from Gordon et al.
(2012) 255,

3.2.3 Clinical features

NEC is commonly characterised by intestinal necrosis primarily affecting the ileum,
though it can affect any part of the Gl tract. There are several classic symptoms of
NEC: feeding intolerance, abdominal distention, pneumatosis intestinalis (formation
of gas cysts in the gut wall), portal venous gas andiligd bowel necrosis. Preterm
infants with NEC often deteriorate rapidly, frequently within 24 h from initial signs to

severe conditions that require surgical operation or cessation of vitaf$igns

3.2.4 Staging criteria and treatment strategy

Presentation of NEC typically occurs in the firs# iveeks after premature birtff.

A classification system, Bell 6s staging
staging criteria as imable3.1), has been developed to diagnose, stage and treat NEC

in NICUs since the 19708256257 These staging criteria emnpass three major stages

(stages I, Il and IlI). Clinically, as Bell stage | covers generalspmtific signs, only

Bell stage Il and Ill are considereddefinite NEC.

3.2.5 The roles of gutmicrobiota

The role of bacteria in the pathogenesis of NEC hasdiemmgly implicated since the

disease was first describéé. Notably, NEC does not occur in gefmee (i.e.
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microbiakfree ) environments including geffreein vivo models?®® thus NEC has
been postulated to be driven by a microbial infectious component.-raiic
progres®on of NEC from norspecific signs to systemic shock also implies bacterial
overgrowth especially quiegrowing pathogens includinglebsiella spp. andC.

perfringens and both have been linked to clinical NEC in recent y&ipfs-92.259

Importantly, opportunistic gut pathogens like perfringenshave been isolated from
neonates (70%) in the first few days of life, indicating that NEC may have a microbial
infection component?®®. Hallmark NEC symptoms, including pneumatosis
intestinalis, also suggests ga®ducing bacteria includinglostridiumspp. as one of

the key causative agertf$?%* Gramnegative bacteria (e.§. pneumoniaghave also
been associated with NEC cases. This has been linked to the fact tHé&eTelkeptor

4 (TLRA4, sensor for the cell wall component lipopolysaccharide [LPS]) is elevated in
preterm infants, which magccount for the inflammatory cascade induced in the

premature intestine prior to NEC ond&t

Other pathogens such @sonobacter sakazakiiave also been isolated from certain

NEC O6out breaksd, which again emphatsi ses
266 |mportantly, antibiotieassociated disruptions in the preterm gut microbiota may
negatively impact on colonisation resistance mechanisms, potentially allowing
pathogen invasion and favouring adherence and proliferation of resilient pathogens
267,268 preterm infants harbour more potentially pathogenic microbes, with
significantly reduced levels of beneficial groups of microbes suBiifidebacterium

which are present at very high levels in vaginally delivery full term bffedsnfants.

Indeed, previous studies, and ongoing studies in the Hall lab, have indicated that

supplementation of preterm infants wikfidobacteriumspp., redae NEC incidence
269271
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Stage Classification Systemic signs Intestinal signs Radiologic signs
IA Suspected NEC  Temperature Increased pre- Normal or intestinal
instability, gavage residuals, dilation, mild ileus
apnoea, mild abdominal
bradycardia, distention, emesis,
lethargy guaiac-positive
stool
B Suspected NEC ~ Same as above Bright red blood Same as above
from rectum
A Definite NEC Same as above Same as above, Intestinal dilation,
mildly ill plus absent ileus,
bowel sounds, with pneumatosis
or without intestinalis
abdominal
tenderness
1B Definite NEC ¥ Same as above, Same as above, Same as lIA, plus
moderately ill plus mild metabolic  plus absent portal venous gas,
acidosis, mild bowel sounds, with or without ascites
thrombocytopenia definite
abdominal
tenderness, with or
without abdominal
cellulitis or right
lower quadrant
mass
A Advanced NECi  Same as IIB, plus Same as above, Same as IIB, plus
severely ill, hypotension, plus signs of definite
bowel bradycardia, severe  generalized ascites
intact apnoea, combined peritonitis, marked
respiratory and tenderness, and
metabolic distention of
acidosis, abdomen
disseminated
intravascular
coagulation, and
neutropenia
B Advanced NECi Same as IlIA Same as IIIA Same as IIB, plus
severely ill, pneumoperitoneum
bowel
perforated
Table 3.1: Modified Bell's staging criteria for pre  term NEC

This table was adapted from Lee and Polin 272,

Despite the strong evidence linking bacterial infectiotine pathogenesis of NEC, no
single common pathogen has been consistently found/isolated in the past 30°years
Instead, more than 12 species of potentially Niaked pathogens were summarised
in Coggins, et al?’® (Table 3.2). This indicates that microbi#dEC should not be
considered as a singpathogercause disease, but as a diseaske avihultipathogen

aetiology (which may also link to specific disease symptdfis)
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Genus Species Refs
Clostridium Clostridium butyricum 274
Clostridium difficile 275
.029 Clostridium perfringens 8,9
g’_ Clostridium neonatale 276,277
g Enterococcus 278
© Staphylococcus Staphylococcus aureus 279
Staphylococcus epidermidis 280
Cronobacter Cronobacter sakazakii 266,281
® Escherichia Escherichia coli 282
"g Bacteroides Bacteroides dorei 9
E Klebsiella 8
g Pseudomonas Pseudomonas aeruginosa 283
Salmonella Salmonella enteritidis 284

Table 3.2: Pathogenic bacteria associated with preterm NEC

This table was adapted from Coggins et al. 270

3.2.6 C. perfringensassociated NEC

Most recently, several extensive preterm infant NEC cohort studies have again
implicated that pathogenic bacteria are involved in the onset of NEC based upon
analysis of the faecal gut microbiota using NGS technidifedmportantly, C.
perfringens has been shown to significantly increase in the infant gut microbiota prior
to NEC development in these metagenomics studies. These studies are supported by
the substantial number of NEC studfé$(>14 to date since 1970s, more than any
individual bacterial agents; s@eble 1.5) that have reporte€. perfringensas a
potential pathogenic agent, in addition to its established pathogenic biology in many
other neonatal animal gut diseases, and further stgapbyin vivo studies!®28°
Thus, C. perfringensappears to be a strong candidasea direct causative agent of

microbiatNEC, which may be termed &s perfringensassociated NEE®.

Being universal and resilient in habitable niches, spore fongrerfringensmay
readily pass on to thospital neonates through either environmental or oral
transmission, and then initiate disemda the intestin€®®. Proposed underlying
mechanisms fo€. perfringensassociated NEC include reduced bowel peristalsis in

preterm infants (increased pathogen retention time), universal administration of broad
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spectrum arbiotics %2’ (that leads to reduced microbiota disiéy, and the potential
rapid overgrowth of resistant spores), reduced gut barrier integrity-eiietent
mucus layer), lack of protective bactefid'®® (including Bifidobacteriumspecies,
which may antagonise the growth ©f perfringeny and immature/underdeveloped
immune system that is ineffective at fighting off pathogenic bact&(rigure 3.3).
Bile salt factors may also be linked to disease onset. Reduced diversity of the
microbiota in preterm infants, including bacteria that caicalgugate bile salts to
secondey bile acids, may allow germination &f. perfringenswhich has also been
directly indicated in thepathogenesis of the wedtudiedC. difficile colitis (both
species form spores and secrete cefglated toxinsy®. Finally, the preence of
Ohy-per ul ent@ pesringeashay Ise implfcated.

Presently no particular toxin(s) secretedbyerfringensias ben specifically linked
with pretermNEC, althougrCPB2has been suggest&dotably,C. perfringensan
also be part of the Ohealthyd human micr

role 194,

Importantly, no NECassociated pterm infant isolates atknown to be sequenced at
present, and genomic investigation may allow identification of PME€bciated
virulence factors, that may facilitate intervention strategies and/or therapy

development

Using various computational pipelines and approa¢ses sectior2.4), | assembled

C. perfringenggenomes and performed downstream analyses including constructing
pangenome, annotating gene functions, screening genes of interest (e.g. toxin and
AMR genes), angsing 16S rRNA metagenomic taxabundance, phylogenetic
analysis to track bacterial transmission and phage analysis. The work in this chapter
will aim to fill up the knowledge gap in understanding the rol€ operfringensn

preterm and NEC diseas via indepth genomic analysis.
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3.3 Hypothesisand aims
Specific nosocomial virulent genotypes@f perfringensare linked to preteriNEC

disease progressiospecificallyto determine

(1) Genomic virulence features in NEC and con@operfringendsolates obtained
from preterm population, includg toxin genes, AMR genes, plasmids and phage

contents using comparative genomics.

(2) Genomic epidemiology of preterassociatedC. perfringensausing phylogenetic

approaches.

3.4 Study population

The work described in this chapisrbased on thpreterm gut microbiome data (16S

rRNA metagenomics, sequenced by Pdlo Kr ol | 6s group at [ n
London) andC. perfringendgsolates collected during ay&ar preterm cohort study

NEOM 2, a largescalemulti-centrestudy which was carried out betwe2®11-2013

in primarily Queen Charlotteds and Chel sc¢
(SMH). These isolates were then obtained and prepared at QIB for sequencing at
WTSI. Samples include 6 NEC Bell 2/3 infan8 NEC Bell 1 infants and 2%n

NEC infants at longitudinal time points.

These88 newlysequenced preterassociate. perfringendsolateswere obtained
from 38 individual preterm infats at multipletime points (nost individualy Two
public genome assemblies were used as refergg®mesin the analysis
(ATCC13124 and NCTC8239).

Among these 88 isolates, 60 isolates were obtained from QCCH (24 in 2011 and 36 in
2012), where important surgeries were carried out while 28 isolates were obtained
from SMH (6 in 2011 and 22 in 2012) as showhRigure3.4A. All genome assemblies
analysed were of high quality at <60 contigan@e: 1159; mean contig number: 25

with 95.5% of the assembliet& contigs Figure 3.4B). All isolates have a mean
sequencing coverage (or, depth) of X4@epth range: 8206X), mean genome size

of 3.2 Mb (range3.0-4.1 Mb), 3,009 genes per genome (range: 28098 genes)

and ANI> 96.0% (patwise comparison for all genomeppendix 1 Table S3)2For
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statistics on NEC and control individuals, 9 infants were diagnosed with NEC during
their hospitalisation pere(6 of Bell 2/3; 3 of Bell 1) and 29 were control infants, or
nonNEC infants. In terms of isolate number, 24 isolates including muliiple point
isolations, were obtained from NE@fants whereas 64 isolates were isolated from

control infants Figure3.4C-D).
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Figure 3.4: Statistics of preterm -study cohorts and isolates

(A) Temporal distribution of isolates from two hospitals SMH and QCCH in 2011 and 2012. A total
collection of 88 isolates (multiple time-points) from 38 individual C. perfringens-positive preterm infants.
(B) Quality of genome assemblies based on contig number. (C) Distribution of NEC case and control
individuals in this study. (D) Distribution of NEC case and control isolates.

| also obtainedC. perfringengsolates from 10 twirpairs and 1 triplets (remainder
singleton) for the analysisTéble 3.3). All relevant clinical metadata of preterm
individuals where isolates were obtained from, including admission hospital and
delivery mode, a& shown inTable 3.3. Clinical metadataTable S3.]1 andgenome

assembly statisticS &ble S3.2 of each isolate ametailed in Appendix 1.
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Infant  NEC/ Control Delivery  Admission  Births Matching
ID mode Hospital twin/triplet

1 M009  Control CSs SMH Singleton

2 M010 NEC (Bell I) CSs SMH Twin M011

3 M011  NEC (Bell I) Cs SMH Twin MO010

4 M0O30 NEC (Bell I) Cs SMH Twin M029

5 M087  Control CSs SMH Twin M088

6 M088  Control CSs SMH Twin M087

7 M089  Control Cs SMH Twin M090

8 M090  Control Cs SMH Twin M089

9 M091  Control NVD SMH Triplet

10 M092  Control NVD SMH Singleton

11 M094  Control NVD SMH Singleton

12 M096  Control NVD SMH Singleton

13 M111  Control CSs SMH Twin M112

14 M112  Control Cs SMH Twin M111

15 M124  Control CSs SMH Twin M125

16 M125  Control CS SMH Twin M124

17 Q020  NEC (Bell 1i/111) NVD QCCH Singleton NA

18 Q087  Control Cs QCCH Twin Q088

19 Q088 NEC (Bell li/1) CSs QCCH Twin Qo087

20 Q090 Control NVD QCCH Singleton

21 Q096  Control Cs QCCH Twin Q097

22 Q097  Control Cs QCCH Twin Q096

23 Q100 NEC (Bell li/1m) NVD QCCH Singleton

24 Q101 Control CSs QCCH Singleton

25 Q105 Control Cs QCCH Triplet Q106, Q107

26 Q106  Control Cs QCCH Triplet Q105, Q107

27 Q107  Control Cs QCCH Triplet Q105, Q016

28 Q118 Control CSs QCCH Singleton

29 Q126  Control Cs QCCH Singleton

30 Q135 NEC (Bell 1i/11) CSs QCCH Singleton NA

31 Q137  Control NVD QCCH Twin Q138

32 Q138 Control NVD QCCH Twin Q137

33 Q142  Control NVD QCCH Twin Q143

34 Q143  NEC (Bell li/11) NVD QCCH Twin Q142

35 Q164  Control NVD QCCH Singleton

36 Q167  Control NVD QCCH Twin Q168

37 Q168  Control NVD QCCH Twin Q167

38 Q215 NEC (Bell li/11) Cs QCCH Twin Q216

Table 3.3: Clinical metadata of 38 individual preterm infants

CS: Caesarean section; NVD: Nor mal vagi nal delivery;
Charlotteds and Chel sea Hospital

3.5 Results

3.5.1 NEC microbiome signatures
During the tweyear NEOM study (2022013), 12/369 individuals were diagnosed
with definite NEC. Further 16S rRNA sequencing analysis of the -H&0ciated

microbiomes revealed 2 distinct microbial signatu@stridiumwas statistally
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overrepresented in 4 samples whet€absiellagenus was enriched in the remaining
8 samples prior to defintBEC onset$12 Of note, clinical syndromes between these
two NEGsignature groups were undistinguished.

Importantly, C. perfringensisolation work had been routinely carried out in the
NEOM study*?. With thoseClostridiumNEC infants,C. perfringensvas confirmed

as the soleClostridium species detected by 16S rRNA sequencing technique via
Clostridial isolation methodc(lturing) in the laboratory*>. NEC-associatedC.
perfringens were then briefly characterised by toxinotyping schemes and all
determined as distinctivigpe A strains (only encode typing toxin gepie; different
patterns via fAFP typing), three isolates were found to encode additiopl2gene.

As C. perfringensvas found to be the predominating species in these NEC cases prior
to disease onset, it was proposed as the microbial causative ager@ dNE

| obtained the previously generated raw 16S rRNA microbiome data from Dr A Shaw
and reanalysed with the 16S rRNA SILVAatabas€Release 28, September 2016)
using similar OTU taxa assignment approach as in Sim et al. to determine and visualise
the longitudinal microbiome dynamics of th&seperfringenspositive NEC neonates
(Figure 3.5) 8 The microbiome dynamics @. perfringensassociated NEC infants
(Q215, Q088, Q143 and Q020) indicate an evident and significant increase of
Clostridium taxa prior to NEC onsef(gure3.5A). Two otherKlebsiellaNEC (with

C. perfringenssolated during the NEOM study) showed a distinct microbioroél@
characterised by increased abundanceKlgbsiella/Citrobactergenus (they are
indistinguishable at 97% nucleotide identity) rather tRdwstridium (Figure 3.5B).

Three suspecteNEC neonates (M010, M0O11l and MO030, data not published
previously; Bell | neonates) display diverse gut microbiome dynamics, although M010
appears have increased abundanc€lostridium before suspecteNEC diagnosis
(Figure3.5C).
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Figure 3.5: Faecal microbiome dynamics in infants with microbial associated NEC of different
Bell stages

A4 infanG perfringensiasédoci at edd NE CasBeaerniinedsint Singet a. (2215)3
Clostridium genus was detected in abundance prior to NEC onset. (B) 2 i nf a nKlebsiehai t h 6
associ at edd NEC (CBZihfdnts with BECeBsll stage 3 (generic diagnosis, not clinically
considered as medical NEC). The Day of Life (DOL) of each preterm infant when the samples were

collected is shown on the x-axis and the day of NEC diagnosis is circled in red. Bar charts were produced

in R using package ggplot2.
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Microbiome profiling also indicated that the benefi@#idobacteriumgenus Figure
3.6) was present at high levels in three control neonates (M087, Q087 and Q101), and

potential pathogens includin§taphylococcysClostridium and Citrobacter were
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found at lower levels indicatina negative relationship between these microbes. This
suggests enhanced colonisation resistance capadifiddbacteriumin the neonatal
gut, which agrees with recent microbiome studfés
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———————————————
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Figure 3.6: Potential role of Bifidobacterium as shown in non-NEC preterm microbiome s

Microbiome dynamics in three non-NEC neonates M087, Q087 and Q101 that harboured high
abundance of C. perfringens (confirmed by culturing). These data suggest the potential colonisation
resistance impact of Bifidobacterium genus against pathogenic bacteria in infant gut including C.
perfringens as it appears the bloom of Bifidobacterium (yellow bar) directly antagonised the intestinal
abundance of C. perfringens (red bar), potentially contributed to the prevention of C. perfringens-
associated NEC. Bar charts were produced in R using package ggplot2.

In twin-paired gut microbiomeanalysis (one developed NEC in each pair), it was
reported that NEC is an acquired microbial gut infection rather than genetic/hereditary
in Sim et al(Figure3.7) 12 There is an obvious increasedbstridiumtaxa in neonate
Q088 prior to NEC onset, however, although the matching twin sibling (Q087) also
appeared to be colonised withostridium(low levelg it also had 8ifidobacterium
dominated gut microbiota later time pointgFigure 3.7A). Q143 infant was &.
perfringensassociated NEC case, whereas the twin sibling Q142 (control) did not
acquire anyClostridiumin this period and did not develop NEEiqure3.7B). This
further suggests the impact ©f perfringenovergrowth in NEC development, with

a strong influence in the wider microbiota in disease pathogenesis.

3.5.2 Comparative genomics of pretermassociatedC. perfringens
In this section | will describe the results from comparative genomics of case and

control C. perfringensisolates including linking pathogenicity associations with
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Oexuirraul ent 6 gemae optagmide, saccessory wiwlence genes and

bacteriophage contents in t@e perfringengenomes.
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Figure 3.7: Twin -paired microbiota profiles

(A) Bifidobacterium-dominated microbiome in Q087 at later time points suggests protective effects of
Bifidobacterium against NEC onset. (B) Infant Q142 did not acquire Clostridium throughout
hospitalisation period. These data support the overgrowth of C. perfringens in the development of
microbial NEC and the potential protective effects of genus Bifidobacterium. Bar charts were produced
in R using package ggplot2.

3.5.2.1 Pathogenicityassociations

Plasmidcarried toxin genes includingpe and netB have been associated wigi
diarrhoea and chickeXE respetively, while key typing toxinstoxin, Btoxin andb-

toxin are mainly associated with diseases in ruminant animals including calves and
sheept1®2% However, to date, there are nedapth genomic studies describiGg
perfringensisolates from preterflEC, and therefore the importance okins in
disease pathology is unknown. In addition, accessory/secondary toxins (hydrolytic

enzymes), AMR capacity, colonisation related binding proteins, enterotoxins and
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virulence plasmids could be important in defining hypeulent C. perfringens
strans t hat are di s tCipartingeng€¥28 hthefore perfoened a | 6
comparative genomics on &3 perfringengsolates to explore virulence potentials

encoded within the genomes

Phylogenetics was performed to construct a SNP phylogeny (in core gene alignment)
based on 90 isolates (including 2 reference genomes). Isolates from 4 neQités

Q088, Q143 and Q020 were definedCagperfringensassociated NEC isolates (case
isolates in this section) and the rest defined as control isolates. Genes encoding toxins
(n=21), antimicrobials (based on CARAMR database), collagdninding proteins

(n=4), enterotoxins (n=4) were individually profiled (virulence plasmids in the
genomes were also determined) to compare between case and control Sgjates (

3.8).

Via hierBAPS analysis, 90 genomes (as type A except reference genome type F
NCTC8239) clustered into 6 distinct lineages (lineagd¥;lIFigure 3.8), split into

two major distinct clades (lineage | vs\l). Lineage |, a separate distaaay
genetic cluster (>30,000 SNPs away from remaining clusters), comprises a number of
the isolates from (BB (other Q088 isolates clustered in lineage II), suggesting
multiple strains can be present within one individual. NEC isolates are exclusively
nested within lineages Il and llIF(gure 3.8), while lineages IWI encompass only
control isolates, suggesting a potential genetic distinction betweenvexient
strains and commensal strains. Importantly, lineage Ilic appears to comprise isogenic
strains (denoted by the apparent tight clustgrisuggesting probable intrand inter
hospital transmission as highéymilar strains were isolated from infants are two
hospitals (QCCH and SMH respectively; further analysed and discussed in section
3.5.3.

To further analyse the gene associations with disease representations (case vs control),
singletimepointisolates were selected according to the followtimgecriteria: (1)

isolates must & either case(d. perfringensassociatedNEC) or control (nofNEC);

(2) first-time point control isolates (one isolate for each individual); (3jtias point

(closest to NEC) case isolates. Isolaf@Es0, Q135, M010, M030 and MO11 were
excluded from gesassociation analysis as they did not fit the above criteria, with 33

isolates included for further analysé&sgure3.9).
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Figure 3.8: Phylogeny of preterm -associated isolates aligned with full virulence profiles

A mid-point rooted maximume-likelihood tree constructed from 90 C. perfringens isolates aligned with
clinical metadata of host neonates and full virulence profiles of each isolate. This phylogenetic tree
(including reference genome ATCC13124 and NCTC8239) is constructed from 125,930 core SNPs (an
alignment of 1,973 core genes). Genetic clustering assigned via hierBAPS analysis. Bootstrap values
are shown on the tree. AMR: Antimicrobial Resistance; CBP: Collagen Binding Protein; ETX: Probable
Enterotoxin; VP: Virulence Plasmids.
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Statistical testing (Fisher 6s caafamityt t est
gene and overall virulence elements (adding up all viruleelegéed genes and

virulence plasmid count) were statistically more abundant inChgerfringens

associd@ d NEC i sol ates, i ndicat-vngultdrets@ NET
encoding significantly more virulence (g:¢
isolates (P<0.05;igure3.10). Individual virulence genes includimpgo (encodes PFO)

and cna (encodes collagehinding proteins) were significantly enriched in NEC

isolates (P<0.05). GenemaD, cpb2 (variant 1), entC (enterotoxin) and plasmid
pCP13were associated with NEC isolates (trending towards statistical significance)

Only 4 AMR genes were detected including the intrinsic resistancengamie€100%),

tetracycline resistance gene®tA(P)~94%) and tetB(P)(~30%), and ermQ

(macrolideresstance, encoded in one isolate).
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Figure 3.9: Virulence profiles for selected C. perfringens isolates used in association study

Isolates qualified for selection criteria for statistical analyses (n=33), aligned with full virulence profiles.
C. perfringens-associated definite-NEC isolates were colour-coded in red (n=4).
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Figure 3.10: Enrichment analysis of key virulence elements
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P<0.10 indicates weak association, P<0.05 indicates statistically significant difference.
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3.5.2.2 In silico virulence plasmid analysis

Plasmids are known to be associated with intestinal diseases in both human and
animals, carrying an array of virulence factors including toxin and AMR genes
14142291 Importantly,suspectedirulence plasmid pCP13 was identified in two NEC
isolates Q215.CN1 and Q088.CN12, showing strong correlation with NEC disease
representationHigure 3.10). There are several known virulence factors encoded on
this 54 kbplasmid (first isolated fror@. perfringenstrain 13, a human gas gangrene
isolate) *’. Collagen binding proteirtna and b2-toxin genecpb2 (variant 1) are
encoded on this péanid. Plasmid pFORC3 was detected in NEC isolate Q143.CNS8,
and all isolates in lineage llic (potentially isogenic strains). This 5@l&bmid
encodes virulence genes includopb2(variant 2), collagen binding protezmaCand

AMR elementdetA(P)andtetB(P).

To further confirm whether these detecte
important in understanding its potential transfer and spread, the sequences of plasmids
were individually extracted from these highquencingoverage (depth raeg 102

X-206 X) genome assemblies usingilico-approaches and compared with reference

plasmids.

Isolates Q215.CN1, Q088.CN12, M010.1C and Q164.1C were computationally
detected (raw realdased) to carry plasmid pCP13 and hence sequences were extracted
(from assemblies) and comparedrigure3.11A. Genomic mapping shows that these
plasmids are neadentical in nucleotide identity (>97%), plasmid size (~54 kb), GC
content (~25.4%) and gene content-@&R2CDS encoded), suggesting thiasmid has

been circulating intacHgure3.11B; Table3.4).

A total of 9 plasmid pFORG8arrying isolates were selected for comparative analysis

due to different kmer coverageT(able 3.4), which initially suggested these are not

intact pPFORCJamily plasmids Figure 3.12A-B ) . Br-sdidopp | s mi ds & ( n
experimentally extracted) including pQ143.CN8 were found to be 14 kb (~20%) larger

than the expected reference plasmid pFORCS3, while pM096.3C is more similar to
reference plasmid pF262A (from bovine isolate F262) at 48 kb length.
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Reference Predicted Genome features K-mer Similarity by BLASTN
plasmid plasmid identity (%) (Assembly -based)
Size (bp) GC (%) CDS mgi)%?r?é ) Identity (%) Coverage (%)
pCP13 54,310 25.50 63 n/a n/a n/a
pQ215.CN1 54,407 25.47 62 99.52 99.98 100.00
g pQ164.1C 54,647 25.44 65 94.82 97.08 100.00
2 pQ088.CN12 54,421 25.50 62 99.41 99.95 100.00
pM010.1C 54,421 25.50 64 99.40 99.97 100.00
pFORC3 56,577 27.28 79 n/a n/a n/a
pM087.7C 70,121 26.05 80 91.13 99.56 71.05
pM089.1C 70,119 26.06 80 91.12 99.56 71.04
pM090.1C 70,120 26.06 80 91.08 99.64 71.24
3 pQ137.1C 70,119 26.05 78 91.12 99.72 67.82
§ pQ143.CN8 70,111 26.05 79 91.12 99.56 67.46
= pQ138.1C 70,119 26.04 79 91.12 99.55 76.91
pQ106.10C 70,123 26.05 79 91.11 99.56 71.05
pQ118.4C 70,126 26.04 78 90.00 99.56 71.05
pM096.3C 48,245 27.27 57 98.64 83.85 99.97
pF262A 48,604 27.15 55 n/a n/a n/a
b2028 pM096.3C 48,245 27.27 57 as pFORC3 97.42 97.14

Table 3.4: Similarity comparison of  predicted plasmids with reference plasmids

Importantly, pQ143.CN8 which is 14 kb larger than pFORC3, was found to encode a
series of extra potential virulence factors including multiple ABC transporters that are
linked to multidrug resistancéigure3.12C). In brief, no intact pFORC3 plasmid, a
plasmid sourced from aquarium water in South Korea, was encoded within these
pretermassociate. perfringengsolates. In fact, these plasmids could potentially be
unidentified novel plasmids (linked to additional virulence in drug resistance) derived
from pFORC3 plasmid backbone that warrants further experimental validations. Of
note, these pFORCGaived plasmids encode conjugative systems (Tcp loci were
identified via sequence search) and are expected to be capable to strain to strain

transmissiort1292
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Figure 3.11: Comparisons of pCP13 -family plasmids extracted from preterm isolates

(A) Genomic mapping of pCP13 plasmids (shaded) from isolates Q215.CN1, Q088.CN12, M010.1C and
Q164.1C. (B) Closing in on potential virulence factors encoded on pQ215.CN1. Graphs generated via

Easyfig.
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Figure 3.12: Comparisons of pFORC3 -family plasmids extracted from preterm isolates

(A) Genomic mapping of pFORC3 plasmids from 9 isolates where pFORC3 plasmid was computationally
detected at different k-mer identity with reference plasmids pLLY_N11_3, pFORC3 and pF262A. (B)
Colour-coded phylogenetic positions of the isolates compared in (A). (C) Potential additional genetic
regions (light purple region) found on plasmid pQ143.CN8 that encoded extra virulence genes compared
to reference plasmid pFORC3. Graphs generated via Easyfig and iTOL.





























































































































































































































































































































































































































































































































































































































































































