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Abstract

E. coli exists as a commensal in the gastrointestinal tract of humans and other animals but
can also cause severe disease in humans. Pathogenic E. coli that infect sites outside of the
intestine are called extra-intestinal pathogenic E. coli (ExXPEC) and are the most common
cause of urinary tract infections (UTI). EXPEC can also cause soft tissue infections, blood
stream infections and meningitis all of which can be severe life threatening diseases. EXPEC
infections are further complicated by antimicrobial resistance (AMR) with EXPEC infec-
tions increasingly presenting as multi-drug resistant (MDR) limiting the number of effective
therapies. Curiously AMR in EXPEC is not uniform, instead specific clones are responsible
for the majority of resistant infections. For example the spread of the AMR gene CTX-M
has been attributed to a single EXPEC clone called ST131 which frequently causes UTI in
humans. These MDR clones are adept at colonising healthy individuals with international
travellers frequently importing MDR E. coli upon their return, resulting in onward trans-
mission within households. Understanding why AMR is concentrated in specific clones and
how these clones transmit between healthy individuals can help combat the spread of MDR
pathogens. Previous pangenomic analysis has identified that genes involved in anaerobic
metabolism exhibit increased variation in ST131 compared to other EXPEC lineages. Ex-
panding on this previous analysis we identify a significant link between metabolism and car-
riage of AMR genes, specifically MDR lineages of E. coli display an increased abundance
of genes associated with core energy metabolism and carbohydrate utilisation. Invading

pathogenic bacteria are known to compete with resident gut commensals for limited nutri-



iv

ents and so have evolved mechanisms to out-compete commensals. The host inflammatory
response can inadvertently provide a novel set of compounds which enteric pathogens have
adapted to exploit. We hypothesise that our observed metabolic signature in MDR ExPEC is
evidence that they are also using compounds derived from the host inflammatory response.
Testing this hypothesis we demonstrate that an MDR ST131 strain out-competes a commen-
sal strain, isolated from a healthy human, in nutrient limited media under in vitro conditions.
We further demonstrate that an MDR ST131 strain is able to out-compete a commensal strain
when introduced into a germ-free mouse. The MDR ST131 is not only able to out-compete a
commensal but also displace a resident commensal in a pre-colonised mouse. Displacement
of the resident commensal occurs within 48 hours when mice are co-housed, with the ST131
strain becoming the dominant strain in all mice. Lastly, mice that are colonised by ST131
have elevated levels of pro-inflammatory cytokines in their caecum compared to commen-
sally colonised mice. This thesis highlights the importance of metabolism in the evolution
of MDR lineages of E. coli and contributes towards a greater understanding of how these

pathogens spread.



Table of Contents

List of Figures

List of Tables

1 Introduction

1.1
1.2

1.3

1.4

1.5

1.6

1.7

1.8

Escherichiacoli . . . . . . . . . . . .. .
Population Structure . . . . . .. ... L Lo
1.2.1 Phylogroups & MLST . . . .. .. ... ... ... ........
Commensal or Pathogen . . . . . ... ... ... .............
1.3.1 Intestinal Pathogenic E. coli InPEC) . . . . . ... ... ... ..
1.3.2  Extra-intestinal Pathogenic E. coli (ExXPEC) . . . . . . .. ... ..
1.3.3 Pathogen Genetics . . . . . .. ... ... ... ... ... . ...
The Pangenome of E. coli . . . . . . . . . . . . ... ... ... ...
Antibiotics . . . . . ..o
Antibiotic Resistance . . . . . . . .. ... L L Lo
1.6.1 Antibiotic Resistance Mechanisms . . . . . . . ... ... ... ..
1.6.2  p-lactams, ESBLs and Multi-Drug Resistance . . . . . .. ... ..
Antimicrobial Resistance in EXPEC . . . . . ... .. ... ... ... ..
1.7.1  E.coli STI31 . . . . . . . e

Evolution of ST131 . . . . . . . . . . . .

ix

xiii



Table of Contents

vi

1.8.1 Nested Structure of H30, H30R and H30Rx . . . . . . . .. .. ..

1.82 TheCladesof STI31 . . . . ... ... ... .. ... .......

1.8.3 Clonal Expanstion or Complex Evolution . . . . .. ... ... ..

1.8.4 What has made ST131 successful? . . . . ... ... ... .....

1.8.5 Variation in anaerobic metabolism is shared amongst MDR ExPEC

1.9 Gastrointestinal Inflammation & Anaerobic Metabolism . . . . . . . . . ..
1.9.1 Colonisation by S. Typhimurium . . . . . .. ... ... ......

1.9.2 Importance of Inflammation for Growth of Both S. Typhimurium

and E.coli . . . . . ...

1.9.3 Colonisation by MDREXPEC . . . ... ... ... ... .....

1.10 Colonisation and Evolution of Resistance . . . . . .. .. ... ... ...
1.11 Aims and Experimental Approach . . . . ... ... ... ... ......

1.11.1 Wider Importance . . .. .. ... .. ... ... ... ...

Materials & Methods

2.1 E. coliDataset Assembly . . . . . ... ... ... ... ... ...
2.1.1 Selection of relevant E. coli lineages . . . . . . .. .. ... ....
2.1.2 23,567 genome assemblies downloaded from Enterobase . . . . . .
2.1.3 Removal of Duplicate Genome Assemblies . . . . . ... ... ..
2.1.4 Removal of Genome Outliers. . . . . . .. .. ... ... .....
2.1.5 Genome Annotation, AMR Identification, and Genome Metrics
2.1.6 Pangenome Assembly . . . . ... ... ... ... ... ...
2.1.7  Functional Pangenome Annotation and GO Enrichment Analysis . .
2.1.8 Phage Burden, IGR Variation and Recombination . . . . . . . . ..

2.2 Eukaryotic and Bacterial Cell Culture . . . . . .. ... ... ... ....
2.2.1 Bacterial Strains and Antibiotics . . . . . .. ... ... L

222 Bacterial Culture . . . . . . . . . . ..

19
19
21
23
24
25
26

28
29
30
31
33



Table of Contents vii

3

4

2.2.3 Plasmids and Transformation . . . . . . .. ... ... ... .... 46
2.2.4 EukaryoticCell Culture . ... ... ... ... ... ....... 46
2.2.5 Eukaryotic and Bacterial Cell Co-culture . . . . .. ... ... .. 47
23 MouseModels . . .. .. 50
2.3.1 Housing and Colonisation . . . . ... ... ... ... ...... 50
2.3.2 Cytokine Expression . . . . . . .. .. .. .. ... ... 50
233 Histology . . . . . . .. 53
2.3.4 Bacterial Dissemination . . . . . . .. .. ... ... 53

Pangenome Analysis Identifies an Association Between Metabolism and Antibi-

otic Resistance 54
3.1 Introduction . . . . . . .. L 54
32 Results. . . . . .. 57
3.2.1 Dataset Assembly and Properties . . . . . . .. ... ... ..... 57
3.2.2 Population Structure and Antibiotic Resistance . . . . .. ... .. 65
3.2.3 Functional Pangenomics . . . . . . ... ... ... ... ..., 73
3.2.4  Sources of Genetic Variation . . . . . . .. .. .. ... ... .. 87
33 Discussion . . . . ..o e e e 99
In Vitro Competition Suggests ST131 Out-competes Commensal E. coli 104
4.1 Introduction . . . . . . . . ... 104
42 Results. . . . . . . e 106
4.2.1 Competitive Growth on Eukaryotic Cell Monolayers . . . . . . .. 106
4.2.2 Inflammatory Response from Cell Lines . . . . . . . ... ... .. 119
4.2.3 Bacterial Growth in Nutrient Rich and Poor Media . . . . . . . .. 121

4.3 DISCUSSION . . « . v v v e e e e e e e, 130



Table of Contents

viii

5 Germ-Free Mouse Model of Colonisation Confirms ST131 can Out-compete

Commensal E. coli

5.1 Introduction . . ... ... ...

52 Results. . ... ... ......
5.2.1 Monocolonisation . . .

5.2.2  Competitive Colonisation

5.2.3 Displacement of Resident E. coli . . . . . . ... ... ... ....

5.2.4 Transmission of ST131 Between Co-housed Mice . . . . . . . . ..

5.3 Discussion. . . . ... .....

6 Conclusions & Future Work

References

Appendix A Supplementary Data

A.1 Fluorescent Plasmid Fitness Cost

133
133
135
135
145
155
168
177

180

185

202



List of Figures

1.1
1.2
1.3
1.4

2.1
2.2
23
24
25

3.1
3.2
33
3.4
35
3.6
3.7
3.8
3.9

Population Structure of E. coli . . . . . . . .. ... ... ... ... ... 4
Nested Structure of H30, H30R and H30Rx . . . . . . . . ... ... ... 20
Clades of ST131 . . . . . . . . . 22
Schematic Hypothesis . . . . . . . . .. .. .. ... ... .. ....... 33
Number of Assemblies Downloaded and Removed During Filtering . . . . 37
ST10 Tree Pre-de-replication . . . . . . . . .. ... ... ... ...... 38
ST10 Tree Post-de-replication . . . . . . . ... ... ... ........ 39
STI127 Example Tree . . . . . . . . . . . . . . it 41
Flow Cytometry Gating Strategy . . . . . . . . . . . .. .. ... ... 49

Genome Length and Number of Coding Sequences for each Sequence Type 60

Source Niches for Genomes in the Dataset . . . . . . ... ... ... ... 62
Geographic Distribution of Dataset . . . . . . . . ... ... .. .. .... 64
E. coli Phylogenetic Tree . . . . . . . . ... ... ... .. ... ..... 66
Resistance Gene Carriage by Lineage . . . . . . ... ... ... ..... 68
Pangenome Dynamic Curves . . . . . . . ... ... ... ... ...... 70
Core Pangenome Dynamic Curves . . . . . . . .. .. .. ... ...... 71
Correlation Between Pangenome Size and Resistance Gene Carriage . . . . 72

Pangenome Size against the Proportion of Hypothetical Proteins . . . . . . 75



List of Figures X
3.10 COG Category Proportions in Pangenome . . . . . . . .. ... ... ... 77
3.11 Correlation Between Proportion of Core Genome Annotated with the ‘C’

COG Category and Carriage of Antibiotic Resistance . . . . . . . ... .. 81
3.12 Correlation Between Proportion of Accessory Pangenome Annotaed with

COG Category and Carriage of Antibiotic Resistance . . . . . . .. .. .. 83
3.13 Contribution of Paralogs to Pangenome Size . . . . . . . . ... ... ... 88
3.14 Core Pangenome Correlation with C COG Category Proportion when Para-

log Splittingis Disabled . . . . . . . ... ... ... Lo 89
3.15 Accessory Pangenome Correlation with COG Category Proportion when

Paralog Splitting is Disabled . . . . . . .. ... ... ... ... ..., 90
3.16 Number of Unique Intergenic Regions . . . . . . . ... ... ... .... 92
3.17 Proportion of Pangenome that is Phage Associated . . . . ... ... ... 94
3.18 COG Category Correlations After Removing Phage Elements . . . . . . . . 95
3.19 Percentage of Genome in a Recombination Block . . . . . ... ... ... 97
3.20 Distribution of Recombination Blocks in the Genome. . . . . . . . . . . .. 98
4.1 Fluorescent Growth Curves . . . . . . .. .. .. ... ... ... ..... 109
4.2 Time Lapse Images of ST131 Growth . . . . ... ... ... ....... 111
4.3 Time Lapse Images of K12 Growth . . . . ... ... ... ... ..... 112
4.4 Time Lapse Images of Caco-2 Growth . . . . ... ... ... ....... 113
4.5 Fluorescent Growth Curves of Bacteria on Eukaryotic Monolayers . . . . . 115
4.6 Bacterial Growth on Eukaryotic Monolayers Measured by Flow Cytometry 117
4.7 Fluorescent Growth Curves of Bacteria and Different Media . . . . . . . . 118
4.8 Multi-analyte ELISA Heatmap . . . . . . .. ... ... ... ....... 120
4.9 Growth of Bacteria in Different Media Measured by CFU . . . . . . . . .. 123
4.10 Growth of Bacteria in Different Media Under Anaerobic Conditions 126
4.11 Summary of Media Comparison . . . . . . . ... ... ... ....... 127



List of Figures xi

4.12

5.1
52
5.3
54
5.5

5.6
5.7
5.8
59
5.10
5.11
5.12

5.13
5.14
5.15
5.16
5.17
5.18
5.19

5.20
5.21
5.22

Supernatant Growth Curves . . . . . . . ... .. ... .. ... 129
Mouse Mono-Colonisation Schematic . . . . . .. ... ... ... .... 135
Dynamics of Colonisation from Mono-Colonised Mice . . . . . . ... .. 137
CFU Values from Gut Contents and Extra-Intestinal Tissues. . . . . . . . . 139
Cytokine Expression from the Gut of Monocolonised Mice . . . . . . . .. 142
Representative Tissue Sections of Small Intestine and Colon from Mono-

Colonised Mice . . . . . . . . . . . . e 143
Tissue Pathology Scores from Mono-Colonised Mice . . . . . .. ... .. 144
Schematic of Co-gavage Experiment . . . . . . . ... ... .. ...... 145
Dynamics of Colonisation from Co-gavaged Mice . . . . . . . .. ... .. 147
CFU Values from Gut Contents of Co-gavaged Mice . .. ... ... ... 148
CFU Values from Extra-Intestinal Tissues from Co-gavaged Mice . . . . . 150
Expression of Cytokines in Gut of Co-gavaged Mice . ... ... .. ... 152

Representative Tissue Sections of Small Intestine and Colon from Co-gavaged

Mice . . . . . 153
Tissue Pathology Scores from Co-gavaged Mice . . . . . . ... ... ... 154
Schematic of Displacement Experiment . . . . . ... ... ... ... .. 155
Dynamics of Colonisation in Mice Challenge Experiment . . . . . . . . .. 157
CFU Values from Gut Contents of Challenged Mice. . . . ... ... ... 160
Bacterial CFU in Extra-intestinal Tissues . . . . . . . .. ... ... ... 162
Cytokine Expression in Challenged Mice . . .. .. ... ... ...... 165

Representative Tissue Sections of Small Intestine and Colon from Chal-

lenged Mice. . . . . . . . .. 166
Tissue Pathology Scores from Challenged Mice. . . . . . . . ... ... .. 167
Co-housing Schematic . . . . . .. ... ... L L oo 168

Dynamics of Colonisation in Co-housed Mice . . . . . .. ... ... ... 170



List of Figures xii

5.23 CFU Values from Gut Contents of Co-housed Mice. . . . . . . . . . .. .. 172
5.24 CFU Values from Extra-Intestinal Tissues of Co-housed Mice. . . . . . .. 173
5.25 Cytokine Expression in Caecum of Co-housed Mice . . . . . . .. ... .. 176
A.1 Fitness Cost of Plasmids, Growth Curves . . . . . . . . ... .. ..... 204
A.2 Fitness Cost of Plasmids, Metrics . . . . . . . . . . . . . ... ... .. 205

A.3 Fitness Cost of Plasmids, Direct Competition . . . . ... ... ... ... 206



List of Tables

2.1
2.2
2.3
24
2.5

3.1
3.2
33
3.4
35
3.6
3.7
3.8
3.9

4.1

5.1
5.2

Enterobase Assembly Criteriafor E. coli . . . . . .. .. ... ... .... 35
Bacterial Strains . . . . . . . ... 45
Antibiotic Compounds . . . . .. ... oL 45
Plasmids . . . . . . . . .. 46
gqPCR Probes . . . . . ... 52
Selected populations of E. coli for analysis . . . . . ... ... ... .... 58
Source Niches with the highest proportion for each Sequence Type . . . . . 63
Pangenome a Values . . . . ... ... ... ... .. ... .. ... .. 73
COGCategories . . . . . . v v v v i it et e e e 74

COG Category Correlation with Antibiotic Resistance, Entire Pangenome . 79
COG Category Correlation with Antibiotic Resistance, Core Pangenome . . 80
COG Category Correlation with Antibiotic Resistance, Accessory Pangenome 82
GO Terms Enriched in Core Pangenome of MDR Lineages . . . . . . . .. 85

GO Terms Enriched in Accessory Pangenome of MDR Lineages . . . . . . 86

Average Bacterial CFU in Different Media Under Aerobic and Anaerobic
Conditions . . . . . . . . . L 125

Percentage Resistant Growth of Disseminating Bacteria, Challenged Mice . 163

Percentage Resistant Growth of Disseminating Bacteria, Co-housed Mice . 174



Acronyms

AMR Anti-Microbial Resistance

CDS Coding Sequence

CFU Colony Forming Units

COG Clusters of Orthologous Groups

DC Dendritic Cell

EAEC Enteroaggerative E. coli

EARS-Net European Antimicrobial Resistance Surveillance Network
EHEC Enterohaemorrhagic E. coli

EIEC Entero-Invasive E. coli

ELISA Enzyme-linked Immunosorbent Assay
EPEC Enteropathogenic E. coli

ESBL Extended Spectrum Beta-Lactamase
ETEC Enterotoxigenic E. coli

ExPEC Extra-intestinal Pathogenic E. coli



Acronyms XV

FQR Fluoroquinolone Resistant

GO Gene Ontology

HUS Haemolytic Uremic Syndrome

IGR Intergenic Region

ILC Innate Lymphoid Cell

iNOS Inducible Nitric Oxide Synthetase

InPEC Intestinal Pathogenic E. coli

LEE Locus of Enterocyte Effacement

LPS Lipopolysaccharide

LT Heat-Labile Toxin

MDR Multi-Drug Resistant

MLN Mesenteric Lymph Nodes

MLST Multi Locus Sequence Typing

MOI Multiplicity Of Infection

NK Natural Killer

NMEC Neonatal Meningitis E. coli

PAI Pathogenicity Associated Island

PAMP Pathogen Associated Molecular Pattern

PRR Pattern Recognition Receptor



Acronyms

Xvi

RNS Reactive Nitrogen Species

ROD Region Of Difference

ROS Reactive Oxygen Species

SEPEC Sepsis associated E. coli

SNP Single Nucleotide Polymorphism

ST Sequence Type

ST Heat-Stable Toxin

Stx Shiga Toxin

T3SS Type-3 Secretion System

UPEC Urinary Pathogenic E. coli

VF Virulence Factor

XDR Extensively Drug Resistant



Chapter 1

Introduction

1.1 Escherichia coli

Escherichia coli is a gram-negative rod-shaped bacterium that was first described by Theodor
Escherich in 1885. Since then it has become one of the most studied organisms on the planet
being used as a model organism to understand aspects across biology from gene regulation
to the process of evolution. E. coli is primarily found in the gastrointestinal tract of humans,
birds, livestock and other animals but can also be found in the environment such as in water
and sediment. E. coli can exist as a commensal in the gut of its host contributing to health
through digestion of food substances, however it can also present itself as a pathogen causing
severe disease in humans and other animals. The varied habitats and niches in which E. coli

reside gives rise to a complex population structure.
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1.2 Population Structure

1.2.1 Phylogroups & MLST

The environments in which E. coli has been identified are not homogenous, nor are its in-
teractions with animals exhibiting both commensal and pathogenic behaviours. Therefore
it is not surprising that the E. coli population is not homogenous and can be stratified into
groups using a variety of phenotypic and genotypic techniques, with the most prevalent be-
ing serotyping, Multi Locus Sequence Typing (MLST) and phylotyping. Serotyping distin-
guishes E. coli based on surface molecules and whilst this technique is informative for how
hosts respond to E. coli it is not informative of the evolutionary history of a strain. Serotyping
is still used in specific contexts, particularly for discriminating pathogenic clones, however
the technique has been superseded by phylotyping and MLST both of which leverage the
power of DNA sequencing.

Phylotyping assigns isolates into one of 8 phylogroups that are defined using phyloge-
netic analysis of whole genome alignments. The groups are named A, B1, B2, C, D, E, F and
G represent major clade divisions at the root of the E. coli phylogeny and are indicative of
fundamental ancestral divergences in the population. The earliest division in the population
is between phylogroups A, B1, C and E in one half and B2, F and D in the other (Figure 1.1).
More recently additional groups G and H have been proposed [86], and as more sequence
data becomes available it is possible that more phylogroups will be identified with some
even proposing that certain phylogroups of E. coli are reclassified as sub-species or new
species entirely [157, 37]. Phylotyping therefore identifies fundamental stratification of the
E. coli population present at the root of the phylogeny. MLST on the other hand functions
to separate individual clonal lineages within the phylogroups. This approach uses the com-
bination of alleles present at specific loci in the genome to assign the bacteria to a Sequence

Type (ST), with isolates in the same ST group considered to be more closely related to each
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other than they are to isolates in other ST groups. Therefore ST groups are considered as
clonal lineages which share a common ancestor. There are multiple MLST schemes with the
most commonly used being the Warwick (Achtmann 7 gene) scheme, which largely domi-
nated over the alternative Pasteur and Michigan schemes [28]. Each of these MLST schemes
uses a different combination of genomic loci to determine ST groupings with only one loci
shared between the 3 schemes. Generally, the loci used represent ‘housekeeping’ genes that
are conserved across the E. coli population. The varying loci used by the schemes results
in conflicting clustering of isolates. Specifically isolates assigned to ST131 by the Warwick
MLST scheme are classified as ST43 under the Pasteur scheme, moreover the Pasteur scheme
splits the Warwick ST131 lineage into two distinct groups. ST groups identified by MLST
schemes can be hierarchically clustered to recapitulate the E. coli phylogeny. Comparing the
phylogeny produced using MLST clustering and the one produced from whole genome align-
ment data determined that the Warwick scheme produced the closest match [130]. Whilst
MLST methodology was devised before whole genome sequencing was readily achievable
it is still of use, particularly in the identification and naming of pathogenic E. coli outbreak
and pandemic clones. Ultimately, phylogroups represent ancestral divergences in the E. coli
population that contain multiple individual clonal lineages which can be discriminated using
MLST. Phylotyping is used to understand fundamental divergences in E. coli evolution and

MLST is important for distinguishing between individual clonal lineages.

1.3 Commensal or Pathogen

E. coli is a normal resident of the human intestine, present in relatively low abundance, and
contributes to host health through the digestion of food. However, E. coli is also capable
of causing disease in humans and other animals. There are a variety of disease presenta-
tions in humans which are generally self-limiting and mild, however some can be severe

and even fatal. Pathogenic E. coli are divided into groups called pathotypes or pathovars
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Fig. 1.1 Phylogenetic tree of 72 strains of E. coli rooted on Escherichia fergusonii - a closely
related species of the same genus as E. coli that exhibits a broadly similar phenotype. E.
fergusonii was included to help accurately resolve the structure of the E. coli phylogeny.
Reference genomes are indicated by a triangle, pathogenic strains are denoted with closed

symbols whilst commensals have open symbols. The major phylogroups are highlighted in
coloured boxes. Figure reproduced from [145].
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based on their disease presentation, pathogenesis and genetic factors. E. coli pathovars form
two groups: those which cause disease in the intestinal tract (enteric pathogens) called In-
testinal Pathogenic E. coli (InPEC) and those which cause disease outside of the intestine
called Extra-intestinal Pathogenic E. coli (ExPEC). Comparative genomic analysis between
commensal and pathogenic isolates has identified key genes involved in pathogenesis, these
genes are referred to as Virulence Factors (VFs). Often these factors are clustered together
in the genome in regions called Pathogenicity Associated Islands (PAls) which tend to be
located adjacent to tRNA genes [159, 134, 38]. E. coli pathogenesis has been extensively

reviewed: [77, 37, 33].

1.3.1 Intestinal Pathogenic E. coli (InPEC)

This classification of E. coli includes those which cause enteric disease in humans with diar-
rhoea as the primary symptom, which can be either bloody or watery. Transmission between
hosts occurs via the faecal oral route, in which consumption of food products contaminated
with InPEC leads to intestinal colonisation and subsequent disease. Within InPEC there
are numerous pathovars which can be distinguished based upon their clinical presentations,

pathogenesis and the presence of specific VFs or PAls.

Enteropathogenic E. coli (EPEC)

The first pathogenic E. coli were identified by Bray et al in 1945 and were originally named
as diarrheagenic E. coli (DEC) [101], however it is now clear that these isolates belong to
the Enteropathogenic E. coli (EPEC) pathotype. E. coli in this pathotype attach to intestinal
epithelial cells using a variety of proteinaceous adhesion molecules called adhesins. Once
closely anchored to the host epithelial cell membrane the bacterium uses secretion systems to
inject effector proteins into the host cell. The transferred proteins induce abnormal rearrange-

ments of the host cytoskeleton that produce a pedestal like protrusion which the anchored
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E. coli sits atop. The manipulation of the host cytoskeleton results in loss of the epithelial
microstructure (villi) and produces the characteristic attaching effacing (A/E) lesions which
are the hallmark of EPEC infection. The close attachment and manipulation of the host
epithelium stresses the intestinal epithelial cells which is detected by the host immune sys-
tem, triggering an inflammatory response. Immune cells migrate to the site of infection in
abundance and contribute to inflammation ultimately producing the diarrheagenic response.
Mortality from these infections is low and generally only seen in infants, elderly or those
with an impaired immune system. EPEC carry a PAI called the Locus of Enterocyte Ef-
facement (LEE) which encodes numerous VFs required for pathogenesis, such as intimin
for attachment to epithelial cells, Type-3 Secretion Systems (T3SSs) for transfer of effector
proteins as well as the effector proteins themselves [92]. The LEE is not unique to EPEC

and is found in another E. coli pathovar called Enterohaemorrhagic E. coli (EHEC).

Enterohaemorrhagic E. coli (EHEC)

EHEC also produce diarrhoea in the host which can be watery but is frequently bloody.
This pathotype is extremely infectious with only a low number of ingested bacteria required
to cause disease [146]. The intestinal tract of cows acts as a reservoir for this pathogen
and outbreaks are generally associated with contaminated food products such as beef, but
also fruits and vegetables which may have become contaminated by bovine faecal matter.
The serotype O157 of EHEC is frequently identified as an outbreak strain associated with
contaminated food products [https://www.cdc.gov/ecoli/outbreaks.html]. EHEC share the
LEE PAI with EPEC but also produce a key toxin called Shiga Toxin (Stx). The Stx toxin
causes damage to intestinal epithelial cells resulting in bloody diarrhoea and in severe cases
perforation of the intestine. The toxin can also escape the intestinal lumen and act on distal
organs with the microvasculature of the kidneys being particularly sensitive to Stx. Systemic

action of the toxin results in Haemolytic Uremic Syndrome (HUS) characterised by a reduced
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red blood cell count and impaired kidney fucntion. Children and the elderly are most at risk
and while infections are typically self-limting, HUS can cause neurological damage, renal

failure and death.

Enterotoxigenic E. coli (ETEC)

Enterotoxigenic E. coli (ETEC) use fimbrial colonisation factors to attach to the intestinal
mucosa and produce toxins which interfere with host cellular processes. ETEC do not pro-
duce Stx but use a variety of other toxins which are divided into two groups called Heat-
Labile Toxin (LT) and Heat-Stable Toxin (ST), based upon their thermostability. Both LT
and ST interfere with signalling processes in the intestinal epithelial cells resulting in the dis-
ruption of ion homeostasis which ultimately leads to watery diarrhoea. Infants and travellers

are most commonly affected but infections are generally self-limiting and non-fatal.

Enteroaggerative E. coli (EAEC)

Enteroaggerative E. coli (EAEC) are defined by their ‘stacked brick’ adhesion to epithelial
cells which is evident in histopathological sections as clusters of self-aggregating bacteria,
although it is unclear if this phenotype is unique to this pathovar [77]. EAEC, like ETEC,
also produce toxins however EAEC do not produce LT or ST toxins nor do they produce Stx,
instead they use a variety of autotransporter toxins to cause disease. Unlike the other INnPEC
pathovars there is no single VF or PAI that is present in all EAEC. Instead isolates rely
on a combination of multiple different VFs, however the transcriptional regulator aggR is
particularly common in EAEC and is associated with diarrhoeal disease [68]. The regulator

controls the expression of multiple VFs found in EAEC.
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Entero-Invasive E. coli (EIEC)

Unlike the other InPEC pathovars Entero-Invasive E. coli (EIEC) do not remain in the gut lu-
men attached to intestinal epithelial cells, instead EIEC invade the host epithelium. Initially
they are contained within a vacuole inside the host cell however they use VFs to escape this
compartment and become mobile through manipulation of the host cytoskeleton. Their mo-
bility in the host cell allows them to spread into neighbouring epithelial cells. Despite their
invasive capabilities EIEC rarely disseminate outside of the intestinal epithelium, although
they are capable of evading the host immune response by inducing apoptosis in macrophages.
The VFs responsible for pathogenesis in EIEC are encoded on a large virulence plasmid

which can also be found in Shigella [131].

1.3.2 Extra-intestinal Pathogenic E. coli (ExXPEC)

E. coli are not limited to causing disease in the intestine but are also capable of causing dis-
ease at extra-intestinal sites such as the urinary tract (UTI), kidneys, blood, soft tissues, lung
and even brain. Initially E. coli were classified into pathovars such as: Urinary Pathogenic
E. coli (UPEC), Sepsis associated E. coli (SEPEC) or Neonatal Meningitis E. coli (NMEC),
however this classification was purely based upon disease presentation and to date no specific
VFs have been identified that can discriminate between these pathovars. This lack of dis-
criminative genetic factors led Russo et al. to propose the term Extra-Intestinal Pathogenic
E. coli (EXPEC), which encompasses the variety of disease presentations outside of the intes-
tine [129]. In contrast to InNPEC, EXPEC do not cause disease when in the host intestine and
can even be found in healthy individuals [104]. One meta-review estimated that at least 10%
of the human population is asymptomatically colonised by an EXPEC strain [46]. However
intestinal colonisation is thought to precede the development of disease, particularly UTIs,
which are the most common EXPEC infection [34, 151, 36, 3, 99, 27, 104]. Near identical

ExPEC strains have been isolated from both the urine and faecal samples of UTI patients
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[99, 27, 104]. Moreover urine and faecal samples do not form discrete phylogenetic clus-
ters [105], indicating a high degree of genetic similarity. Intestinal colonisation facilitates
opportunistic transfer from the intestine to the urethra where EXPEC VFs allow adhesion to
epithelial cells of the urinary tract (urothelium). Type 1 pili on E. coli are particularly impor-
tant for this attachment [166, 100]. The pilus tip is encoded by fimH which binds to mannose
epitopes on host cells. The interaction between fimH and mannose is dynamic: under low
shear stress the attachment is weak permitting the bacteria to ascend the urinary tract how-
ever under high shear stress (such as during urine flow) the attachment strength increases
dramatically [135]. Varying attachment strength depending on environmental forces allows
E. coli to remain motile in the urinary tract without the risk of being expelled. Motility
allows E. coli to ascend the urinary tract into the bladder where it can invade bladder epithe-
lial cells to establish intracellular bacterial communities (IBC) causing cystitis [166]. Type
1 pili are again important for bacterial invasion into bladder epithelial cells, with fimH being
necessary and sufficient for entry [91]. Bacteria can spread from the bladder to the kidneys
by ascending the ureters where pilli again promote adhesion and invasion of epithelial cells
causing pyelonephritis [97]. From the kidneys the bacteria can escape into the bloodstream
causing bacteraemia and sepsis. Entry into the bloodstream also permits dissemination of
bacteria to other organs and tissues.

ExXPEC are therefore considered a facultative pathogen as they are capable of surviv-
ing in the host asymptomatically but under the right circumstances can cause disease. This
highlights the clear distinction between InPEC and EXPEC with the former unable to exists
as a commensal, producing disease in the host intestine while the latter can exist asymp-
tomatically within the intestine and only causes disease outside of this compartment. This
is reflected in the genomics of these different pathovars with InPEC possessing well de-

fined and specific VFs such as the LEE of EHEC and the toxins of ETEC whilst EXPEC
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lack a definitive VF. Some have speculated that pathogenicity in EXPEC is a by-product of

increased colonisation efficiency [80].

1.3.3 Pathogen Genetics

There is no clear phylogenetic distinction between pathogenic and commensal E. coli with
pathogenic clones observed in all phylogroups. Some pathovars do exhibit associations with
specific phylogroups for example EXPEC clones can be found in multiple phylogroups but
are predominantly found in B2, F and D whilst InPEC pathovars are predominantly found
in phylogroups A and B1 [64]. The sporadic placement of pathogenic clones in the E. coli
phylogeny indicates that pathovars have emerged repeatedly and independently in the popu-
lation, and under the right conditions pathogenic clones can continue to arise. In fact there
can be minimal differences between commensal and pathogenic strains, for example the
commensal Nissle 1917 strain which is used probiotically contains remarkably few genetic
differences to the virulent urinary isolate CFT073 [152]. Emergence of pathogenic E. coli
clones is facilitated by the mobility of VFs and PAIs, which are frequently associated with
mobile genetic elements. For example the VFs of EIEC are located on a plasmid, while
the Stx toxin of EHEC is found on a phage. Analysis of both ETEC and EIEC has high-
lighted that both these pathovars have evolved repeatedly through the acquisition of mobile
PAIs [156, 62]. Therefore genes which are circulating in the E. coli population can influence

phenotype and shape the evolution of individual clones.

1.4 The Pangenome of E. coli

DNA sequencing technology allowed the complete genome of pathogenic and commensal
clones of E. coli to be determined. Whilst the comparison between the commensal Nissle

1917 and pathogenic CFT073 strains revealed only minor differences this is not always the
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case. The pathogenic EHEC O157 genome has numerous genetic differences compared to
the commensal K12 MG1655 genome [118]. This comparison identified a multitude of
genes involved in the pathogenesis of O157 including VFs and PAIs, however there were also
numerous genes unique to O157 which had no clear role in virulence. Additionally, there
were genes present in the commensal K12 that were absent in O157. Subsequently including
an EXPEC genome in the analysis revealed that less than 40% of the genes identified were
shared between all 3 isolates [158]. The lack of shared gene content between members of
the same species gave rise to the concept of a pangenome, which is a representation of all
the genes present in a selected population of genomes. The pangenome can be stratified into
2 compartments; the core genome which represents the genes present in all the members of
that population; and the accessory genome which represents the genes which are not shared.
Genes circulating in the accessory genome can be hugely influential on E. coli phenotype as it
allows the bacteria to take a ‘pick and mix’ approach to evolution. This is particularly evident
in new pathogenic clones of E. coli which have combined VFs from multiple pathovars. In
2011, an E. coli clone caused a severe outbreak in Germany which infected 3,816 people of
which 845 developed HUS and 36 died. The clone had an O104:H4 serotype and combined
pathogenic mechanisms from EHEC, EAEC and ExPEC [52, 124]. Specifically the strain
produced the Stx toxin of EHEC (but lacked the LEE), it adhered to intestinal epithelial
cells in a manner similar to EAEC and possessed multiple VFs typically found in EXPEC
isolates such as iron acquisition systems. Between 2005 and 2014 another pathogenic E. coli
clone emerged in France that had combined pathogenic traits from EHEC and ExPEC. The
clone belonged to phylogroup A, which is an uncommon phylogroup for both EXPEC and
EHEC, and was serotype O80 [140]. The clone was capable of causing both HUS and blood
stream infections, traits which are typically reserved to EHEC and ExPEC respectively. The
genome of this clone contained multiple EHEC VFs as well as a plasmid containing ExXPEC

VFs. Both of these pathogenic clones had combined VFs circulating in the E. coli accessory
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genome to produce new successful phenotypes. The acquisition of genes circulating in the

accessory pangenome, such as VFs, can therefore influence the evolution of E. coli.

1.5 Antibiotics

Antibiotics can be broadly divided into 2 categories depending on whether they directly kill
bacteria (bactericidal), or inhibit bacterial growth (bacteriostatic). Antibiotics are further di-
vided into classes depending upon their chemical structure and spectrum of activity. Classes
of antibiotics include, but are not limited to, penicillins, fluoroquinolones, cephalosporins,
carbapenems and sulphonamides. The variety of chemical structures gives rise to a variety
of mechanisms of action against bacteria. For example fluoroquinolone antibiotics, such as
ciprofloxacin, bind to DNA topoisomerase or DNA gyrase enzymes inhibiting their action.
This prevents the bacterium from performing the structural alterations to its genome neces-
sary for replication and transcription, ultimately inhibiting bacterial growth. Sulphonamides,
such as sulfamethoxazole, interfere with the folate synthesis pathway by inhibiting the nec-
essary metabolic enzymes, this starves the bacterium of this essential metabolite thereby
preventing growth. Penicillins, cephalosporins and carbapenems all share a f-lactam ring
in their chemical structure, this ring is essential for the mechanism of action as it acts as a
substrate for cell wall synthesis enzymes thereby inhibiting them. Consequently, bacteria
die when they are unable to synthesise or maintain their cell wall. The distinction between
penicillins, cephalosporins and carbapenems is their original source. Specifically penicillins
are derived from the penicillin molecule which was first identified from a fungus called Peni-
cillium. The chemical structure of the compound has been altered over time giving rise to
the penicillin family. Likewise both cephalosporins and carbapenems were first identified in
microbes and were subsequently chemically altered to generate new families of antibiotics.
Other classes of antibiotics also function to inhibit crucial bacterial processes such as protein

synthesis and membrane integrity. Antibiotics have varying spectra of activity with some
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being effective against a limited selection of bacteria whilst others, such as beta-lactams
and fluoroquinolones, are effective against a broad spectrum of bacteria. Beta-lactam and
fluoroquinolone antibiotics are some of the most widely used antibiotics against bacterial in-
fections, including those caused by E. coli. Unfortunately bacteria are evolving mechanisms

to resist the effects of antibiotics, termed Anti-Microbial Resistance (AMR).

1.6 Antibiotic Resistance

Bacteria are considered resistant when they are capable of surviving in the presence of an
antibiotic compound. Resistance can be divided into intrinsic and acquired resistance, with
the latter being a significant concern for modern medicine. Intrinsic resistance occurs when a
bacteria is naturally resistant to an antibiotic, for example gram-negative bacteria are innately
resistant to vancomycin as their outer membrane prevents the compound from reaching the
cell wall. Acquired resistance necessitates the acquisition of genetic determinants that permit
a previously susceptible bacteria to survive in the presence of an antibiotic. These genetic
determinants can be acquired by mutation or through horizontal gene transfer. The acquired
genetic determinants confer resistance by altering: antibiotic uptake / efflux, target sites,

metabolic pathways or permitting degradation of the antibiotic.

1.6.1 Antibiotic Resistance Mechanisms
Antibiotic Uptake and Efflux

Antibiotics must be able to reach their target site to have any effect on bacteria, for example
vancomycin is not effective against gram-negative bacteria as it is unable to pass through
the outer membrane. Common targets for antibiotics are the cell wall, metabolic enzymes,
ribosomes and DNA topoisomerases most of which are in the cytosol, therefore antibiotics

must be able to penetrate bacterial membranes and cell wall to reach their target. Bacte-
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ria use membrane bound proteins called porins which form channels in the cell membrane
to absorb compounds from their environment, often antibiotics also enter bacteria through
these pores. Alterations in porin structure or concentration can influence the permeability
of the cell membrane and hence reduce antibiotic absorption conferring resistance [153].
For example mutations in the ompF gene, encoding a porin, in E. coli have been demon-
strated to result in decreased absorbance of f-lactam antibiotics [138]. Bacteria are also
capable of controlling the movement of compounds from their cytosol to the environment
through efflux pumps. Increased removal of antibiotics from the cell through alterations
to efflux pumps also functions to reduce antibiotic concentration within the cell conferring
resistance. Generally altered membrane permeability through changes to porins only con-
fers low levels of resistance but this can be sufficient to allow the bacteria to acquire more

significant resistance mechanisms such as target site alteration.

Target Site Alterations

Antibiotics mediate their effect through the inhibition of essential bacterial cell processes
typically by occupying or binding to a biologically active site. For example fluoroquinolone
antibiotics inhibit the action of DNA topoisomerases preventing the bacterium from replicat-
ing its genome. Mutations in DNA topoisomerase genes that reduce fluoroquinolone binding
allow these enzymes to function uninhibited by the presence of fluoroquinolone antibiotics.
Resistance to sulfamethoxazole and trimethoprim can also occur via target site alterations.
These antibiotics inhibit the enzymes dihydropteroate synthase (DHPS) and dihydrofolate
reductase (DHFR) both of which are essential for folate synthesis in the bacteria. Mutations
in these enzymes reduce the affinity for antibiotics allowing these enzymes to continue folate

synthesis. Resistance to these antibiotics can also occur via target site bypass.



1.6 Antibiotic Resistance 15

Target Bypass

Bacteria can acquire resistance by bypassing the target of the antibiotic preventing it from
inhibiting essential bacterial processes. While resistance to sulfamethoxazole and trimetho-
prim can be acquired via mutations bacteria can also acquire alternative alleles for DHPS and
DHEFR via horizontal gene transfer. These horizontally acquired alleles are insensitive to sul-
famethoxazole / trimethoprim allowing bacterial metabolism to bypass the antibiotic target.
Resistance to f-lactams can also occur via target site bypass with certain bacteria producing
cell wall synthesis enzymes that can function in the presence of f-lactams. Resistance to

p-lactams is more frequently mediated by antibiotic modification.

Antibiotic Modification

Bacteria can evolve resistance by acquiring enzymes which directly modify the antibiotic
rendering it ineffective. Typically the bacteria produces an enzyme that adds a chemical
group onto the antibiotic such as adding an acetyl or phosphate group. The modification
results in reduced binding between the antibiotic and its target. For example resistance to
aminoglycoside compounds is mediated by enzymes that add either a acetyl-, adenyl- or
phosphate group onto the aminoglycoside. Bacteria can also modify antibiotics to remove
their functional group, this is frequently the mechanism of resistance for f-lactam antibiotics.
This group of antibiotics are named after the f-lactam ring they contain which is responsible
for irreversible binding to cell wall synthesis enzymes. f-lactamase enzymes hydrolyse the
p-lactam ring rendering the antibiotic harmless. f-lactamases have not evolved recently but
instead have existed for billions of years however the use of f-lactam antibiotics clinically

has certainly contributed to a recent diversification of this group of enzymes [58].
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1.6.2 p-lactams, ESBLs and Multi-Drug Resistance

Shortly after the introduction of f-lactam antibiotics into clinical practice reports of re-
sistance in pathogenic bacteria began to emerge. Further investigation led to the identi-
fication of f-lactamases which were destroying the antibiotic. As rates of resistance in-
creased pharmaceutical companies searched for new compounds that were not destroyed by
these enzymes giving rise to families of antibiotics named after their progenitor (penicillins,
cephalosporins and carbapenems). Early f-lactamases only conferred resistance to a lim-
ited number of f-lactam antibiotics however as the diversity of f-lactam antibiotics in use
increased f-lactamases evolved to have a broader spectrum of activity. f-lactamases which
are able to destroy pencillins, 1st, 2nd and 3rd generation cephalosporins are called Extended
Spectrum Beta-Lactamases (ESBLs), fortunately these enzymes are generally unable to de-
grade carbapenems and are inhibited by f-lactamase inhibitors [115]. ESBLs arose through
mutations which affected the active site of the enzyme allowing it to degrade f-lactams with
a variety of chemical side groups. Carbapenem antibiotics are considered the last effec-
tive f-lactam antibiotic against ESBL producing bacteria however carbapenemases are now
emerging capable of degrading these antibiotics. Carbapenemases have arisen from ESBLs
through further mutations which broaden their spectrum of activity [39]. The widespread use
of f-lactam antibiotics and their reformulations has led to a huge diversity in f-lactamase en-
zymes. As of March 2021 there are 1,148 f-lactamase entries in the AMR database Resfinder
[17]. Worryingly ESBLs can frequently be found on conjugative plasmids facilitating their
transfer between bacteria. Mobile genetic elements, such as phage and insertion sequences
that facilitate the movement of VFs, can also mobilise resistance genes. Mobile genetic ele-
ments are particularly important for transporting resistance genes from the chromosome onto
conjugative plasmids. Ultimately this has resulted in plasmids which carry genes conferring
resistance to a diverse set of antibiotic compounds. This convergence of multiple resistance

mechanisms onto mobile plasmids has promoted the rise of bacterial pathogens that are re-



1.7 Antimicrobial Resistance in EXPEC 17

sistant to multiple compounds, these bacteria are referred to as Multi-Drug Resistant (MDR)
[89]. This cumulative acquisition of resistance mechanisms threatens to produce pathogens
for which there is no effective treatment. There are already reports of Extensively Drug
Resistant (XDR) pathogens for which only one or two classes of antibiotic remain effective
[89]. Resistance to antibiotics is not limited to certain countries or healthcare systems but is

a global problem with rates of resistance increasing around the world.

1.7 Antimicrobial Resistance in ExPEC

Rates of resistance in E. coli have increased significantly since circa 2000 [127, 34, 25],
particularly in EXPEC populations that cause UTI and blood stream infections. In 2015 an-
tibiotic resistant E. coli were calculated to have the greatest impact on mortality and health
compared to other major antibiotic resistant pathogens: being responsible for between 7787
and 10607 deaths across Europe, with rates varying by country [25]. As of 2019 antibi-
otic resistant E. coli were the most frequently reported invasive isolate causing 44.2% of
blood stream infections in Europe. Of those isolates 57.1% were resistant to at least one an-
timicrobial being surveyed by the European Antimicrobial Resistance Surveillance Network
(EARS-Net) [47]. The increase in resistance in E. coli is not restricted to Europe but has
been observed globally [116, 10, 127]. EXPEC infections are typically treated with antibi-
otics from the fluoroquinolone or f-lactam classes however resistance to both has increased
in recent decades. Resistance to f-lacatam antibiotics in EXPEC appears to have been con-
ferred by aquisition of the ESBL CTX-M, whose prevalence has increased markedly in recent
decades [127, 23].

Named after it’s ‘preference’ for cefotaxime over ceftazidime (cephalosporins), CTX-
M originated in the Kluyvera genus which is an environmental species but can occasion-
ally cause infections in humans [126, 107]. The insertion sequence ISEcpl mobilised the

CTX-M gene moving it from the chromosome onto a plasmid [121], allowing it to subse-
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quently transfer into E. coli. The presence of CTX-M confers resistance to third generation
cephalosporins but not carbapenems. There is considerable diversity of CTX-M genes with
alleles originating in different Kluyvera species and presenting with altered spectra of activ-
ity [24, 107, 126]. The alleles of CTX-M also display geographic variation with CTX-M-14
dominant in South East Asia, CTX-M-2 is more common in South America [16], whilst
CTX-M-15 can be found worldwide [103, 30]. CTX-M was likely spread globally through
international travel as CTX-M is the most common ESBL in strains colonising travellers to
AMR endemic regions [144, 7]. The rapid emergence of CTX-M in clinical E. coli was

strongly associated with the emergence of a single EXPEC clone: ST131 [103, 30].

1.7.1 E. coli ST131

In 2006 and 2007 two studies reported that CTX-M-15 was carried almost exclusively by
one clonal lineage of E. coli identified under the Warwick MLST scheme as ST131 [23,
103]. Both studies observed that their collection of CTX-M positive isolates displayed an
abundance of ST131 with a mixture of other STs forming the minority. Moreover both
groups used a collection of isolates from around the globe, indicating that this clone was
globally dispersed and probably responsible for the spread of CTX-M-15. Since the reported
association between ST131 and CTX-M carriage others have investigated the prevalence of
ST131 in wider collections of resistant clinical isolates. This led to the identification that
not only was ST131 associated with carriage of CTX-M but was also overrepresented in
collections of Fluoroquinolone Resistant (FQR) isolates [73, 151]. The emergence of ST131
in some surveillance datasets was coincident with a marked increase in resistance, to both
p-lactam and fluoroquinolone antibiotics [73]. Subsequently, ST131 has repeatedly been
identified as a major constituent in multiple collections of resistant clinical isolates from
around the globe [116, 10, 3, 32]. It is therefore clear that ST131 is a globally disseminated

lineage of E. coli that is strongly associated with antibiotic resistance, this has led some to
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propose that the increase in ST131 is responsible for the increase in AMR in the EXPEC
population [36, 73]. The evolution of ST131 has been the focus of numerous studies to

understand why this lineage is a significant contributor to AMR.

1.8 Evolution of ST131

1.8.1 Nested Structure of H30, H30R and H30Rx

Initial investigations of the ST131 population revealed a significant association between the
fimH30 allele (which encodes a type 1 fimbrial adhesin protein) and FQR [73]. The H30
allele was observed to be almost exclusively present in the FQR isolates, moreover the ap-
pearance of the H30 allele in the dataset was coincident with an increase in FQR. Later
studies identified a number of H30 isolates that lacked FQR, which led the authors to pos-
tulate that the H30 allele was acquired before FQR [123]. This hypothesis was supported
with phylogenetic analysis that clustered the FQR isolates as a single clade suggesting a sin-
gle aquisition of FQR by a H30 ancestor [123]. The authors therefore proposed the H30R
lineage defined by FQR that existed within the larger H30 clade [123]. Phylogenetic anal-
ysis also identified that CTX-M carrying isolates formed a single cluster within the H30R
clone [123], the authors named this population H30Rx for its extended resistance profile.
This identified a nested structure of the ST131 population where H30Rx was a single clade

within a larger H30R clade which in turn was part of a larger H30 clade (Figure 1.2).

1.8.2 The Clades of ST131

Phylogenetic analysis of whole genome sequence data revealed that the ST131 lineage could
be stratified into 3 clades named A, B and C [119]. Clade A has been estimated to have di-
verged from clades B/C first, circa 1874, with clade B and C diverging later with estimates

ranging from 1960 to 1980 [143, 74, 11]. Clade C is further subdivided into C1 and C2
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Fig. 1.2 Nested structure of H30, H30R and H30Rx of ST131. Figure reproduced from [123].



1.8 Evolution of ST131 21

which are estimated to have diverged around 1987 [11]. The majority of isolates present
in C1 displayed resistance to fluoroquinolones but lack CTX-M, corresponding to the pre-
viously identified H30R clone. The isolates in C2 display fluoroquinolone resistance and
possess CTX-M corresponding to the H30Rx clone [119, 143]. The C2 clade also possesses
more resistance genes in total compared to the other clades [11]. Intermediate clades have
also been proposed due to the discovery of strains that possess intermediate genomic char-
acteristics between clades B and C, these clades have been named as BO and CO [11]. ST131
therefore has a stratified population with 3 major clades A, B and C, the latter contains the

majority of AMR and can be subdivided into C1/H30R and C2 /H30Rx (Figure 1.3).

1.8.3 Clonal Expanstion or Complex Evolution

The nested structure of increasing resistance within the H30 lineage implies a sequential
series of evolutionary events, each of which led to the expansion of a higher fitness clone.
Specifically a H30 clone emerged and acquired FQR promoting its expansion. One of the
descendants then acquired CTX-M-15 which again promoted clonal expansion. Giving rise
to the nested structure observed today. This hypothesis is supported by the observation that
FQR across the ST131 lineage is mediated by the same set of Single Nucleotide Polymor-
phisms (SNPs) in gyrA and parC [73]. This combination of SNPs is restricted to ST131 and
only infrequently occurs in the wider E. coli population [73]. In addition to the conservation
of FQR SNPs across ST131, the sequence of CTX-M also displays remarkably little varia-
tion implying that all the alleles present in the lineage descended from a single copy [123].
Morevoer CTX-M is strongly associated with an IncFII plasmid in ST131 [143], suggesting
a single acquisition of a CTX-M bearing plasmid. However, previous reports contradict this
finding having observed no significant association between CTX-M and a common plasmid
backbone, nor a consistent gene neighbourhood [119], leading to a conclusion that there

were multiple independent aquisitions of CTX-M. Further parsimony analysis determined
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that there were 28 independent gain or loss events of CTX-M in ST131 [74]; inconsistent
with a single acquisition event with subsequent clonal expansion. Lastly, the 3 clades of
ST131 lack any discernible temporal or geographic association which would be expected
from sequential clonal expansions [143, 11]. Ultimately the sequence of evolutionary events

giving rise to ST131 are still debated.

1.8.4 What has made ST131 successful?

Determining how ST131 has acquired antibiotic resistance and spread globally is of great
importance for understanding the evolution and spread of AMR. Initially the link between
VFs and AMR was investigated due to the association between the fimH30 allele and FQR in
ST131 [9]. FimH encodes the tip of the type 1 pilus which is essential for EXPEC to adhere
to and invade epithelial cells in the urinary tract [166, 100]. Genomic analysis indicated that
ST131 acquired the fimH30 allele along with PAIs at the pheV and leuX loci (tRNA genes)
before FQR [11]. Leading the authors to propose that these acquired VFs were responsible
for the success of ST131. However, the acquired VFs are not unique to ST131 and are well
characterised in numerous ExPEC lineages that have not formed MDR clones. While prin-
cipal component analysis indicated that ST131 possesses a distinctive set of VFs [70], these
VFs are not unique to ST131 but found in other EXPEC lineages. ST131 does not possess any
VFs or PAIs that distinguish this lineage from other EXPEC lineages, nor is there any differ-
ence in total number of VFs in ST131 compared to other major EXPEC lineages [32, 106].
Most importantly mouse models of EXPEC infections have failed to consistently demonstrate
that ST131 is more virulent than other EXPEC [72]. While VFs are likely to be important
for the success of ST131, the lack of a unique VF implies that they are not solely respon-
sible for the success of this lineage. Other factors contribute to the success of this lineage,
for example there is evidence that ST131 has adapted to offset the fitness costs imposed by

AMR genes. Analysis of promoter regions in the ST131 lineage revealed a significant asso-
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ciation between CTX-M alleles and specific promoter regions [96]. Comparative genomics
and population pangenome analysis has also highlighted differences in metabolic gene con-
tent between ST131 and other EXPEC clones. For example early comparisons between an
ST131 genome and a number of other E. coli genomes identified a number of genomic islands
unique to ST131 termed Region Of Difference (ROD) [149], one of which contains a cluster
of sugar metabolism genes. Analysis of the ST131 pangenome identified 754 loci that were
significantly associated with ST131 compared to other EXPEC lineages, of these 292 were
metabolic genes [96]. Further pangenome analysis employed a stringent identity threshold
for clustering gene sequences, specifically if the protein sequence of two genes diverged by
more than 5% the genes would be separated in the pangenome. This approach can discrim-
inate between alleles of the same gene thereby identifying genes exhibiting variation in the
ST131 lineage. This technique identified that genes associated with anaerobic metabolism
were exhibiting increased variation in ST131 [95]. To determine whether this was simply
a virulence trait exhibited by all ExXPEC clones the pangenome of ST131 was compared to
the pangenome of the other dominant EXPEC lineages ST73 and ST95, to account for dif-
ferences in sample size the pangenome of ST131 was repeatedly subsampled and compared
to ST73 and ST9S. The results demonstrated that anaerobic metabolic gene diversity was
significantly enriched in ST131, eliminating the possibility that this was a common ExPEC
pathogenic trait. The identified alleles of the anaerobic metabolic genes were restricted to
clades B and C of ST131, which is where AMR genes are concentrated [95]. This suggests

that metabolism, particularly anaerobic metabolism, is important for the evolution of ST131.

1.8.5 Variation in anaerobic metabolism is shared amongst MDR Ex-

PEC

Surveillance of MDR E. coli has identified that ST131 is not the sole MDR lineage, there are

a limited number of other EXPEC lineages associated with a high carriage of AMR genes
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such as ST167, ST410 and ST617 [172, 50, 169, 20]. These three lineages are of particular
concern as they are involved in the global spread of carbapenemases, which confer resistance
to carbapenem antibiotics that are considered the last line of defence against MDR ExPEC.
Importantly these lineages also display signs that selective pressure is acting on anaerobic
metabolism. ST167 and ST617 possess unique alleles of anaerobic dehydrogenase genes
which are absent in the closely related commensal lineage: ST10 [172], while the ST410
lineage possesses a unique set of SNPs located in anaerobic metabolic genes [50]. Therefore
the variation in anaerobic metabolism observed in ST131 appears to be shared with other
MDR ExPEC lineages, suggesting that it is important for the evolution of successful AMR
clones. Anaerobic metabolism is known to be crucial for the growth of E. coli in the inflamed

gut [162, 141].

1.9 Gastrointestinal Inflammation & Anaerobic

Metabolism

Bacteria liberate energy from a variety of compounds through respiration. A series of catabolic
reactions drives the movement of electrons which powers the production of ATP. At the end
of the electron transport chain is a terminal electron acceptor which under aerobic conditions
is oxygen. The use of oxygen as a terminal electron acceptor is favoured by E. coli due to a
high energy yield. When oxygen is absent E. coli expresses reductase enzymes which allow
it to use alternative terminal electron such as nitrate, tetrathionate or propanediol. Anaerobic
respiration in E. coli liberates less energy as the bacteria is unable to fully oxidize substrates,
consequently in the human gut where oxygen is limited anaerobic bacterial species of the
Bacteroidetes and Firmicutes phyla dominate whilst E. coli is present in low abundance [43].
However during gastroenteritis this composition changes with E. coli and other Enterobacte-

riaceae expanding significantly [88]. An increased abundance of E. coli has been observed
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in numerous chronic and acute inflammatory conditions [35, 141, 160, 154]. Anaerobic
metabolic pathways play an important role in the expansion of E. coli during intestinal in-
flammation.

Enzymes involved in anaerobic metabolism in E. coli, such as reductases, rely on a
molybdenum co-factor synthesised by the enzyme MoaA, deletion of this gene prevents E.
coli from performing anaerobic respiration [162]. Deletion of moaA significantly reduces
the growth of E. coli in an inflamed mouse intestine [162]. Additionally deletion of nitrate re-
ductase genes impairs the growth of E. coli in the inflamed gut as it is no longer able to utilise
nitrate as a terminal electron acceptor [162, 141]. The nitrate reductase genes present in E.
coli are homologous to those in Salmonella enterica serovar Typhimurium which is a closely
related enteric pathogen that causes gastroenteritis in order to proliferate. S. Typhimurium
is known to be an effective coloniser of a broad range of hosts, producing a characteristic
growth bloom in the gut of a newly colonised individual alongside gastroenteristis. How S.
Typhimurium achieves such efficient growth in the presence of a native microbiota has been
the subject of numerous studies which have concluded that it exploits the host inflammatory

response.

1.9.1 Colonisation by S. Typhimurium

Upon entry into the host S. Typhimurium is faced with the challenge of surviving and prolif-
erating in an environment which is already occupied by a multitude of commensal microbes.
To establish itself within the new host S. Typhimurium creates a new environment which it is
genetically equipped to exploit. First it deploys its T3SS to invade the host intestinal epithe-
lium, its presence is detected by Pattern Recognition Receptors (PRRs) that are present on
multiple host cell types. These receptors initiate a signalling cascade leading to the activa-
tion of immune cells. Release of cytokines (key immune signalling molecules) promote the

recruitment of immune effector cells to the intestine. One of the first cell types recruited are
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neutrophils which migrate into the intestinal mucosa and even into the intestinal lumen and
can be detected in the S. Typhimurium induced diarrhoea. Neutrophils, and other immune
cells, attempt to clear the infection by producing both Reactive Oxygen Speciess (ROSs) and
Reactive Nitrogen Speciess (RNSs). While ROS and RNS are effective at killing bacteria
they also react with compounds in the gut lumen producing a new variety of metabolites
not normally present [125, 132]. One such compound is tetrathionate, produced when ROS
reacts with thiosulfate present in the gut lumen. S. Typhimurium possess the #r operon en-
coding a set of genes that allow the bacteria to utilise tetrathionate as a terminal electron
acceptor for anaerobic respiration. Native commensals are incapable of utilising tetrathion-
ate and so S. Typhimurium faces no competition for this metabolite and can therefore achieve
a growth advantage through tetrathionate utilisation. S. Typhimurium lacking the 7trA gene
are unable to metabolise tetrathionate and have reduced fitness in a mouse model of infection
[161], and are unable to outcompete commensals.

Tetrathionate is not the only metabolite utilised by S. Typhimurium to outcompete com-
mensals, it is also capable of respiring propanediol. Deletion of the pdu operon responsible
for propanediol utilisation, decreases the competitive fitness of S. Typhimurium compared
to wild type [48]. Additionally S. Typhimurium is capable of utilising nitrate derived from
RNS as deletion of the nitrate reductase genes napABC, or their regulator narP, imposes a
fitness cost in mouse models [85]. Therefore S. Typhimurium is genetically equipped to use
a variety of inflammatory by-products, such as tetrathionate, propanediol and nitrate, allow-
ing it to out-compete commensals and proliferate in the gut lumen. Increased proliferation
in the gut combined with gastroenteritis is proposed to promote onward transmission to new

hosts.
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1.9.2 Importance of Inflammation for Growth of Both S. Typhimurium

and E. coli

An inflammatory response from the host is essential for the growth bloom of S. Typhimurium.
Deletion of T3SS genes in S. Typhimurium prevent it from stimulating an inflammatory re-
sponse [161, 48]. TtrA and pdu deletion mutants exhibit reduced growth compared to wild-
type, however when these mutants are combined with a T3SS deletion there is no apparent
difference. Specifically a #rrA T3SS double mutant grows to equivalent levels of a T3SS sin-
gle mutant [161, 48]. Alternatively, if the host immune response is defective both #trA mutant
and wild-type S. Typhimurium grow to equivalent levels, although growth is reduced com-
pared to mice with a functional immune system. Deletion of the host cybb gene prevents
the immune system from generating ROS, consequently no tetrathionate is generated and
wild type S. Typhimurium are unable to achieve an advantage over the mutant strain [161].
The host immune response also provides a source of nitrate, specifically the host Nos2 gene
encodes Inducible Nitric Oxide Synthetase (iNOS) which generates RNS. S. Typhimurium
infected mice display elevated levels of nitrate in their colon compared to mock treated mice
suggesting that the bacteria is promoting nitrate production [85]. S. Typhimurium can then
use the host derived nitrate for anaerobic respiration. The nitrate reductase enzymes in S.
Typhimurium responsible for this are shared with E. coli. Use of molecular inhibitors which
prevent the formation of RNS by host enzymes impairs the growth of E. coli in a mouse
model [162]. Additionally, deletion of the host genes responsible for RNS generation re-
produces the same impairment of E. coli growth [141]. Therefore the growth of both S.
Typhimurium and E. coli is heavily influenced by the host inflammatory response.

The host immune system uses small proteins called cytokines to transmit signals between
cells, virulent E. coli is capable of detecting these peptides and altering gene expression in
response. Specifically the cytokines TNFa, IL1-f, IL-6, IL8 or IFNy all resulted in increased

expression of metabolic and virulence genes in the ExPEC reference strain CFT073 [44,
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122]. The presence of these cytokines stimulated an increased rate of growth of CFT073.
It is unlikely that the E. coli is directly metabolising these cytokines as the concentrations
used are in the nanogram range and the total growth achieved by the strain is not increased,
rather the rate at which stationary phase was reached was increased [44, 122]. Moreover
bacterial binding to the cytokines could be saturated, inconsistent with continual metabolic
processing. The host inflammatory response can be detected by virulent E. coli and provide

them with a source of metabolites from which to derive energy.

1.9.3 Colonisation by MDR ExPEC

International travel is contributing to the global spread of antibiotic resistance with evidence
indicating that ESBL Enterobacteriaceae, including E. coli, are capable of colonising healthy
individuals in the absence of antibiotic selection. Numerous studies have demonstrated that
international travellers acquire ESBL producing Enterobacteriaceae and are still colonised
upon their return. The imported bacteria can then spread further within the community with
household transmission of imported strains being observed [7]. Rates of colonisation vary
but are typically around 30% [7, 113, 109] although some have reported rates as high as 70%
[120]. Of the colonising ESBL bacteria E. coli were observed to be the most frequent [144],
particularly those carrying CTX-M [144, 7, 75]. Whilst exposure to antibiotics was identified
as a risk factor for colonisation, region of travel also posed a high risk, particularly Asia or
South East Asia [7, 144, 113, 109, 12, 164, 128]. In addition travel to Asia was also associ-
ated with a longer duration of colonisation [128]. Geographic region and antibiotic exposure
were not the only risk factors identified, gastroenteritis and chronic inflammatory bowel dis-
ease were also identified as a risk factors for colonisation [164, 109, 144, 7]. This suggests
that individuals experiencing gastointestinal inflammation were pre-disposed to colonisation
by MDR bacteria. Furthermore individuals colonised by an ESBL E. coli frequently reported

experiencing traveller’s diarrhoea [76], despite the invading E. coli being predominantly Ex-
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PEC rather than InPEC. Colonisation by an ESBL bacteria was also associated with an ex-
pansion of the Proteobacteria phyla (which includes Enterobacteriaceae), that are known to
proliferate under inflammatory conditions [12, 82]. Data from international travllers indi-
cates that healthy inviduals are readily colonised by ESBL producing bacteria, with CTX-M
producing E. coli being the most common. Gastroenteritis is associated with colonisation;
individuals with chronic bowel disease are at a higher risk for colonisation and those who
are colonised frequently report experiencing traveller’s diarrhoea. Surprisingly colonisation
by an ESBL bacteria results in non-significant changes to the microbiome composition[12].
This suggests that commensal strains are displaced by their MDR counterparts. ESBL pro-
ducing E. coli are therefore effective colonisers of the human gut being able to colonise
healthy travellers as well as transmit within households [7, 98]. ESBL E. coli are able to
compete with native microbes in the absence of antibiotics and likely displace resident com-
mensal E. coli. Colonisation by ESBL producing bacteria is associated with gastroenteritis

suggesting that ESBL E. coli have evolved to exploit the host inflammatory response.

1.10 Colonisation and Evolution of Resistance

Exploitation of the host inflammatory response can facilitate host colonisation by MDR Ex-
PEC clones. Increased colonisation efficiency also promotes transmission between hosts.
The ability for bacteria to colonise and transmit between individuals has important implica-
tions for the evolution of antibiotic resistance. Prolonged colonisation increases the likeli-
hood of exposure to antibiotics, thereby promoting aquisition of resistance, while increased
transmission promotes the spread of resistance genes. Mathematical modelling has demon-
strated a link between duration of colonisation and AMR with antibiotic resistance genes
predicted to provide a fitness advantage to bacteria which persist in hosts whilst incurring
a fitness cost in those which are only transient colonisers [81]. Importantly the predictions

from this model have been verified using S. peumonieae, the prevalence of resistance in
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specific serotypes was associated with duration of carriage [81]. E. coli ST131 has been ob-
served to display prolonged colonisation in individuals compared to other ExXPEC lineages
and when compared to other ESBL producing E. coli [111], with a calculated half-life of 13
months. Whilst this observation was made in a long term care facility, extended colonisation
can be observed in healthy individuals returning from a period of international travel. For
example Tangen et al. observed that 5 out of 21 (23.8%) individuals were still colonised by
ESBL producing bacteria 6 months after their return from abroad [144]. Paltangsing et al.
observed a similar duration of carriage with 26 out of 113 (23%) individuals still colonised at
6 months whilst Arcilla et al. observed that 65 out of 577 (11.3%) were still colonised after
one year [113, 7]. Travel to Asia was associated with an increased risk of ESBL colonisa-
tion but also a longer duration of colonisation [128]. This suggests that ST131, and ESBL
producing Enterobacteriaceae from Asia, colonise individuals for longer than other ExXPEC
and are therefore predicted to benefit from AMR. Understanding how ST131 and other MDR

ExPEC colonise individuals is therefore of great interest.

1.11 Aims and Experimental Approach

E. coli ST131 is a highly successful MDR clone that has spread globally and now contributes
significantly to the burden of MDR infections. There is evidence demonstrating that ST131
is an efficient coloniser of new hosts being imported by international travellers and spread-
ing within households. AMR surveillance data has identified a number of other emerging
MDR ExPEC clones. Determining the genetic factors permitting the success of ST131 and
other clones has identified that genes involved in anaerobic metabolism are undergoing se-
lective pressure in the ST131 lineage. Anaerobic metabolism is important for the growth of
E. coli during gastroenteritis, which is a frequently reported symptom by travellers who are
colonised by ESBL producing bacteria. Investigations into Salmonella colonisation mecha-

nisms has identified that it has evolved to exploit the host inflammatory response as a source
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of metabolites for anaerobic respiration. This leads us to hypothesise that: E. coli ST131 is
exploiting the host inflammatory response to transmit between hosts, in a manner sim-
ilar to that observed in Salmonella. We further hypothesise that this phenotype may be
shared with other MDR ExPEC lineages which are emerging as pandemic clones.

To test these hypotheses we will:

1. Use the previously published pangenome methodology to determine biological pro-
cesses experiencing selective pressures in a selection of E. coli lineages. There will be
a focus primarily on lineages which are dominant EXPEC but will also include other

pathotypes such as EHEC and EPEC.

2. To test whether MDR E. coli strains are exploiting the host inflammatory response to
colonise hosts we will perform in vitro competition assays. These assays will utilise
cell culture models to mimic the intestinal environment and assess whether an MDR
ST131 strain is able to outgrow a commensal E. coli. The inflammatory response that

these two strain elicit from the human cells will also be measured.

3. We will use an in vivo mouse model to monitor the ability of MDR and non-MDR E.

coli to colonise hosts in the absence of antibiotic selection.
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Fig. 1.4 Schematic of thesis hypothesis. Invading MDR E. coli (red) stimulate an inflam-
matory response from the host (red arrow). The host response generates a variety of new
metabolites (grey cloud) that allow the invading pathogen to outcompete resident commen-
sals (green). Successful host colonisation can faciliate exposure to antibiotics (white and
blue pill) as well as onward transmission to new hosts.

1.11.1 Wider Importance

Understanding the transmission of ST131 will allow us to develop new strategies to com-
bat the spread of AMR. Specifically, developing mechanisms to prevent colonisation by
MDR E. coli thereby preventing the transit of AMR genes around the globe. For example it
has already been demonstrated that alterations in diet can dramatically affect the growth of
Salmonella and E. coli in humans [165], specifically increased consumption of fat with de-
creased fibre increases the growth of both E. coli and Salmonella 10-fold. In addition certain
strains of E. coli can prevent the growth of Salmonella in the human gut [165]. A greater
understanding of how MDR bacteria colonise hosts can lead to the development of targeted

approaches to de-colonise or prevent MDR colonisation.



Chapter 2

Materials & Methods

2.1 E. coli Dataset Assembly

Pertinent to Chapter 3.

2.1.1 Selection of relevant E. coli lineages

In order for our analysis to be robust it is essential to select the correct lineages for analysis.
Specifically multiple highly resistant lineages are required so that any observations are not
unique to specific lineages but rather shared amongst all resistant populations. Moreover
it is important to have multiple comparator lineages that share pathogenic characteristics
with MDR lineages but lack antibiotic resistance genes. Multiple STs which are frequently
identified as MDR were chosen, such as ST131, ST69 and ST167 [32, 116, 20, 169]. Ex-
PEC lineages which are not typically MDR uch as ST73 and ST95 were selected as relevant
comparators [32]. Additional pathogenic phenotypes were included, specifically the entero-
haemorrhagic E. coli (EHEC, ST17 and ST21) including the O157 serotype (ST11), as well

as Enteropathogenic E. coli (EPEC, ST3 and ST28). The generalist and commensal lineage



2.1 E. coli Dataset Assembly 35

Table 2.1 Enterobase Assembly Criteria for E. coli

Number of bases 3.7 Mbp to 6.4 Mbp

N50 Value >20 kb

Number of contigs < 800

Proportion of scaffolding placeholders (N’s) <3%

Species assignment using Kraken >70% contigs are assigned

ST10 was also included. In total 20 lineages were chosen: 3, 10, 11, 12, 14, 17, 21, 28, 38,
69, 73,95, 117, 127, 131, 141, 144, 167, 372 and 648.

2.1.2 23,567 genome assemblies downloaded from Enterobase

Genomes from the selected lineages were downloaded from Enterobase which is a free pub-
licly available database of bacterial genomes hosted at Warwick [171]. Their database is
constructed by pulling reads from publicly available sequencing repositories such as NCBI,
SRA and ENA. The reads are then put through an assembly pipeline to generate genome
assemblies. Briefly, the reads are trimmed with Sickle before assembly using the genome
assembler SPAdes. The raw reads are then mapped onto the resulting assembly and mis-
assembly errors are corrected. The assembly is then put through their quality assessment
pipeline which attempts to removes assemblies which have significant contamination, as de-
tected by Kraken. The final assembly must pass several quality criteria before it is released
into the MLST database (Table 2.1). The Enterobase database was queried using their online
platform to identify genome assemblies assigned to the Warwick ST groups chosen (Section
2.1.1). The genome assemblies along with associated metadata were downloaded using a
python script [https://github.com/C-Connor/EnterobaseGenomeAssemblyDownload]. For

the 20 selected lineages a total of 23,567 genomes were downloaded (Figure 2.1).
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2.1.3 Removal of Duplicate Genome Assemblies

Due to the wide and varied sources of sequence data that have contributed to Enterobase
it is entirely possible that identical isolates have been sequenced multiple times. To avoid
influencing the results the dataset was first de-replicated using Mash 1.1.1 and a custom R
script [108] [https://github.com/C-Connor/MashDistDeReplication]. The Mash programme
greatly reduces the complexity of genomes by condensing them into short k-mer ‘sketches’
that are passed through a hash function. It is then feasible to compute pair-wise compar-
isons of the hashes for all the genomes, producing a distance matrix for all the isolates. This
distance matrix was then analysed using the custom R script which clusters genomes with 0
mash distance and selects a single representative genome from each cluster to keep. While
the Mash sketching process is more feasible than whole genome comparisons it was still
too time consuming to run on the total dataset, instead the de-replication pipeline was run
on individual lineages. The ST10 population had the largest number of genomes removed
with just under half of the samples removed (1720 genomes removed, 2370 remaining, Fig-
ure 2.1). Further examining the metadata for this population it became apparent that there
were several time course evolution experiments that contributed to the number of replicated
assemblies. These experiments are apparent on the phylogenetic tree (Figure 2.2) as a clus-
ter of 0 length branches. Examining the reference for these samples showed that these were
experiments where a K12 lab strain was exposed to various stimuli and repeatedly sequenced
to look for SNP changes [102, 83]. Whilst only two of these types of experiments have been
highlighted in the tree there are likely more. Following the de-replication pipeline these

clusters of 0 length branches are absent from the dataset (Figure 2.3).
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Fig. 2.1 Number of genome assemblies downloaded and those remaining post de-replication
for each sequence type. Total height of bars indicates the total number of genome assemblies
downloaded. Black shaded bars indicate the number of assemlies remaining after filtering.
White bars indicate number of genomes removed.
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Fig. 2.2 Phylogenetic tree of the ST10 lineage before removing duplicate genomes. Identical
genomes appear as branches with 0 length adjacent to each other in the tree. Two selected
clusters of identical genomes are highlighted in red. Regions marked with [*] were from
[102] whilst those marked with [**] are from [83]; both of these are experimental evolution
studies that employ repeated sequencing of the same bacterium experiencing a selective
pressure.
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Fig. 2.3 Phylogenetic tree of the ST10 lineage post filtering. Large clusters of 0 length
branches are absent.
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2.1.4 Removal of Genome Outliers

The de-replication pipeline will identify closely related genomes but is unable to account for
highly divergent assemblies, such as from an erroneous sequence type assignment. Whilst
Enterobase employs stringent quality filters when adding new genomes to the database there
is no manual verification. To account for this the phylogenetic trees for each ST population
were visually assessed for outlying assemblies. The phylogenetic trees were produced using
MashTree 0.36.2 which also utilises the Mash program to generate trees for large datasets
[78]. Outlying samples were identified by being placed outside the main population cluster
on a single branch. The phylogenetic trees were manually pruned until the outermost assem-
bly was part of a larger cluster (Figure 2.4). Using this pruning approach a total of 4 genome
assemblies were removed from the dataset, one from ST11, one from ST21 and two from

ST127.
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Fig. 2.4 Phylogenetic tree of the ST127 lineage after duplicate genomes have been removed.
Outlying genomes, highlighted in red, will be removed until the next outer branch consists of
multiple genomes, highlighted in blue. A total of 4 genomes were removed from the dataset
using this method.
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2.1.5 Genome Annotation, AMR Identification, and Genome Metrics

Genomes which passed through the de-replication and phylogenetic pruning were anno-
tated using Prokka 1.12 [137]. AMR gene content in individual genome assemblies was as-
sessed using Abricate 0.8 [https://github.com/tseemann/abricate] and the Resfinder database
(March 2018) [17]. The number of CDS annotated was calculated by counting the number
of features annotated with ‘CDS’ in the GFF annotation file produced by Prokka. Genome

length was determined from the metadata downloaded from Enterobase.

2.1.6 Pangenome Assembly

There are multiple variables that can be controlled when constructing a pangenome, one of
which is the gene identity threshold. The pangenomes presented here were generated with
Roary 3.10.2 [112] using the GFF annotation files produced by Prokka , pangenomes were
generated with and without the paralog splitting function. An identity threshold of 95% was
used meaning that if the protein sequence of two genes differs by more than 5% then they
will be called as separate genes and given separate entries in the pangenome output. This
is a highly conservative identity cut-off and will therefore separate alleles of the same gene
causing that gene to be over-represented in the pangenome. This has the additional effect of
reducing the measured frequency that the gene occurs, moving the gene into the accessory
compartment. It is then possible to query the accessory pangenome for over-represented
genes and thereby infer which genes are exhibiting variation across the population. An in-
crease in variation for a particular biological function in a bacterial population is a strong
indicator of a selective process acting on that function. By assigning genes a functional role
we can determine which biological processes are exhibiting increased variation, and inferred

selection.
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2.1.7 Functional Pangenome Annotation and GO Enrichment Analysis

The nucleotide sequences in the pangenome fasta file from Roary 3.10.2 were translated
into peptide sequences using a custom python script. Functional annotation of the resulting
peptide pangenome sequences was performed with emapper-1.0.3-3-g3e22728 [65] based
on eggNOG orthology data [66]. Sequence searches were performed using DIAMOND
[21]. The COG categories assigned from the functional annotation were summarised in
R and plotted against the proportion of AMR genes present in lineages. Significance of
correlations was determined using a linear regression model. The functional annotation
also assigned Gene Ontolotgy (GO) terms to the pangenome genes. GO term enrichment
analysis was performed using the topGO package [1] in R. GO terms which were enriched
in the combined accessory pangenome of the 5 lineages with the highest AMR burden (ST38,
ST69, ST131, ST167 and ST648) compared to the other E. coli linages. The same approach
was used to test for enrichment of GO terms in the core genome. Statistical tests in topGO

were performed using the ‘weight01’ algorithm with Fisher’s exact test.

2.1.8 Phage Burden, IGR Variation and Recombination

Phage burden was estimated by comparing pangenome sequences to the prophage and virus
database from PHAST [170] using BlastX [22]. The resulting hits were filtered to remove
matches with less than 80% sequence identity or less than 20 residues in length. To test the
contribution that phage elements made to the observed associations between the pangenomes
and AMR carriage, phage elements were removed and the association analysis was repeated.
Inter-genic region variation was assessed using Piggy 1.2 with default parameters [148].
The resulting output was processed and analysed in R. Recombination was predicted using
Gubbins 2.4.1 [31]. Whole genome alignments for Gubbins were produced using Ska 1.0
[60] which converts genome assemblies into k-mers with the ‘ska fasta’ command, these

k-mers were then mapped to a randomly selected reference genome using ‘ska map’. For
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ST131 a genome was randomly selected from clade C, for all other lineages the genome was
randomly selected from the entire lineage. The resulting alignment was then used as input
for Gubbins with the hybrid tree flag, all other options were default. Results were visualised

in Phandango [57].

2.2 Eukaryotic and Bacterial Cell Culture

Pertinent to Chapter 4.

2.2.1 Bacterial Strains and Antibiotics

For details of bacterial strains used please see Table 2.2. For details of antibiotic compounds

used please see Table 2.3.

2.2.2 Bacterial Culture

Bacterial growth media was prepared from powder stocks using distilled water following the
manufacturer’s recommendations. Media was sterilised by autoclaving (121°C for 15 mins)
before use, where necessary antibiotics were added to cooled media. Bacteria were grown on
Luria Bertani (LB) agar (Miller, EO Labs KMO0114) at 37°C or in liquid LB broth (Miller,
VWR Chemicals 84649.0500) at 37°C with agitation at 200rpm. Stocks of bacteria were
stored in -80°C in LB broth +10% glycerol (Sigma G629-500ML).
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Table 2.4 Plasmids
Plasmid Tag Resistance Source
pMN402  GFP Hygromycin B [6]
pFPV25.1 GFP Ampicillin Addgene

pCherry8 mCherry Hygromycin B Addgene

2.2.3 Plasmids and Transformation

Plasmids were transformed into strains using electroporation. Cells were made competent by
growing culture to mid-log phase before washing in ice cold 10% glycerol three times. Plas-
mid DNA was added to competent cells before electroporating at 1.8kV using an Eppendorf
ePorator. Immediately after electroporation pre-warmed (37°C) SOC media (Sigma S1797-
10X5ML) was added to cells and bacteria were allowed to recover for 1 hour at 37°C with

agitation at 200rpm, before plating onto selective agar.

2.2.4 Eukaryotic Cell Culture

Caco-2 (ATCC HTB-37) and INT407 (ATCC CCL6) were obtained from Xuan Wan Kang
(Piddock group). Cells were grown in Dulbecco’s Modified Eagle’s Medium — high glu-
cose (DMEM) (Sigma D596-500ML) supplemented with 10% Foetal Bovine Serum (Gibco
10500-064) and 25mM HEPES (Gibco 15630-056) at 37°C 5% CO,. Cells were sub-cultured
by washing with sterile Dulbecco’s Phosphate Buffered Saline (PBS, Sigma D8537-500ML)
before treating cells with Trypsin - EDTA (Sigma T3924-100ML) for 5 minutes, cells could
then be detached by vigorously resuspending with fresh supplemented DMEM. Cells num-
ber was calculated using a haemocytometer (Hirschman 8100103), cells were transferred to
new flasks at a target density of 1 x 10* cells per cm?. Media was renewed every 3 to 4 days.
Cell stocks were maintained by transferring to new flasks when cells were at 80-90% con-
fluency. Cell stocks were maintained in T75 flasks (Corning 430641U) whilst experiments

were conducted in 12 well (Corning 3513) or 24 well plates (Corning 3526). Cells were
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not used past passage 15. Caco-2 cells were allowed to spontaneously differentiate over a 2
week period after reaching confluency before use in experiments. INT407 cells were used
in experiments once they had reached confluency. Long term cell stocks were stored in lig-
uid nitrogen, cells were preserved in DMEM with 5% DMSO (Sigma D2650-100ML). Cells
to be stored were resuspended in preservation media at a concentration of 1 x 10° cells per
ml and transferred to cyrotubes (Nalgene 5000-0020), cells were cooled gradually in a Mr

Frosty (Nalgene C1562-EA) at -80°C overnight before transfer to liquid nitrogen.

2.2.5 Eukaryotic and Bacterial Cell Co-culture
Infection

Bacteria were grown in LB broth overnight at 37°C with shaking at 200 rpm, where appro-
priate antibiotics were included to maintain selection for plasmids. The colony forming units
(CFU) of the overnight culture was calculated by plating serial dilutions onto LB agar and
enumerating colonies. Eukaryotic cells were cultured in 12 or 24 well plates and grown un-
til they reached confluency. Caco-2 cells were allowed to spontaneously differentiate before
experiments. The number of cells present in the monolayers was determined by detaching
monolayers with Trypsin / EDTA and counting multiple wells with a haemocytometer. Me-
dia on the eukaryotic monolayers were replaced with fresh supplemented DMEM before
addition of bacteria. Overnight bacterial cultures were diluted to an appropriate concentra-
tion in PBS before adding an appropriate volume to the eukaryotic monolayers. Bacteria
were added to the monolayers at a target Multiplicity Of Infection (MOI) of 1. Bacterial and
eukaryotic cells were grown together at 37°C 5% CO, statically. Co-cultures were used for

a variety of experiments detailed below.



2.2 Eukaryotic and Bacterial Cell Culture 48

Fluorescent Growth Curves

Bacterial and eukaryotic cells were cultured as previously described. Fluorescence and op-
tical density measurements were recorded using a Tecan Spark plate reader (Tecan) which
maintained a constant temperature of 37°C with 5% CO,. To avoid disruption of the eukary-
otic monolayer cells were cultured statically. Optical readings were taken every 20 minutes,
GFP was measured with excitation 485/20; emission 535/25; gain 100, mCherry was mea-
sured with excitation 580/20; emission 635/35; gain 125. Data was normalised to the reading

taken at 20 minutes to compensate for media equilibration.

Microscopy

Bacterial and eukaryotic cells were cultured as previously described. Cells were infected in
12 well plates. Cells were imaged on a Nikon Ti Inverted widefield fluorescence microscope
with a 20x phase contrast objective lens. Cells were imaged in a chamber heated to 37°C with
5% CO, and no agitation. Images were acquired with a brightfield phase contrast channel,
GFP and RFP channels. For each culture condition 4 imaging positions were chosen, with 7
z-stacks at 2.5um spacing. Images were acquired every 10 minutes for 7 hours in the XYZCT
order. Acquired images were processed in Fiji [136], to produce a maximum intensity z-
projection. Brightness and contrast were adjusted so that fluorescence at the final timepoints

was at maximum intensity.

Flow Cytometry

Bacterial and eukaryotic cells were cultured as previously described. After 6 hours of co-
culture cells were vigorously resuspended by pipetting to disrupt the eukaryotic monolayer.
A 11in 100 dilution of the culture suspension was measured on an Attune NxT flow cytometer

(Invitrogen) until 10,000 bacterial events were collected. Gates were determined through the
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use of negative controls. Theshold values for foward scatter were set to 400 and side scatter

to 500. Voltage for GFP channel was set to 350 and voltage for RFP set to 350.

Bacteria: 4.051%
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Fig. 2.5 Gating strategy for flow cytometry analysis of bacterial growth. Background events
in the absence of bacteria (A) can be distinguished from bacteria (B). Background events do
not fluoresce (C).

CFU Determination

Bacterial and eukaryotic cells were cultured as previously described. After 6 hours cell co-
cultures were vigorously resuspended by pipetting to disrupt the eukaryotic monolayer. A
20ul aliquot of the suspension was serially 10-fold diluted in sterile PBS. A range of dilutions
(1x 1072 to 1 x 107) were spot plated (2041 volumes) in triplicate onto LB agar with and
without antibiotics. Bacteria were grown on agar overnight at 37°C before enumerating
colonies. Dilutions where more than 3 colonies were present and individual colonies could

clearly be distinguished were used for counting.

Enzyme Linked Immunosorbent Assay (ELISA)

Co-culture supernatants were collected and centrifuged to remove debris. As a positive con-
trol cells were stimulated with 20ug/ml of LPS (E. coli O111:B4, Sigma, 1.3023) for 6 hours

before collecting supernatant. Supernatants were stored at -80°C before assaying using the
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Multi-analyte ELISArray kit (Qiagen MEHO08A, 336161) following manufacturer’s instruc-
tions. Optical readings were taken using the Tecan Spark plate reader (Tecan) measuring
absorbance and 450nm and 570nm. Absorbance readings at 570nm were used to correct for

optics by subtracting from the absorbance at 450nm, as recommended by the manufacturer.

2.3 Mouse Models

Pertinent to Chapter 5.

2.3.1 Housing and Colonisation

Germ-free C57BL/6 mice were housed at the International Microbiome Centre at the Uni-
versity of Calgary. Mice were colonised with 1 x 10 CFU of bacteria via oral gavage.
Colonisation was monitored by determining the CFU in the faecal pellets. CFU assays were
performed using UTI chromogenic agar (Sigma 16636-500G-F) with E. coli producing pink
colonies. Faecal pellets were homogenised in PBS to a concentration of 100mg/ml. The ho-
mogenate was serially 10-fold diluted in PBS before spot plating onto UTI chromogenic agar
with and without antibiotics. Plates were incubated at 37°C and bacterial growth was enu-
merated. Strains were distinguished by their varied resistance profile: ST10 pan-susceptible,

ST73 sulfamethoxazole resistant, ST131 ciprofloxacin and sulfamethoxazole resistant.

2.3.2 Cytokine Expression

Sections of mouse gut were preserved in RNAlater Stabilization Solution (Thermo Fisher
Scientific AM7020) at 4°C for 16 hours to allow the preservative to penetrate the tissues
before transferring to -80°C for long term storage. Tissues were homogenised in 2ml screw
top tubes using a Smm stainless steel bead (Qiagen 69989) with a FastPrep-24 5G bead beater

(MP Biomedical). Metal beads were cleaned before use by washing in 70% ethanol, drying
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then irradiating with UV light and finally autoclaving. Tissues were pulse homogenised
for 1 minute at 6m/sec with 1 minute incubation on ice, this was repeated 3 times. The
homogenate was centrifuged to remove debris before the supernatant was processed using
the RNeasy mini kit (Qiagen 74104) following the manufacturer’s instructions. A DNase
treatment step was included as per the manufacturer’s protocol using the RNase-Free DNase
set (Qiagen 79254). RNA concentration was determined using the Qubit RNA BR Assay kit
(ThermoFisher Scientific Q10210) on a Qubit 4 fluorometer (ThermoFisher Scientific).
RNA was converted to total cDNA using the High Capacity cDNA Reverse Transcrip-
tion kit (Applied Biosystems 4368814) with the provided random primers, following the
manufacturer’s instructions. The resulting cDNA was used for probe based qPCR. Probes
were obtained from Integrated DNA Technologies (IDT) using their available pre-designed
primers and are listed in Table 2.5. The qPCR reactions were performed using PrimeTime
Gene Expression Master Mix (IDT 1055771) to which the provided reference ROX dye was
added, as per the manufacturer’s instructions. Reactions were performed in a QuantStu-
dio 1 Real-Time PCR System (Applied Biosystems) using a 96-well 0.2ml block. Cycle
parameters were: 3 minutes 95°C, 45 cycles of 15 seconds at 95°C, 1 minute at 60°C. Fluo-
resence was measured at each cycle during the 60°C incubation. Reactions were conducted
in 20ul volumes in duplicate with cycle threhsold (Ct) values averaged before normalis-
ing to Pol2ra and presented as ACt values. Negative controls were included: non-reverse
transcribed (NRT) in which the reverse transcriptase enzyme was omitted from the reverese
transcription reactions, and no-template control (NTC) in which no cDNA was added to the
gPCR reaction. Significance was determined using 2-way ANOVA with Tukey’s multiple

correction.
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2.3.3 Histology

Sections of mouse gut were collected and ‘swiss-rolled’ into histology cassettes. Briefly, gut
sections were cleaned by flushing through with PBS, sections were then cut longitudinally
before rolling from the proximal end to the distal. Tissues were fixed in 10% formalin for
24 hours before dehydrating. Tissues were dehydrated by incubating in sequentially increas-
ing concentrations of ethanol (70%, 80%, 90%, 95%, 100%) before incubation in Neo-Clear
(Merck 109843). After dehydration tissues were incubated in molten paraffin to allow it to
permeate the tissue sections. Tissue rolls were then embedded in paraffin blocks such that
sectioning would provide a cross section across the length of the gut. Tissue blocks were sec-
tioned into Sum slices and mounted onto glass slides. Mounted sections were stained with
haematoxylin and eosin (H&E) using a Leica ST5020 Multistainer (Leica). Stained sections
were imaged using the Axioscan 7 Slide Scanner (Zeiss). Tissue sections were scored using
the blind scoring plugin for Fiji [https://imagej.net/plugins/blind-analysis-tools] according

to guidelines in [45].

2.3.4 Bacterial Dissemination

At the end of each experiment mouse extra-intestinal tissues (mesenteric lymph nodes, spleen,
liver, brain, lung) were collected into 2ml tubes containing 1ml of sterile PBS with a Smm
stainless steel bead. Tissues were homogenised in a TissueLyser (Qiagen) at SOHz for 3
minutes. The resulting homogenate was plated onto UTI chromogenic agar with and without

antibiotics. Plates were incubated at 37°C and resulting bacterial growth was enumerated.



Chapter 3

Pangenome Analysis Identifies an
Association Between Metabolism and

Antibiotic Resistance

3.1 Introduction

The rise of antibiotic resistance in bacteria is of growing concern with numerous bacterial
pathogens becoming increasingly unresponsive to antibiotic therapies. Of particular concern
are EXPEC which are the most common causative agent of urinary tract infections (UTT) but
can also cause severe blood stream infections. It is estimated that MDR E. coli account
for significant proportion of MDR infections and are an important contributor to mortal-
ity [25]. The rise of resistance in EXPEC has been attributed to a specific lineage called
ST131 [3, 70]. In 2007 and 2008 two independent research groups both identified that the
ST131 lineage accounted for the majority of CTX-M positive isolates within their collection
of clinical samples [103, 30], this was the first time that ST131 was identified as a major
contributor to AMR in EXPEC. Strikingly the isolates in both reports were from multiple

locations around the globe demonstrating that ST131 had spread globally. Since these first
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reports ST131 has been identified in numerous studies and is repeatedly named as the major
culprit of MDR ExPEC infections [71, 32, 74, 3]. Consequently, ST131 has been the focus
of numerous studies attempting to understand how this specific lineage has become a global
contributor to MDR infections. Multiple genomic studies have suggested that the acquisition
of AMR genes was not the driving force behind the ‘success’ of this lineage. For example
Kallonen et al. observed that both ST73 and ST131 were causing an equivalent number of
blood stream infections in the United Kingdom, and while ST131 frequently carried multi-
ple AMR genes the ST73 isolates remained largely susceptible [74]. The authors concluded
that MDR does not determine the success of pathogens in this niche as both highly resistant
and susceptible lineages are equally successful. This disparity in AMR carriage has been
confirmed in other studies which also identify that MDR and susceptible lineages perform
equivalently in the same environment [32, 56, 3]. Additional evidence that AMR is not the
determinant of ST131’s ‘success’ comes from Bayesian phylogenetic analysis which deter-
mined that the ST131 population was expanding before it had acquired AMR genes [11],
suggesting that other factors were promoting the growth of this population. The driving
force behind ST131’s success remains unclear. Pangenomic analysis of the ST131 lineage
has suggested that metabolism is an important factor.

Initial analysis produced a pangenome encompassing multiple EXPEC isolates from ST131
and other dominant EXPEC clones. This analysis identified loci that were unique to ST131,
the majority of which were hypothetical proteins, other major categories identified were flag-
ellar and metabolic proteins [6]. Subsequent analysis with an increased number of genomes
identified a total of 754 loci that were significantly associated with ST131 genomes com-
pared to non-ST131, of these 292 were metabolic loci [96]. More recent pangenome analysis
employed a stringent identity threshold of 95% to separate allelic variants in the pangenome.
This analysis identified that ST131 possessed a significantly higher number of alleles of

anaerobic metabolic genes than ST73 or ST95 [95]. Importantly, the observation that varia-
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tion was unique to ST131 and not shared with other major EXPEC clones (ST73 and ST95)
rules out the possibility that this is an EXPEC pathogenicity trait [95]. Moreover the iden-
tified alleles were restricted to clades B and C of ST131, which is also where carriage of
AMR genes is highest. Further implying that the observed variation is associated with AMR
gene carriage and not virulence. The authors conclude that increased variation in anaerobic
meatbolism implies that there is a selective pressure acting on this biological process [95].
While ST131 is a major contributor to MDR ExPEC infections it is not the only MDR
ExXPEC lineage. Surveillance studies have identified a handful of other EXPEC clones that
are significantly associated with AMR [116]. For example ST167 (alongside ST131) were
found to account for the majority of CTX-M-15 positive isolates from food products in Ger-
many [67]. Additionally, ST167 and ST131 were the most frequently identified carbapenem
resistant bacteria in hospitals across China [169]. Whilst analysis of carbapenem resistant
isolates in Denmark revealed that the majority were ST38, ST69 or ST167 [59]. Genomic
analysis of these populations has also identified that anaerobic metabolism genes are exhibit-
ing increased diversity. For example, multiple unique alleles of dehydrogenase enzymes,
which are important in anaerobic metabolism, were found in the ST167 lineage when com-
pared to a commensal lineage [172]. Therefore future analysis should not focus solely on a
single lineage but encompass multiple major MDR ExXPEC lineages to determine whether
adaptations in anaerobic metabolism are common to all MDR ExXPEC clones. To achieve
this I intend to expand the pangenomic analysis used previously to include multiple MDR
ExPEC lineages, as well as non-MDR ExPEC, commensals, and other pathogenic E. coli

such as EPEC and EHEC lineages.
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3.2 Results

3.2.1 Dataset Assembly and Properties
Selection of relevant E. coli lineages

In order for our analysis to be robust it is essential to select the correct lineages for analysis.
Specifically multiple highly resistant lineages are required so that any observations are not
unique to a specific lineage but rather shared amongst all resistant populations. Multiple STs
which are frequently identified as MDR were chosen, such as ST131, ST167 and ST648 [116,
67]. Moreover it is important to have multiple comparator lineages that share pathogenic
characteristics with MDR lineages but lack antibiotic resistance genes. ExXPEC lineages
which are not associated with multi-drug resistant such as ST73 and ST95 were selected as
relevant comparators [32]. Additional pathogenic phenotypes were included, specifically the
enterohaemorrhagic E. coli (EHEC, ST17 and ST21) including the O157 serotype (ST11),
as well as Enteropathogenic E. coli (EPEC, ST3 and ST28). The generalist and commensal

lineage ST10 was also included, together totalling 20 lineages (Table 3.1).

Genome length and number of annotated CDS are positively correlated

Initial exploratory analysis of the dataset investigated variation in assembly size and coding
variation. Assembly length was extracted from the metadata whilst the number of CDS
annotations was extracted from genome annotation files produced by Prokka [137]. ST21
had the highest median genome length with 5.56 million base pairs (Mbp) whilst ST10 had
the lowest with 4.85 Mbp (Figure 3.1a). The median for the entire dataset is 5.32 Mbp.
Examining genome length by phylogroup it appears that lineages from the same phylogroup
exhibit broadly similar genome lengths; phylogroup A lineages are present at the lower end
of the spectrum whilst phylogroup B1 lineages are present at the upper end of the spectrum.

The ST10 lineage exhibits a large variation in genome size compared to all other populations
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Table 3.1 Selected populations of E. coli for analysis

Sequence Phylogroup Genomes Genomes Comments
Type Downloaded Analysed
1 ST3 B1 40 40 EPEC
2 STIO0 A 4090 2370 Generalist
3 STI11 E 6230 5137 EHEC 0157
4 STI2 B2 311 283 ExPEC
5 STl4 B2 63 62 ExPEC
6 ST17 Bl 1942 1884 EHEC
7 ST21 Bl 2504 2411 EHEC
8 ST28 B2 47 46 EPEC
9 ST38 D 662 617 ExPEC
10 ST69 D 759 696 ExPEC
11 ST73 B2 946 873 ExPEC
12 ST95 B2 805 758 ExPEC
13 ST117 F 322 269 ExPEC
14 ST127 B2 241 232 ExPEC
15 ST131 B2 3772 3186 ExPEC
16 ST141 B2 94 91 ExPEC
17 ST144 B2 65 65 ExPEC
18 ST167 A 117 115 ExPEC
19 ST372 B2 56 54 ExPEC
20 ST648 F 450 382 ExPEC

(inter-quantile range 4.59-5.06 Mbp), the lineage with the next largest variation is ST372
(inter-quantile range 4.79-5.19 Mbp) . The median for all of the populations assayed is
notably higher than the length of the reference E. coli genome K12 MG1655 (4.64 Mbp).
The observations made for the genome length are mirrored by the those observed in the
number of Coding Sequences (CDSs) annotated (Figure 3.1b). Again the ST21 lineage has
the highest median number of CDS (5372 genes) whilst the lowest is ST10 (4535 genes).
The phylogroups continue to group into clusters with phylogroup B1 at the upper end of the
spectrum and phylogroup A at the lower end. The majority of the populations assayed are
under the median for the entire dataset (5021 genes). The median CDS count for the ST10
lineage now matches that of the reference E. coli K12 MG1655 genome (4535 vs. 4566

respectively). ST10 exhibits a broad range of CDS counts however its inter-quantile range is
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almost matched by that of ST372 (4268-4767, 4394-4849 respectively). Directly comparing
the length of the genome assemblies against the count of annotated CDS confirms the two
are positively correlated (Figure 3.1c). It is more evident that phylogroup A genomes cluster
at the lower end of the spectrum where the majority have a low genome length and fewer
annotated CDS. Phylogroups D and E occupy the mid-region whilst phylogroup B1 have

larger genome assemblies and more annotated CDS.
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Fig. 3.1 Genome Length and Number of Coding Sequences for each Sequence Type. (A
& B) Bold central line within box indicates median for population. The lower and upper
bounds for the box indicate the 25th and 75th percentile. Lines indicate value within 1.5x
the interquartile range whilst dots indicate values outside that range. Blue horizontal line
indicates the average for the entire dataset. Red horizontal line indicates the value of the
K12 MG1655 type strain genome. (A, B & C) Boxes and dots are coloured based upon the
phyogroup. A) The length of the genome assembly for each ST population. B) The number
of annotated coding sequenes for each ST population. C) The number of annotated coding
sequences plotted against the length of the genome assembly.
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Genome sequences are primarily derived from human sources within the last 20 years

The associated metadata contains information on the source of the sequenced strain. With
the exception of ST11 and ST167, the majority of the sequenced strains for the populations
had no data available on their source (Table 3.2 & Figure 3.2). While the majority of isolates
from ST11 and ST167 came from humans. The second most abundant source for the isolates
was human, with the exception of ST117 which had human as the third most abundant source
after no data and poultry. Therefore all the populations assayed have a strong bias towards
human samples. Information on the location of the sequenced strain was also included in
the metadata. Strains in the dataset came from a variety of geographic locations however
North American and European strains are over represented in the dataset (Figure 3.3). Again
a large proportion of the data does not have location data available (0.357). Lastly, the
metadata also contains information on when the sequence data was generated. The dataset
also includes a broad temporal range of isolates going back to the 1800’s. It became difficult
to verify whether these particular strains were genuine. Bacterial genome sequencing grew
in practicality and utility around the 1980’s, therefore strains with sequencing dates prior to
this were treated as missing data. Despite this caveat the majority of strains in the dataset
were sequenced in the past 20 years. Overall the dataset captures E. coli recently sequenced

from across the globe with an emphasis on isolates from human sources.
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Fig. 3.2 Source niche and time of isolation metrics for the dataset. A) The proportion of
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of genomes assemblies over time.
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Table 3.2 Source Niches with the highest proportion for each Sequence Type

Sequence Type Highest 3 source niches (descending order)

ST3
ST10
ST11
ST12
ST14
ST17
ST21
ST28
ST38
ST69
ST73
ST95
ST117
ST127
ST131
ST141
ST144
ST167
ST372
ST648

No Data
No Data
Human

No Data
No Data
No Data
No Data
No Data
No Data
No Data
No Data
No Data
No Data
No Data
No Data
No Data
No Data
Human

No Data
No Data

Human
Human
No Data
Human
Human
Human
Human
Human
Human
Human
Human
Human
Poultry
Human
Human
Human
Human
No Data
Human
Human

Livestock
Laboratory
Livestock
Livestock
Livestock
Livestock
Environment
Environment
Poultry

Livestock

Wild Animal
Environment
Human
Environment
Companion Animal
Environment
Livestock
Laboratory
Companion Animal
Livestock
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3.2.2 Population Structure and Antibiotic Resistance

Genomes from the same ST group cluster phylogenetically and major phylogroup di-

visions are represented in the data

A phylogenetic tree of the entire dataset was produced using the Mashtree script [78] which
utilises the Mash program [108] to approximate genome similarity. This approach is not as
accurate as a core genome SNP distance tree but is amenable to large datasets. The resulting
tree clusters each ST together as expected (Figure 3.4). Moreover the ST groups cluster into
their correct phylogroups. The tree also illustrates the highly clonal nature of ST11 with lots
of short branches emanating from a central point. Contrasting to the ST10 population which
has many longer branches and clear population stratification. ST167 is within the ST10
clonal complex as expected. Moreover the population structure of ST131 is also evident
with the canonical clades A, B and C clearly visible. ST131 has also been correctly placed

within the larger B2 phylogroup with the other EXPEC populations such as ST73 and ST95.

Antibiotic resistance genes are concentrated in 5 ST groups

The antibiotic resistance gene carriage for every genome in the dataset was assessed using
ABRicate with the ResFinder database (March 2018) [168]. The results were summarised
as the average number of resistance genes per genome (Figure 3.5a) and the proportion of
the population that had 2 or more resistance genes per genome (Figure 3.5b). The data are
presented as resistance genes of any type against the number or proportion of f-lactamase
genes. Both the average number of genes and proportion of the population carrying multiple
resistance genes display a significant positive correlation between resistance genes of all
classes and those that are f-lactamases. Indicating that the presence of multiple resistance
genes can indicate the presence of f-lactamase genes. This data also highlights the high
rates of antibiotic resistance observed in specific populations of E. coli. Of note is the ST167

lineage which has an average of 13.9 resistance genes per genome and 2.3 f-lactamase genes
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per genome. Carriage of resistance genes in the ST167 lineage is also high with 100% of
the samples in the dataset containing at least 2 resistance genes and 97% of the samples
containing at least 1 f-lactamase gene. At the other end of the spectrum is ST11 with an
average of 1.9 resistance genes per genome and an average of 0.07 f-lactamase genes. Only
14% of the ST11 population has 2 or more resistance genes and 6% have at least one f-
lactamase gene. It is clear that the majority of the E. coli population possesses, on average,
less than 5 resistance genes and less than 1 f-lactamase gene. Again the majority of the
populations examined have a carriage rate less than 80% for 2 or more resistance genes and
less than 60% for 1 or more f-lactamase gene. There are 5 notable lineages with higher rates
of resistance gene carriage: ST38, ST69, ST167, ST131 and ST648. These lineages do not

share a single phylogroup nor are they clustered on the phylogenetic tree.

Assayed lineages all have open pangenomes with the largest observed pangenome ob-

served in ST10

To elucidate the factors permitting the high rates AMR gene carriage in specific lineages,
pangenomes for each lineage were constructed. Roary was used to generate the pangenomes
with default parameters [112]. Roary generates files that represent sampling of the pangenome
during the analysis process, these files can be analysed to give insight into the pangenome
dynamics (Figure 3.6). Examining the rarefaction curves of the pangenomes it is evident that
ST10 possesses the largest pangenome with a total of 72,181 genes followed by ST131 and
ST11 with 43,422 and 38,569 genes respectively. This is despite ST11 genomes being the
most abundant in the dataset; it is therefore apparent that number of genomes used to con-
struct the pangenome does not strictly correlate with pangenome size. All the pangenomes
constructed appear to be open pangenomes as supported by power law regression analysis
(Table 3.3). None of the pangenomes have an « value greater than 1, indicating that they

are all open pangenomes exhibiting “infinite” genetic diversity. The most open pangenome
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Fig. 3.5 Resistance gene carriage by lineage. A) Average number of f-lactamase genes per
genome against the average number of resistance genes of all classes. Red line indicates
linear regression line (R? value of 0.937, P value of 3.16 x 10~'2) B) The proportion of the
population that has one or more f-lactamase gene against the proportion of population that
has 2 or more resistance genes per genome. Red line indicates linear regression line (R?
value of 0.879, P value of 1.07 x 107%)
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is observed in ST10 with an a value of 0.495 whilst the least open pangenome is observed
in ST3 with an a value of 0.954. The core genomes can also be visualized using the output
from Roary. Their dynamics are the inverse to the total size of the pangenome (Figure 3.7).
Specifically ST10 possesses the smallest core genome with 1,761 genes followed by ST131
and ST11 with 2,700 and 3,114 genes respectively. The dynamics of the core genome dis-
play an oscillating pattern that repeats every 100 genomes. This is due to Roary classifying
a gene as core if it is present in 99% of the samples hence every 100 genomes some genes
are re-classified as core. A 99% threshold is used, rather than 100%, to account for potential
assembly errors or missing annotations. Plotting the size of the pangenome against the av-
erage number of resistance genes per genome reveals that there is no significant correlation
(Figure 3.8). Nor is there any correlation between pangenome size and the proportion of the

ST populations that carries 2 or more resistance genes.
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Fig. 3.6 Pangenome rarefaction curves. Average number of genes in the pangenome is plotted
against the number of genomes used to construct the pangenome (n=10). Lines are coloured
based on sequence type. Boxes indicate zoomed in region visible in subsequent panels. Error
bars are omitted for clarity.
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Table 3.3 Pangenome « values. Values greater than 1 indicate a closed pangenome whilst
those less than 1 indicate an open pangenome. Populations are ordered by ascending « value.

Sequence Type Intercept «a - value

ST10 869.3 0.495
ST167 535.6 0.507
ST141 466.8 0.513
ST69 668 0.532
ST38 714.8 0.537
ST127 500.8 0.548
ST117 712.6 0.554
ST12 622.5 0.562
ST648 630.5 0.570
ST73 593.3 0.572
ST131 682.7 0.572
ST95 658.9 0.587
ST11 578.5 0.597
ST21 635.7 0.604
ST17 686.9 0.608
ST28 1114 0.821
ST372 990.4 0.850
ST144 1059.5 0.924
ST14 930.7 0.936
ST3 1541.8 0.954

3.2.3 Functional Pangenomics

The pangenomes presented here were generated using Roary’s default parameters, one of
which is a 95% identity cut off. Specifically, if the protein sequence of two genes differs
by more than 5% then they will be called as separate genes and given separate entries in
the pangenome output. As discussed previously this is a highly conservative identity cut-
off and will therefore separate alleles of the same gene. The pangenomes were functionally
annotated using eggNOG-Mapper [65]. This tool matches query peptide sequences to its
database of orthologous groups, which are associated with functional annotations. The asso-
ciated functional annotation is provided in multiple forms including Clusters of Orthologous

Groups (COG) categories and Gene Ontology (GO) terms (Table 3.4).
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Table 3.4 COG Categories

COG Category

N~<XST<CcHRuAdO9vOoOZIrA~-—TIDTQmoOoouAQw»

RNA processing and modification

Chromatin structure and dynamics

Energy production and conversion

Cell cycle control, cell division, chromosome partitioning
Amino acid transport and metabolism

Nucleotide transport and metabolism

Carbohydrate transport and metabolism

Coenzyme transport and metabolism

Lipid transport and metabolism

Translation, ribosomal structure and biogenesis
Transcription

Replication, recombination and repair

Cell wall/membrane/envelope biogenesis

Cell motility

Post-translational modification, protein turnover, and chaperones
Inorganic ion transport and metabolism

Secondary metabolites biosynthesis, transport, and catabolism
General function prediction only

Function unknown

Signal transduction mechanisms

Intracellular trafficking, secretion, and vesicular transport
Defense mechanisms

Extracellular structures

Nuclear structure

Cytoskeleton

Hypothetical Proteins are abundant in all lineages

Greater than 50% of each pangenome, with the exception of ST14 and ST372, is composed

of hypothetical proteins, highlighting the huge amount of genetic content for which we have

no functional information. The proportion of hypothetical proteins displays a positive corre-

lation with the size of the pangenome (Figure 3.9a). This result is mirrored by the functional

annotation; the larger the pangenome the smaller the proportion of assigned COG category

(Figure 3.9b). Fortunately the proportion of each pangenome assigned a COG category is

still greater than 50%.
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Fig. 3.9 Functional annotation statistics. A) Proportion of the pangenome that is hypothetical
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The COG category ‘G — Carbohydrate Transport and Metabolism’ displays a signifi-

cant correlation with antibiotic resistance gene abundance

The COG category with the largest proportion of assigned genes is ‘S — Function Unknown’
for all the populations (Figure 3.10a). The proportion of the pangenome ranges from 0.278
to 0.441. This is not unsurprising given the high degree of hypothetical proteins present in
the pangenome and again reflects the large amount of genetic content for which no biological
function has been determined. The second most abundant category in all the pangenomes
is ‘L — Replication, Recombination and Repair’, the proportion ranges from 0.107 to 0.172.
The least abundant categories are those specific to eukaryotes, namely Y — Nuclear Struc-
ture’. The core genome has ‘S — Function Unknown’ as the most abundant with proportions
ranging from 0.208 to 0.236 (Figure 3.10b). The second most abundant category in the
core genome is ‘G — Carbohydrate Transport and Metabolism’, which ranges from 0.0823
to 0.0983. Again, ‘S — Function Unknown’ is the most abundant category in the accessory
pangenome ranging from 0.316 to 0.499 (Figure 3.10c), followed by ‘L — Replication, Re-
combination and Repair’ which ranges from 0.183 to 0.245.

In order to determine which biological processes were important for carriage of antibi-
otic resistance we correlated the proportion of the pangenome annotated with a specific COG
category against the proportion of that lineage that possesses multiple resistance genes. To
determine which correlations are significant linear regression was performed for all the cat-
egories with multiple testing correction. When examining the entire pangenome there was
no significant correlation between any COG category and antibiotic resistance (Table 3.5).
When examining the core genome there was a significant positive correlation for ‘C — Energy
Production and Conversion’; as the proportion of the core genome assigned to energy pro-
duction increases so does the population’s carriage of resistance (Table 3.6 and Figure 3.11).
Whilst in the accessory genome there is a significant correlation between ‘S — Function Un-

known’ and ‘G — Carbohydrate Transport and Metabolism’; the former is negatively cor-
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related while the latter is positively correlated (Table 3.7 and Figure 3.12). The biological
implication of the negative correlation between ‘S - Unknown Function’ and carriage of re-
sistance is unclear, however the positive correlation between ‘G - Carbohydrate Transport
and Metabolism’ and resistance carriage implies that MDR populations display increased
variation in carbohydrate metabolic genes. This coupled with the increased abundance of
energy production and conversion genes in the core genomes of MDR populations points

towards a strong role for metabolism in the evolution of these populations.
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Table 3.5 COG Category Correlation with Antibiotic Resistance for the Entire Pangenome.
Summary statistics for the correlation between the proportion of the entire functional
pangenome assigned to a specific COG category and carriage of antibiotic resistance. Rows
are ordered by ascending P value. Rows highlighted in bold face are significant after Bon-
feroni correction, (0.002 cut off). Correlations were assessed using a linear regression.

COG Category R? value P value
V  Defense mechanisms 0.344370 0.006529
K  Transcription 0.335797 0.007412
S Function unknown 0.333626 0.007652
U Intracellular trafficking, secretion, and vesicular transport 0.254748 0.023230
Q Secondary metabolites biosynthesis, transport, and 0.223053 0.035496
catabolism
Z  Cytoskeleton 0.158947 0.081651
B  Chromatin structure and dynamics 0.132056 0.115278
G Carbohydrate transport and metabolism 0.094336 0.187755
D Cell cycle control, cell division, chromosome partitioning  0.082114 0.220616
M  Cell wall/membrane/envelope biogenesis 0.073853 0.246429
A RNA processing and modification 0.062227 0.288854
N Cell motility 0.052086 0.333153
L Replication, recombination and repair 0.031910 0.451132
E  Amino acid transport and metabolism 0.012516 0.638648
P Inorganic ion transport and metabolism 0.012162 0.643470
J  Translation, ribosomal structure and biogenesis 0.008037 0.707008
F  Nucleotide transport and metabolism 0.006222 0.740969
H Coenzyme transport and metabolism 0.003944 0.792531
C  Energy production and conversion 0.002565 0.832069
O Post-translational modification, protein turnover, and chap- 0.002227 0.843393
erones

I Lipid transport and metabolism 0.000596 0.918636
T  Signal transduction mechanisms 0.000541 0.922445
W Extracellular structures 0.000106 0.965615
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Table 3.6 COG Category Correlation with Antibiotic Resistance for the Core Pangenome.
Summary statistics for the correlation between the proportion of the core functional
pangenome assigned to a specific COG category and carriage of antibiotic resistance. Rows
are ordered by ascending P value. Rows highlighted in bold face are significant after Bon-
feroni correction (0.002 cut off). Correlations were assessed using a linear regression.

COG Category R? value P value
C Energy production and conversion 0.551970 0.000175
H Coenzyme transport and metabolism 0.374073 0.004162
S Function unknown 0.340212 0.006944
E  Amino acid transport and metabolism 0.324556 0.008736
F  Nucleotide transport and metabolism 0.269668 0.018953
L  Replication, recombination and repair 0.266286 0.019852
J  Translation, ribosomal structure and biogenesis 0.195656 0.050833
U Intracellular trafficking, secretion, and vesicular transport 0.173170 0.068003
A RNA processing and modification 0.132908 0.114024
D Cell cycle control, cell division, chromosome partitioning ~ 0.112962 0.147383
K Transcription 0.112861 0.147576
V  Defense mechanisms 0.100577 0.173058
G Carbohydrate transport and metabolism 0.085015 0.212282
T  Signal transduction mechanisms 0.083462 0.216699
P Inorganic ion transport and metabolism 0.077312  0.235228
I Lipid transport and metabolism 0.037179 0.415372
Q Secondary metabolites biosynthesis, transport, and 0.034695 0.431698
catabolism
N  Cell motility 0.024190 0.512611
M Cell wall/membrane/envelope biogenesis 0.020095 0.551069
O Post-translational modification, protein turnover, and chap- 0.005286 0.760666
erones

W  Extracellular structures 0.002217 0.843722




3.2 Results 81

1.00
¥ 075
50 :
R Bacteraemia
Q 0
o Cases (%
3 (%)
52 050 o
S e 8
‘g' N ® 16
Al
o=
==
A~ 2 025
ST21 .
ST11
0.00
0.072 0.074 0.076

C - Energry Production and Conversion
Proportion of Core Pangenome

Fig. 3.11 Correlation bewteen proportion of core pangenome annotated with ‘Energy Produc-
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Table 3.7 COG Category Correlation with Antibiotic Resistance for the Accessory
Pangenome. Summary statistics for the correlation between accessory pangenome propor-
tion of COG category and carriage of antibiotic resistance. Rows are ordered by ascending
P value. Rows highlighted in bold face are significant after Bonferoni correction (0.002 cut

off).
COG Category R? value P value
S  Function unknown 0.571741 0.000115
G Carbohydrate transport and metabolism 0.566855 0.000128
K Transcription 0.352814 0.005755
V  Defense mechanisms 0.266439 0.019811
U Intracellular trafficking, secretion, and vesicular transport 0.236117 0.029842
J  Translation, ribosomal structure and biogenesis 0.205106 0.044940
Z  Cytoskeleton 0.176614 0.065049
E  Amino acid transport and metabolism 0.163844 0.076673
H Coenzyme transport and metabolism 0.148950 0.092823
N Cell motility 0.143562 0.099463
Q Secondary metabolites biosynthesis, transport, and 0.135430 0.110395
catabolism
B  Chromatin structure and dynamics 0.128920 0.120013
D Cell cycle control, cell division, chromosome partitioning  0.108560 0.156016
M Cell wall/membrane/envelope biogenesis 0.104272 0.164937
A RNA processing and modification 0.089933 0.198934
L Replication, recombination and repair 0.069529 0.261299
P Inorganic ion transport and metabolism 0.063713 0.282978
T  Signal transduction mechanisms 0.057549 0.308331
I  Lipid transport and metabolism 0.055378 0.317909
C Energy production and conversion 0.048072 0.353009
W  Extracellular structures 0.008999 0.690759
O Post-translational modification, protein turnover, and chap- 0.003471 0.805119
erones
F  Nucleotide transport and metabolism 0.000266 0.945625
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Metabolic GO Terms are enriched in MDR lineages

Whilst the COG categories are useful for examining the broad processes that are undergo-
ing selection in MDR populations they provide little specific information about biological
processes and pathways. To address this GO term enrichment analysis was employed. The
accessory and core genomes of MDR lineages (ST38, ST69, ST131, ST167 and ST648)
were compared to their counterparts from the rest of the genome dataset. The analysis de-
termined which GO terms appeared significantly more frequently in the MDR pangenomes
compared to the non-MDR pangenomes. The most significantly enriched GO term in the
core pangenome was ‘Defence response to virus’ (Table 3.8). There are multiple and varied
catabolic processes that also appear enriched in the core genome. This is consistent with
an increase in the COG category for ‘Energy Production and Conversion’. Terms refer-
ring to phenylpropionate metabolism and transport also occur frequently, alongside terms
for the catabolism of amino acids. The most enriched term in the accessory pangenome is
‘D-galactonate catabolic’ process (Table 3.9). There are several amino acid biosynthetic or
catabolic terms also appearing. There are also several terms referring to DNA recombina-
tion, transposition and repair. The term f-lactam catabolic process also appears enriched in

MDR accessory pangenomes.
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3.2.4 Sources of Genetic Variation

Paralogs do not contribute to the significant association between metabolism and an-

tibiotic resistance

Roary was used to construct the pangenomes using default settings, one of which is to split
paralogs in the output. If the programme identifies multiple copies of the same gene from
the genome it will attempt to split these copies into separate entries in the pangenome. To
achieve this Roary examines the gene neighbourhood (the 5 genes upstream and downstream
of a gene) to determine which pangenome cluster it should be placed into. By disabling
this process it is possible to assess the contribution that paralogs have to the pangenome
and additionally if they play a role in the previously observed associations. When paralog
splitting is disabled there is a decrease in the total pangenome size for all populations assayed
(Figure 3.13). The greatest decrease in size, as a proportion of pangenome size, is seen in
ST21 (-0.524) followed by ST17 (-0.459) then ST11 (-0.455). All of these populations are
EHEC lineages. The greatest increase in core size, as a proportion, is seen in ST10 (0.763)
followed by ST131 (0.349) then ST11 (0.281).

To assess whether paralogs, or the paralog splitting functionality of Roary, influenced the
observed correlation between antibiotic resistance carriage and specific COG categories the
analysis was repeated using paralog-free pangenomes. The previously observed significant
positive correlation between ‘Energy Production and Conversion’ in the core pangenome
remains significant despite an increase in the p value (0.000175 vs. 0.00131) (Figure 3.14).
The same is true for the correlation between ‘Carbohydrate Transport and Metabolism’ in the
accessory pangenome and antibiotic resistance carriage (p value of 0.0000128 vs. 0.001263)
(Figure 3.15a). The correlation between resistance carriage and ‘Unknown Function’ in the
accessory pangenome loses significance (p value of 0.0000115 vs. 0.1353) (Figure 3.15b).
This is likely driven by the decrease in ST11, ST21 and ST17 suggesting that the paralogs

identified in these populations were of unknown function.
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MDR lineages do not show increased diversity in intergenic regions

Another key consideration when examining microbial evolution are Intergenic Regions (IGRs).
These pieces of DNA located in the space between genes contain important regulatory ele-
ments such as promoters, terminators and non-coding RNAs. These elements can influence
the bacterial phenotype, for example it has been demonstrated that bacteria can adapt to the
presence of plasmids through mutations in intergenic regions [61]. Moreover the ST131
lineage displays variation in intergenic regions which is strongly linked to CTX-M gene
carriage, with different CTX-M types associated with different IGRs [96]. The analysis pre-
sented so far has omitted any contribution that these components may make towards the
carriage of antibiotic resistance. To address this the programme Piggy was utilised [148].
This programme is capable of identifying IGRs from annotated genome assemblies before
performing a clustering analysis, similar to the pangenome pipeline, to identify unique and
shared IGRs. Analysing the total number of unique IGR identified with Piggy reveals that
there is a strong positive correlation between the size of the pangenome and the number of
unique IGRs identified (Figure 3.16a). This is not unexpected as larger pangenomes demon-
strate increased diversity, this analysis confirms that this diversity is not limited to coding
regions. The relationship between pangenome size and IGR diversity is linear but appears
to deviate from a 1 to 1 ratio. There is not a significant correlation between the total number

of IGR and carriage of antibiotic resistance (Figure 3.16).

Bacteriophage do not contribute towards the significant association between metabolism

and AMR gene prevalence

Bacteriophage are important drivers of variation in bacteria; they are capable of transferring
portions of DNA between bacteria via a process called transduction. Phage elements were
identified in the pangenome by BLAST searching the translated peptide sequences against a

database of phage sequences (PHAST) [170]. Across the entire dataset ST11 had the high-
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est phage proportion with 0.317 of the pangenome being phage associated (Figure 3.17a).
The next highest were ST17 and ST21 with 0.293 and 0.291 respectively. Again, these
are EHEC lineages which also displayed similar levels of paralogs when compared to the
other populations. For all the lineages assayed the majority of phage were in the accessory
genome with fewer elements found in the intermediate pangenome and fewer still in the core
genome. The proportion of the pangenome associated with phage elements is significantly
negatively correlated with the carriage of antibiotic resistance (Figure 3.17b). This corre-
lation is strongly influenced by the high rates of phage in ST11, ST17 and ST21 combined
with their low carriage of antibiotic resistance genes. Highly MDR lineages have comparable
proportion of phage elements to the other lineages analysed. To test if phage had any impact
on the previously observed correlations between COG categories and carriage of antibiotic
resistance genes the analysis was repeated after removing phage associated elements from
the pangenomes (Figure 3.18). The positive correlation between proportion of the acces-
sory genome annotated with ‘Carbohydrate Transport and Metabolism’ and the proportion
of the population with more than one resistance gene remains significant despite an increase
in the P value (0.000128 with phage elements vs. 0.00568 without phage) (Figure 3.18a).
The same is true for the correlation between ‘Unknown Function’ and resistance carriage

(0.000115 with phage versus 0.00955 without phage) (Figure 3.18b).

Levels of recombination are positively correlated with antibiotic resistance gene car-

riage

Transduction via phage is not the only mechanism that allows bacteria to acquire genetic in-
formation. There are multiple mechanisms that permit sharing of DNA amongst bacteria. It
is possible to measure some of these mechanisms by looking for signatures of recombination
in the genome. For this analysis reference strains for each ST were selected randomly, ex-

cept for ST131 where a clade C genome was chosen randomly. Genomes were then mapped
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to the selected reference using SKA [60]. The resulting alignments are then analysed using
Gubbins to measure recombination [31]. The ST11 population was excluded as it was not
computationally feasible to analyse.

The proportion of the genome in a predicted recombination block was compared between
lineages (Figure 3.19a). The lineage with the highest proportion was ST10 with a median of
0.352 followed by ST648 (0.195) then ST117 (0.164). The lineages with the lowest levels
of recombination were ST21 with 0.0405 followed by ST144 (0.0488) then ST17 (0.0512).
The ST10 lineage was the only one with a median higher than 0.2. This exception is not
mirrored by the other phylogroup A lineage: ST167.

The proportion of the genome within a predicted recombination block is significantly
positively correlated with resistance gene carriage (Figure 3.19b). A higher proportion of
recombination blocks is observed in lineages with higher levels of resistance gene carriage.
Notably, the ST10 population does not fit this trend exhibiting a high level of recombination
but intermediate level of resistance carriage. By comparing the recombination predictions
from Gubbins with the genome annotation of the randomly selected reference strains it is
possible to manually examine which genes are in, or adjacent to, the blocks or recombi-
nation. Whilst this is possible for all the linegaes, only ST73 and ST131 were examined.
These populations were chosen as ST131 is a highly MDR lineage that is globally dissem-
inated whilst ST73 shares several properties with ST131 (phylogroup, pathogenicity) it is
rarely found to be MDR. The differing levels of recombination between the 2 populations
are evident with numerous blocks predicted in ST131 whilst there are fewer in ST73 (Fig-
ure 3.20). The two lineages share functional genes associated with recombination blocks
such as those involved in antibiotic resistance, fimbria and capsule genes. Genes associated
with phage appear multiple times in proximity or within recombination blocks in both pop-
ulations. Genes involved in amino acid metabolism also appear in both populations whilst

genes involved in oligosaccharide catabolism are only evident in ST131.
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3.3 Discussion

A dataset of approximately 19,000 E. coli genomes was assembled from Enterobase, which
as of 2020, represents approximately 25% of all sequenced E coli. There is a strong bias
towards human samples in the dataset as is expected given that there was a focus on popula-
tions of clinical relevance. Genomic identification of antibiotic resistance genes highlights
the growing problem of antibiotic resistance. This is most clearly evident when examining
the average number of resistance genes per genome; ST167, ST648, ST38 and ST131 all
display on average in excess of 8 resistance genes per genome. This result is not driven by
a large number of resistance genes within a small sub-population, as when examining the
proportion of the lineage that is resistant it is clear that almost the entirety of these lineages
possess multiple resistance genes. ST167, ST648, ST38 and ST131 all have in excess of
90% of their population possessing multiple resistance genes. This is in keeping with nu-
merous other studies which frequently report these populations as major MDR pathogens
[59, 67, 169, 116]. Moreover it confirms previous observations that AMR carriage is not
equal across the population with AMR being concentrated in certain lineages [32, 3, 74].
Examining the pangenomes of these lineages reveals the huge amount of genetic diversity
across E. coli. This is particularly evident in the ST10 and ST131 lineages. Unfortunately
it is also apparent that there is a large amount of biological diversity that we have no func-
tional information on as there are a large number of hypothetical protein annotations; as
well as confirmed protein coding genes annotated with the ‘Unknown Function’ category.
This problem has been encountered by others who found that the pangenome loci unique to
ST131 were mostly hypothetical proteins [6], however other major categories they identi-
fied as unique to ST131 were flagellar and metabolic proteins. Previous pangenome analysis
identified metabolic loci as being enriched in ST131 compared to other ExXPEC, specifi-
cally anaerobic metabolic genes were exhibiting increased variation [96, 95]. Our func-

tional pangenome analysis supports these observations, revealing that there is a significant
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correlation between carriage of AMR genes and metabolism. Specifically there is increased
variation in carbohydrate metabolism in populations with a high rate of antibiotic resistance
carriage. Additionally these MDR lineages display increased levels of genes annotated with
energy production and conversion in their core genome. Our GO term enrichment analy-
sis identifies an increase in catabolic processes in MDR populations as well as variation in
amino acid and sugar catabolism when compared to non-MDR populations. Previous anal-
yses have focussed on individual lineages whereas here we present data on multiple MDR
ExPEC lineages, revealing that metabolic variation is a shared adaptation. Together these
point towards a strong role for metabolism in MDR lineage formation. Recent experimental
evolution experiments have identified that E. coli can evolve resistance to antibiotic stress
through mutations in core metabolic genes, particularly those involved in carbon and energy
metabolism [84].

Metabolic screening assays have been employed to translate genomic observations to
the lab. These assays have produced conflicting results with some observing that ST131
has a higher metabolic potential than other EXPEC and is capable of using a more diverse
set of metabolites [55]; ST131 isolates that carried more AMR genes displayed a higher
metabolic potential than ST131 isolates that lacked AMR genes. Subsequent studies using a
larger screening library have contradicted this initial finding, instead observing that ST131
is not metabolically unique [4, 5]. Nor are ESBL positive E. coli more metabolically active
than non-ESBL E. coli [5]. Instead, differences in metabolic capacity in ST131 isolates
were strain specific and not shared across the lineage. Our pangenome analysis supports
this observation as the correlation between carbohydrate metabolism and AMR carriage is
restricted to the accessory pangenome, meaning that the allelic variants are not shared across
the lineage and consequently individuals strains are unlikely to exhibit the same metabolic

signature.
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Whilst we have identified a significant association between variation in metabolic func-
tions and carriage of antibiotic resistance we are unable to ascertain which occurred first.
Genomic studies of ST131 determined that the acquisition of specific virulence factors pre-
ceded the acquisition of CTX-M-15 [11], implying that these virulence factors are important
for the formation of MDR lineages. We attempted to apply this analysis to our dataset to de-
termine if our observed association occurred before or after the acquisition of AMR genes.
Specifically does the genetic change in metabolic categories permit carriage of antibiotic re-
sistance or does it arise from adaptation to the presence of AMR genes. We attempted to do
this using BEAST?2 software [19], as was used to date the acquisition of specific virulence
factors and AMR, however it became apparent that modelling the emergence of multiple
genetic variants was not achievable. Instead we sought to identify the mechanism driving
the observed genetic variation.

Multiple biological mechanisms were investigated in an attempt to identify the driving
force behind the observed functional correlations. Previous work had identified that inter-
genic loci unique to ST131 and that these loci were undergoing allelic switching in clade
C [96]. Moreover difterent CTX-M variants are associated with unique IGR profiles in the
ST131 lineages [96], suggesting ST131 has adapted to AMR genes through acquisition of
specific IGRs as has been observed in other bacteria [61]. Our analysis does not identify an
association between total IGR diversity and carriage of AMR genes.

The levels of recombination in the selected populations were measured using Gubbins.
The percentage of a genome in a recombination block was broadly similar across the majority
of the population. The sole exception being ST10 which had a much higher proportion of the
genome in a recombination block, confirming previous observations that K12 strains, which
belong to ST10, display high levels of recombination in the core genome [94]. The lev-
els of recombination observed do not correlate with resistance. Previous analysis identified

that recombination in the core genome was reduced in EXPEC lineages and even more so in
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ST131, leading the authors to propose that this is a hallmark of extra-intestinal pathogenicity
[94]. We do not observe an association between pathogenicity and recombination, although
our analysis here is limited to a single commensal lineage. Moreover the analysis presented
here determined the rate of recombination across the entire genome whilst previous analysis
focussed solely on the core genome [94]. Therefore our observations of a high level of re-
combination in ST131 could be reconciled with previous observations if ST131 undergoes
low levels of recombination in the core genome but high levels of recombination in the ac-
cessory pangenome. In addition, analysis here was based upon lineages defined by MLST
whilst previous recombination analysis was performed on genomes which had been clus-
tered using Bayesian statistics which may result in more homogenous groupings of genomes
compared to the approach used here [94].

In summary, the genomic analysis presented here indicates that MDR lineages of E. coli
are displaying increased diversity in metabolic processes. Metabolism, particularly sugar and
carbohydrate metabolism are known to be important for E. coli to colonise hosts. Specifi-
cally utilisation of carbohydrates are essential for commensal E. coli to colonise mice [26],
importantly pathogenic E. coli utilise a different repertoire of carbohydrates compared to
commensals [49]. This non-overlapping nutrient profile is thought to allow pathogenic E.
coli to out-compete commensals, including other E. coli. Analysis presented here indicates
that MDR lineages are displaying higher levels of variation than other pathogenic lineages,
suggesting that MDR lineages may be further diversifying their metabolite repertoire. Does
this altered repertoire of metabolites allow MDR lineages of E. coli to out-compete both
commensal and non-MDR pathogenic E. coli? Previous investigations into the metabolic
potential of ST131 have been conducted using high throughput screening assays. The growth
conditions in these assays are very different from the host environment in which an invading
MDR E. coli must survive. Importantly the conditions in which a bacteria grows can influ-

ence its metabolite usage, for example S. Typhimurium is capable of utilising the compound
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tetrathionate however the importance of this is only apparent under competitive growth con-
ditions. Moreover, the growth advantage conferred by tetrathionate usage is only apparent
under anaerobic conditions [161]. Therefore, it is important to examine metabolic differ-
ences between commensal and MDR E. coli under competitive conditions, and to replicate

the host environment.



Chapter 4

In Vitro Competition Suggests ST131

Out-competes Commensal E. coli

4.1 Introduction

ExPEC first colonise the gastro-intestinal tract of a host before escaping this compartment
and disseminating to other sites where EXPEC cause disease. Transmission of EXPEC strains
between hosts is via the faecal-oral route, with new hosts consuming food products contami-
nated with EXPEC. Upon entering a new host EXPEC are faced with the challenge of surviv-
ing and replicating in an environment that is already occupied by a multitude of commensal
microbes. This entails competing with the resident microbes for a limited supply of nutri-
ents. E. coli rely on carbohydrate metabolic genes to compete with other commensals to
colonise the host, deletion of carobydrate utilisation genes from the commensal E. coli K12
MG1655 type strain impairs its ability to colonise mice [26]. Moreover pathogenic strains
of E. coli use an altered repertoire of metabolites compared to commensal E. coli in order to
out-compete them in colonising a host [49]. Our previous genomic analysis highlighted that
carbohydrate metabolic genes and core energy production and conversion genes are exhibit-

ing increased variation in MDR lineages of E. coli, suggesting that these lineages may have



4.1 Introduction 105

further altered their metabolite utilisation profile. Previous metabolic screening assays have
yielded contradictory results over the metabolic potential of ST131; with some indicating
increased metabolic potential [56], whilst others observed that ST131 was not metabolically
unique [4, 5]. However these assays do not replicate the environment encountered by EXPEC
strains upon invading the host, where they must compete with other microbes. Mimicking
this environment is incredibly important as it reveals differences that are otherwise obscured,
for example competing strains of S. Typhimurium against one another only reveals a com-
petitive difference under anaerobic conditions [161]. Examining the competitive ability for
MDR and non-MDR isolates of E. coli is therefore of interest.

ExPEC are not the only pathogen to use the faecal oral route of transmission. S. Ty-
phimurium is a highly successful enteric pathogen and faces the same challenge as EXPEC of
establishing itself in the host gut whilst competing with native commensals. S. Typhimurium
is capable of producing a bloom of growth in newly colonised hosts and so must be capable
of efficiently outcompeting commensal microbes. Upon entering the host S. Typhimurium
uses its virulence genes, such as type III secretion systems, to induce an inflammatory re-
sponse from the host [29, 132]. Recruited host immune cells produce a variety of anti-
microbial compounds including ROS [161]. The ROS then reacts with compounds present
in the lumen of the gut thereby creating a new variety of metabolites [161]. S. Typhimurium
is genetically equipped to utilise these novel compounds as terminal electron acceptors for
anaerobic metabolism [161, 162]. The invading Salmonella has now created an ecological
niche for itself by inducing the production of novel compounds that is it uniquely capable
of exploiting. Other members of the Enterobacteriaceae family, including E. coli, have been
observed to increase in abundance during the inflammatory conditions produced by S. Ty-
phimurium as well as in autoinflammatory conditions [88, 141, 160, 41, 154]. Our previous
results show that MDR lineages of E. coli display an increased variation in metabolic path-

ways. We therefore hypothesise that these genetic signatures are evidence that MDR E. coli
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has evolved the same colonisation mechanism as Salmonella, specifically exploiting inflam-
matory metabolites and by-products.

To test these hypotheses, we will use an in vitro model of the gut epithelium to ascertain
whether MDR E. coli induce a host inflammatory response. The Caco-2 and INT-407 cell
lines will be used to model the host intestinal environment. Cell lines represent a highly
simplified model of the host gut that does not incorporate the host immune system nor the
native microbiome. The immune system is an important source of inflammatory mediators
that can react with microbiome by-products to produce new metabolites utilised by invading
pathogens. While the model adopted here only includes intestinal epithelial cells and omits
immune cells, the epithelial cells represent the first line of defence for the host being respon-
sible for interfacing with the microbiome and signalling the immune system. Epithelial cells
are capable of modulating immune cells as well as producing pro-inflammatory cytokines
such as IL-8, CXCL1 and TNFa [114]. Moreover a simplified model allows for rapid initial
exploratory analysis which can be further expanded to include more complex components.
To further test our hypothesis we will also compete commensal strains of E. coli against
MDR E. coli to mimic the competition experienced by an invading E. coli. To measure the
growth of both commensal and MDR strains simultaneously they will be differentially la-
belled with fluorescent protein encoding plasmids. Fluorescence can then be measured over

time to determine if one strain dominates over the other.

4.2 Results

4.2.1 Competitive Growth on Eukaryotic Cell Monolayers
Multiple ST131 strains grow at a faster rate than K12 MG1655 on Caco-2 monolayer

Bacterial strains were transformed with plasmids encoding fluorescent proteins so that their

growth could be measured in real time. For the purposes of assay development, the lab
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strain K12 MG1655 was initially chosen as the commensal while multiple ST131 strains
were used as the MDR competitor. The ST131 strains represented isolates from clades A, B
and C. The ST131 strains were transformed with pMN402 which encodes GFP+ contollred
by the heat shock protein 60 promoter (hsp60). Copy number of pMN402 is expected to be
medium based on a ColE1 origin of replication. The K12 strain used had a chromosomeal
insertion of mCherry at the attB lambda site. In order to mimic the intestinal environment
bacteria were grown on monolayers of differentiated Caco-2 cells, a cell line derived from
human colonic epithelial cells. These cells spontaneously differentiate once confluent to
form polarised epithelial monolayers. Bacteria were inoculated onto the monolayers at a
target multiplicity of infection (MOI) of 1. Fluorescent readings do not change for the first
300 minutes of culture before rising rapidly hitting the limit of detection in several instances
(Figure 4.1a and b). The presence of the Caco-2 cells does not appear to affect the growth
of the ST131 strains, however the K12 strain displays a reduction in the fluorescent signals
when the monolayer is present. Optical density measurements show that bacteria achieve
a higher density in the absence of Caco-2 cells. The strains assayed display variation in
growth kinetics on Caco-2 cells with the ST131 clade A strains (FO22 and FO37) entering
the log phase of growth between minute 200 and 300 whilst K12 only enters log phase after
minute 500. When Caco-2 cells are absent all strains begin to enter log phase of growth at
minute 200 but display different rates of growth with the ST131 clade A strains growing at
the fastest rate whilst K12 exhibits the slowest rate. The fluorescent readings from multi-
ple strains display a curious dynamic of increasing exponentially before peaking, decreasing
then plateauing. This is not in keeping with the optical density measurements which display
the standard sigmoidal growth kinetic. Moreover, the fluorescent measurements of strain
F104 mimic those of K12 in the media only condition (Figure 4.1b) suggesting equivalent
growth, yet the optical density measurements for these two strains are very different (Fig-

ure 4.1d). Additionally, the optical density measurements suggest that all strains reach an
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equivalent level of growth at stationary phase yet this is not reflected in the fluorescent mea-

surements. Ultimately this assay indicates that ST131 isolates grow better on monolayers of

differentiated Caco-2 cells than K12.
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Observing bacterial growth by time lapse microscopy suggests ST131 proliferates on

differentiated Caco-2 monolayers whilst K12 growth is minimal

Bacteria were inoculated onto monolayers of differentiated Caco-2 cells at a target MOI of 1
and time lapse microscopy was conducted to directly visualise bacterial growth for 7 hours.
Bacterial growth is readily visible as the background of Caco-2 cells is increasingly obscured
by the growing bacteria (Figure 4.2). For the ST131 strain the eukaryotic monolayer is almost
entirely obscured by 360 minutes. The K12 strain assayed displayed only minimal growth
with the visualization of the Caco-2 monolayer uninterrupted for the duration of the imaging
(Figure 4.3). Whilst the growth of ST131 was evident by phase contrast there was little
change in the GFP channel for the first 360 minutes, it is only in the last 40 minutes of the
experiment that GFP fluorescence becomes apparent (Figure 4.2). This is in keeping with the
previous observation that optical density measurements start to increase exponentially after
200 minutes of culture but fluorescent readings remain stable till 300 minutes of culture.
Despite the incongruence of and bacterial growth, it is evident from phase contrast that

ST131 strains proliferated on Caco-2 monolayers whilst K12 growth was minimal.



4.2 Results 111
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Fig. 4.2 Time lapse microscopy imaging of ST131 (F047 strain) on Caco-2 monolayers. The
ST131 strain was transformed with a GFP reporter construct.
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Fig. 4.3 Time lapse microscopy imaging of K12 on Caco-2 monolayers. The K12 strain was
transformed with an mCherry reporter construct.
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Fig. 4.4 Time lapse microscopy imaing of Caco-2 monolayers in the absence of bacteria.
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Presence of ST131 strain suppresses fluorescence signal from K12 strain on INT407

monolayers

In order to further explore if our hypothesis holds promise, new fluorescence plasmids were
transformed into the bacteria as observations from previous experiments suggested that flu-
orescence was not congruent with bacterial growth. The plasmids pCherry8 and pFPV25.1
were acquired which encode mCherry and GFP-mut3a respectively. Expression of the flu-
orescent protein is driven by rpsA in pCherry8 and rpsM in pFPV25.1, both promoters are
constitutive being derived from ribosomal protein genes. While the copy number of these
constructs has not been determined the plasmid backbone of pCherry8 (pSMT3-M) is a high
copy number plasmid while the backbone of pFPV25.1 (pFPV) is a low copy number plas-
mid. For the purposes of assay optimisation, the Caco-2 cells used previously were replaced
by the faster growing INT-407 cell line, which is also derived from human intestinal ep-
ithelial cells. When K12 was grown in isolation on the INT-407 monolayer there is a clear
GFP signal detected that better mimics the measurements for optical density (Figure 4.5).
Both fluorescent signal and optical density start to increase after 100 minutes of culture.
The ST131 clade C strain (F104) grown in isolation on the monolayer appears to grow at a
slightly faster rate than K12 when measured by optical density (Figure 4.5c). Unfortunately,
there is little change in mCherry fluorescence over the course of the experiment with a minor
increase in fluorescence only observed once the bacteria have reached stationary phase (Fig-
ure 4.5b). Suggesting that again the expression of the fluorescent protein is not constitutive
and cannot be used to infer bacterial growth. When the two strains are mixed together there
is a clear suppression of the GFP signal from the K12 strain suggesting its growth is impeded

by the presence of ST131 (Figure 4.5a).
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Fig. 4.5 Growth dynamics of strains on INT407 cells. Bacteria were grown independently
on INT407 cells (ST131 mCherry: orange line, K12 GFP: green line) as well asina 1 to 1
mixture (purple line). A negative control in which no bacteria were inoculated (black line)
was included. GFP fluorescence (A), mCherry fluorescence (B) and optical density (C) were
measured. Lines indicate invidual replicates, n=1.
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Suppression of fluorescence from K12 strain by ST131 strain does not require the pres-

ence of INT407 monolayer

Fluorescence was also measured using flow cytometry allowing individual cells to be enu-
merated. Bacteria were grown on INT407 monolayers at an MOI of 1 for 6 hours before
resuspension and analysis on a flow cytometer. Again, GFP fluorescence was detected in
K12 bacteria when the strain was grown individually (Figure 4.6d). When ST131 (F104)
and K12 were cultured together in a 1 to 1 ratio there was a suppression of the fluorescence
from K12, suggesting that the presence of the ST131 strain impaired the growth of K12.
This effect occurred both in the presence and absence of INT407, suggesting that the growth
media used could be causing the difference. To confirm this the bacteria were grown in
combination with two different media (LB: nutrient rich and DMEM: minimal media) and
growth was measured in a plate reader. Fluorescence from K12 was detected in both LB and
DMEM media and accumulated at similar rates (Figure 4.7a). Growing ST131 (F104) in LB
produced an improvement on the fluorescent signal but it was still delayed to late log phase
of growth (Figure 4.7b). By optical density both strains grew slightly better in LB than in
DMEM (Figure 4.7c). When the two strains were grown together in a 1 to 1 ratio in LB there
was minimal suppression of the GFP signal from K12 whilst when grown in DMEM there is
a clear reduction in the signal. From fluorescent measurements we can infer that the growth

of K12 is supressed in presence of ST131 in nutrient limited media.
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Fig. 4.6 Bacterial fluorescence measured by flow cytometry after culture on INT407 cells.
Bacteria were grown on INT407 monolayers or in cell culture media only. Bacterial strains
were added to monolayers both separately and in a 1 to 1 mixture. GFP positive cells are
readily identifiable when K12 GFP is analysed. A minimal number of GFP positive cells are
detected when K12 is absent from the culture. When both strains are mixed the number of
GFP positive cells remains minimal, both in the presence and absence of INT407 cells.
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Fig. 4.7 Growth dynamics of strains in LB and DMEM media. Bacteria were grown in LB
(dashed) and DMEM (solid). The K12 GFP strain was grown in isolation (green) as was the
ST131 mCherry strain (orange). The strains were also mixed in a 1 to 1 ratio (purple). GFP
fluorescence (A), mCherry fluorescence (B) and optical density (C) were measured. Bold
lines indicate average while shaded areas indicate SEM, n=3.
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4.2.2 Inflammatory Response from Cell Lines

Both Caco-2 monolayers and INT407 monolayers do not produce a robust inflamma-

tory cytokine response in the presence of ST131

We hypothesise that MDR E. coli generate an inflammatory response from the host in order
to aid its ability to colonise. We expect the inflammatory response to be greater than for non-
MDR commensal E. coli. Previous work has shown that Caco-2 monolayers produce TNFa,
IL-6 and IL-8 in response to bacteria whilst INT407 monolayers produce IL-1a, IL-14,
TNFa, IL-6, IL-98 and MCP-1 [114, 8]. To confirm whether the eukaryotic cell monolayers
were responding to the presence of our bacterial strains a multi-analyte Enzyme-linked Im-
munosorbent Assay (ELISA) was conducted. Bacteria were grown on the cell monolayers
for 6 hours before the culture supernatant was collected for the assay. The monolayers lack
a robust cytokine response in the presence of bacteria with the sole exception of K12 which
elicits a strong IL-8 response from Caco-2 cells (Figure 4.8). Overall the ST131 strains used
elicit a moderate IL-8 response from Caco-2 cells. The K12 strain also elicits a minor MCP1
and MIP1b response from the Caco-2 cells. The other cytokines assayed appear unaffected
by the presence of bacteria. Additionally, the Lipopolysaccharide (LPS) used as a positive
control does not produce a cytokine response, suggesting that the Caco-2 cells are sensing
the bacteria via other Pathogen Associated Molecular Patterns (PAMPs). The INT407 cells
appear to be constitutively expressing both IL-8 and RANTES and their expression is not
affected by the presence of bacteria. Moreover, bacteria do not alter the expression of any

cytokines from INT407 cells.
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TNFa IL1B IL6 IL12 IL17A IL8 MCP1 RANTES MIPla MIPIB MDC Eotaxin

Negative Control| -0.0035 -0.0003 -0.0059 0.0027 -0.0222 0.0252 0.0048 -0.0977 -0.0980 -0.0103 0.0104 -0.0579
3

LPS| -0.0041 0.0060 -0.0051 0.0007 -0.0231 0.1214 0.0179 -0.0932 -0.0922 -0.0078 0.1323 -0.0433

K12 MG1655] -0.0013 0.0103 0.0312 0.0016 -0.0173 0.2272 -0.0906 -0.0759 0.4289 0.0240 -0.0523
2

ST131 F047] -0.009 -0.0013 -0.0046 -0.0007 -0.0207 0.9980 0.0192 -0.0882 -0.0888 0.0184 0.0164 -0.0501
F 41

ST131 F104] -0.0079 0.0076 -0.0049 0.0035 -0.0197 0.3620 0.0164 -0.0920 -0.0847 0.0128 0.0147 -0.0561
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3

LPS| -0.0340 0.1541 0.0508 -0.0196 0.0150 1.2089 0.0512 0.7999 0.0058 -0.0236 0.0800 0.1231

K12 MG1655| 0.0149 -0.1730 0.0864 -0.0136 0.0077 1.2739 0.0234 0.7672 -0.0180 -0.0889 0.0757 -0.0181
2

ST131 F047] -0.0226 -0.1780 0.0471 0.0003 -0.0031 1.2517 0.0283 0.6036 0.0371 -0.0230 0.2346 -0.0034
11

ST131 F104] 0.0045 -0.1677 0.1079 -0.0162 0.0300 1.5904 0.0425 0.5329 0.0360 -0.0538 0.1840 -0.0995

Positive Control 3.6035 3.8303 3.7080 3.8917 3.8492 2.8568 3.6302

10

Fig. 4.8 Multi-analyte ELISA heatmap. Multiple strains (rows) were cultured on Caco-2 (A)
or INT407 (B) for 6 hours before supernatant was collected. Multiple cytokines (columns)
were analysed. Hue of colour indicates strength of signal, a darker blue indicates a higher
concentration of cytokine while white indicates absence. Purified cytokine was used as an
internal positive control to confirm assay reagents. LPS was used as an external positive
control to confirm cells were capable of producing cytokines. The negative control was
taken from untreated cells to determine basal levels of cytokine production.
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4.2.3 Bacterial Growth in Nutrient Rich and Poor Media

ST131 strain is able to out-compete commensal strain in both nutrient rich and poor

media

To attempt to confirm our observations of ST131 negatively affecting K12 growth a new
method for measuring bacterial growth was used. As before bacteria were grown either in
isolation or as a 1 to 1 mixture for 6 hours before diluting and plating onto agar plates to
enumerate Colony Forming Unitss (CFUs). Total bacterial growth was measured as well as
growth on selective antibiotics, allowing the growth of the MDR strains to be distinguished.
Again, competition between the strains was measured in both LB and DMEM. Addition-
ally, an ST73 (F084) was included in the assays. ST73 shares the same ExXPEC pathogenic
phenotype as ST131, with both isolates coming from patients with blood stream infections,
however ST73 is rarely identified as MDR. Our results from Chapter 3 demonstrate that
metabolic adaptation is correlated with carriage of AMR, therefore we predict that whilst
ST73 shares a pathogenic phenotype with ST131 it does not share its metabolic capabilities
and consequently will behave differently.

In LB all strains assayed grew to the same average CFU: ST131 (F016) growing to
4.63 x 10° CFU/ml; ST73 (F084 growing to 4.49 x 10° CFU/ml; ST10 (811E7) growing
to 4.02 x 10° CFU/ml (Figure 4.9). In DMEM the ST131 strain grew to the highest CFU
(2.22 % 108 CFU/ml) followed by ST73 which grew to near identical levels (1.90 X 108
CFU/ml) whereas the growth of the commensal ST10 was 10-fold lower than the other strains
(9.55x 10° CFU/ml). These observations are consistent with the previous growth kinetic
measurements showing that the commensal strain grew at a slower rate than ST131. Strains
grown competitively can be distinguished based on their resistance profiles, with the ST10
being pan-susceptible, the ST73 being resistant to sulfamethoxazole and the ST131 being
resistant to both sulfamethoxazole and ciprofloxacin. Total growth of bacterial competition

assays was measured from growth on non-selective agar whilst EXPEC strains were distin-
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guihsed from the commensal by growth on selective agar. When competing ST10 against
ST131 in LB 72.4% of the total growth was resistant to ciprofloxacin (4.10 x 10° CFU/ml
average total growth, 2.97 x 10° CFU/ml average resistant growth). When competing ST10
and ST131 in DMEM even more of the growth is attributable to ST131 with 89.9% of to-
tal growth being resistant to ciprofloxacin (8.39 x 10’ CFU/ml total, 7.54 x 10’ CFU/ml
resistant). Competing ST10 against ST73 in LB resulted in 68.3% of the total growth be-
ing resistant to sulfamethoxazole (3.94 x 10° CFU/ml total, 2.69 x 10° CFU/ml resistant).
When these strains are grown in DMEM ST73 is responsible for 61.8% of growth (1.86 X 108
CFU/ml total, 1.15 X 108 CFU/ml resistant). Additionally, ST73 and ST131 were competed
against one another in LB where ST131 is was responsible for 40.0% of growth (4.59 x 10°
CFU/ml total, 1.79 x 10° CFU/ml resistant). In DMEM ST131 was responsible for 35.5% of
growth (3.01 X 10® CFU/ml total, 1.07 x 10® CFU/ml resistant). These results are consistent

with our previous observations that ST131 out-competes the commensal.
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Fig. 4.9 Growth of multiple strains in LB and DMEM as determined by CFU assay. A
commensal ST10 (811E7), ST73 (FO84) and ST131 (FO16) were grown in isolation or in
competition in LB (A) or DMEM (B) for 6 hours. Bacteria were competed in a 1 to 1
ratio. Total growth was measured on non-selective agar (open circles), ST73 growth was
determined by sulfamethoxazole resistance (blue) and ST131 growth was determined by
ciprofloxacin resistance (red). Growth of ST10 was not detected on sulfamethoxazole (blue
ND) nor ciprofloxacin (red ND). Growth of ST73 was not dected on ciprofloxacin (red ND).

Lines indicate geometric mean, n=3.
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ST131 strain maintains competitive advantage over commensal under hypoxic condi-

tions

Previous work identified that anaerobic metabolic genes had an increased abundance in
ST131 compared to other EXPEC lineages [95]. We therefore hypothesised that the competi-
tive advantage exhibited by ST131 would be increased in oxygen limited environments. The
previous CFU assay was repeated but with an oxygen concentration of 5%. The total growth
of all strains in LB was decreased by a log fold when oxygen concentrations were reduced.
The commensal ST10 grew to 9.43 X 108 CFU/ml, the ST131 to 8.09 x 108 CFU/ml and the
ST73 to 8.03 x 108 CFU/ml (Figure 4.10, Table 4.1). Conversely, reduced oxygen concen-
trations increased the total growth measured in DMEM and were comparable to the total
growth measured in LB. ST73 grew to 6.33 x 108 CFU/ml, ST131 to 6.03 x 108 CFU/ml
and ST10 to 1.7 x 103 CFU/ml. Reducing the oxygen concentration improved the growth
of the commensal strain by a log fold. Again, the strains were competed in pairs in both
media types at the lower oxygen concentration. Competing ST10 against ST73 showed that
ST73 produced the majority of the growth with 66.17% of the total growth being resistant
to sulfamethoxazole (7.98 X 10® CFU/ml total , 5.28 x 108 CFU/ml resistant). When grown
in nutrient limited DMEM ST73 was responsible for 51.73% of total growth (5.49 x 10%
CFU/ml total, 2.84 x 103 CFU/ml resistant). The ST10 strain was also competed against
ST131 in LB in which ST131 accounted for 61.97% of the growth (8.02 x 108 CFU/ml to-
tal, 4.97 x 103 CFU/ml resistant). While in DMEM media the ST131 out-competed the
commensal accounting for 72.96% of growth (3.55 x 10 CFU/ml total, 2.59 x 108 CFU/ml
resistant). Finally, ST73 was competed against ST131 in which neither strain dominated
over the other in either LB (52.87% ST131 growth, 5.92 X 108 CFU/ml total, 3.13 X 108
CFU/ml resistant) or DMEM (52.16% ST131 growth, 6.94 X 108 CFU/ml total, 3.62 X 108

CFU/ml resistant). This demonstrates that the ST131 strain is able to out-compete the com-
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mensal strain under all conditions but performs best in the nutrient limited DMEM media
under aerobic conditions.

Table 4.1 Geometric mean of CFU values for strains grown under multiple conditions. Aver-
ages were calculated from five replicates for experiments at 20% oxygen and four replicates
for experiments at 5% oxygen.

LB Broth DMEM Media
Strain 20% Oxygen 5% Oxygen 20% Oxygen 5% Oxygen

ST10 (811E7) 4.02 x10° 9.43x108  9.55x10° 1.70 x108
ST73 (FO84)  4.49 x10° 8.03x10%  1.90x10% 6.33 x10%
ST131 (FO16) 4.63 x10° 8.09x108  2.22x10% 6.03 x10%
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Fig. 4.10 Growth of multiple strains in LB and DMEM at 5% oxygen as determined by CFU
assay. A commensal ST10 (811E7), ST73 (FO84) and ST131 (F016) were grown in isolation
or in competition in LB (A) or DMEM (B) for 6 hours. Bacteria were competed in a 1 to
1 ratio. Total growth was measured on non-selective agar (open circles), ST73 growth was
determined by sulfamethoxazole resistance (blue) and ST131 growth was determined by
ciprofloxacin resistance (red). Growth of ST10 was not detected on sulfamethoxazole (blue
ND) nor ciprofloxacin (red ND). Growth of ST73 was not dected on ciprofloxacin (red ND).
Lines indicate geometric mean, n=4.



4.2 Results 127

20% Oxygen
1001

©
T

o)
<

Resistant Percentage of Total CFU >
N
(e}

0-
LB DMEM
B STI0vs. ST73 B ST10vs. STI31 B ST73vs. STI31
5% Oxygen
1001
801

Resistant Percentage of Total CFU o]

LB DMEM
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Observed effect on K12 growth is not caused by a secreted substance or phage

The previously observed ability for ST73 and ST131 to out-compete the commensal strain
could be a result of these strains actively killing their competition. This could be achieved
by either the release of a lytic phage, a diffusible toxin or type VI secretion system. To test
whether bacterial killing was occurring bacterial cultures were grown to mid-log phase be-
fore harvesting the culture supernatant. The supernatant was filter sterilised before mixing
with an equal volume of fresh LB media. Strains were then inoculated into the diluted super-
natant and growth was measured by optical density readings. The growth of the commensal
ST10 was not affected by the supernatant of ST73 nor ST131 as it displayed the same growth
dynamics as when it was grown in its own supernatant (Figure 4.12). The same is true for
both ST73 and ST131. The filtered supernatant was sterile as no growth was detected when
no bacteria were inoculated. This indicates that the assayed strains do not kill each other

using a diffusible toxin or lytic phage.
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4.3 Discussion

Previous genomic analysis has identified that ST131 displays increased variation in anaero-
bic metabolic genes. The work presented in Chapter 3 expands on this work to identify that
multiple MDR ExPEC lineages display increased variation in carbohydrate metabolism and
increased abundance in core metabolic pathways compared to non-MDR lineages. Pathogens
invading a new host must compete with the resident commensals for scarce nutrients, the in-
vading strains must be able to out-compete the residents in order to colonise the host. For
example a pathogenic strain of E. coli (O157:H7) competes with commensal E. coli strains
for a select set of sugars, if all the sugars required by the pathogenic E. coli are consumed
by commensals the pathogen cannot establish itself [90]. Here we propose that our ob-
served metabolic signature in MDR lineages is an adaptation employed by MDR lineages
to excel at metabolic competition with commensals. Previous work has focussed on de-
termining the metabolic potential of ST131 resulting in conflicting conclusions. Initially
ST131 was reported to exhibit increased metabolic potential [55], whilst subsequent stud-
ies demonstrated that ST131 did not exhibit unique metabolic characteristics [4, 5]. Here
we present data on bacterial competition rather than determining the metabolic potential of
strains in isolation, moreover we employ intestinal epithelial cells to mimic the host environ-
ment. Recreating the conditions that EXPEC face in their natural environment is important
as has been demonstrated for S. Typhimurium. Specifically S. Typhimurium is capable of
using tetrathionate however the growth advantage that this confers is only apparent under
anaerobic conditions [161]. Our data indicate that under more natural conditions ST131 is
capable of out-competing commensal strains of E. coli. This is in keeping with observa-
tions that ST131 is able to easily spread between individuals [98, 69], implying that it is
adept at out-competing commensal microbes. The use of human intestinal epithelial cells
to mimic the presence of the host did not affect bacterial competition, but did limit the total

amount of bacterial growth achieved. Instead it became apparent that the culture media in
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use could influence bacterial competition, with media in which nutrients are limiting confer-
ring the greatest advantage to ST131 over a commensal. This fits with our hypothesis that
ST131 have adapted to out-compete commensals for scarce nutrients. It may also explain
why previous screening assays did not identify ST131 as metabolically unique, as ST131
had adapted to out-compete commensals rather than utilise more diverse metabolites. The
data presented in this chapter has focussed on competition between ST131 and other E. coli
however the genomic analysis presented in Chapter 3 revealed a metabolic signature that was
shared amongst multiple MDR ExPEC lineages. Therefore we would expect other MDR lin-
eages such as ST167 or ST648 to be capable of out-competing commensals in our model.
Expanding our analysis to include multiple MDR isolates and competing them against mul-
tiple commensal isolates would improve the strength of our observations.

S. Typhimurium is capable of efficiently colonising new hosts and induces the host in-
flammatory response to provide a new repertoire of metabolites that it is capable of using. We
hypothesised that MDR E. coli were using the same technique to out-compete commensals
and colonise individuals. To test this we examined the inflammatory response from the in-
testinal epithelial cells. We observed only a minimal response to the presence of ST131 cells
and a much stronger IL-8 response to the prescence of K12. Previous work has demonstrated
that both cell lines used here (Caco-2 and INT407) are capable of secreting pro-inflammatory
cytokines [150, 87, 8]. Previous studies assayed cytokine secretion 24 hours after treatment
whilst our data was obtained only after 6 hours [150]. In addition our LPS stimulation also
failed to produce a cytokine reponse from the cells however others have demonstrated that
INT407 cells secrete a range of cytokines in response to LPS stimulation [8]. Previous stud-
ies suggest that combining LPS treatment with exogenous cytokines, specifically IL-1/, can
increase the cytokine response from Caco-2 cells [150]. The same study detects a significant
increase in IL-8 production from Caco-2 cells when stimulated solely with LPS however this

was after 24 hours whilst in our assay cells were only stimulated for 6 hours. Other studies
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assessing the inflammatory response of Caco-2 cells to varying strains of bacteria opted to
irradiate the bacteria before addition to the cell cultures [87].

Ultimately the in vitro models used here suggest that ST131 is capable of out-competing
a commensal strain under specific conditions. However, these assays did not address the
important contribution that the host inflammatory response makes to pathogen colonisation.
Studies examining the colonising ability of S. Typhimurium have demonstrated that the host
inflammatory response provides a unique source of nutrients which S. Typhimurium is genet-
ically equipped to exploit [161, 162, 48]. Importantly, the phenotypic differences conferred
by genetic elements only become apparent under specifc conditions [161], specifically under
anaerobic in vitro conditions, or in mouse models. Here we attempt to model the host re-
sponse through the use of intestinal epithelial cells however under these conditions an inflam-
matory cytokine response was not detected. An important component of the host response
is the immune system which is responsible for generating a huge diversity of antimicrobial
compounds. The immune system is composed of a multitude of cell types which function
together to produce an inflammatory response, the influence that these immune cells may ex-
ert on bacterial competition is absent in these assays. A more complete model is required to
correctly test our hypothesis that MDR lineages of E. coli are capable of effectively colonis-
ing hosts using the host inflammatory response. Experiments using a murine host model are

therefore required.



Chapter 5

Germ-Free Mouse Model of Colonisation
Confirms ST131 can Out-compete

Commensal E. coli

5.1 Introduction

My data in Chapter 3 shows that MDR lineages of E. coli display increased variation in
metabolic genes, specifically those involved in carbohydrate metabolism and transport as
well as an increased abundance of genes in core metabolic pathways. Investigations into
the metabolic capabilities of ST131 indicated that this MDR lineage was not metabolically
unique [4, 5], however my data in Chapter 4 indicates that ST131 is able to out-compete
commensals in in vitro assays. These assays were unable to model the effect that the host
immune system can have on bacterial growth. Studies of S. Typhimurium colonisation iden-
tified that it was exploiting the host immune response to outcompete commensals [161]. The
host immune system produces reactive oxygen species (ROS) which react with compounds
in the gut lumen producing a new variety of metabolites, including tetrathionate. Mice which

are unable to produce ROS do not produce this compound and S. Typhimurium growth in
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these defective mice is impaired [161]. This mechanism is not specific to one compound
but has been demonstrated to occur for 1,2-propanediol, ethanolamine and reactive nitro-
gen species (RNS) [48, 162, 147]. Importantly the genes responsible for RNS utilisation
are shared with E. coli [85]. Ultimately, the host response is essential for the invading S.
Typhimurium to effectively colonise the host and can greatly influence the diversity of com-
pounds available to intestinal microbes. To accurately test our hypothesis that MDR E. coli
out-compete commensal E. coli by utilising compounds generated by the host inflammatory
response we proceeded to use a mouse model of colonisation.

Attempts to colonise mice with human E. coli isolates have been reported to have mixed
results, with strains showing a high degree of colonisation variability [79]. Frequently mice
are treated with the antibiotic streptomycin in order to permit colonisation by E. coli, however
this requires the introduction of streptomycin resistance genes to the assayed strains [49]. As
we wish to determine whether MDR E. coli have an innate advantage over commensal E. coli
in their ability to colonise hosts the presence of antibiotics, as well as artificially introducing
resistance markers, could create a bias favouring MDR E. coli which have already adapted to
the presence of AMR genes. Moreover treatment with streptomycin has also been observed
to alter the host immune response, with treated mice exhibiting increased levels of inflam-
mation [141], which introduces another bias to the model. The authors even suggest that this
effect may be contributing to increased levels of colonisation by E. coli and Salmonella. In
addition, previous studies have demonstrated that the introduction of streptomycin resistance
genes into E. coli alters the expression of virulence factors, again potentially introducing bias
into the system [27]. Therefore a germ free mouse model was chosen as it allowed us to ex-
amine the colonisation abilities of MDR and commensal E. coli in the absence of antibiotics,
permitting the use of unaltered strains. We hypothesise that in this model the MDR E. coli
will be able to out-compete the commensal when introduced into the mouse. Furthermore,

we can introduce a commensal strain into the mice first, to mimic the presence of a native
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microbiota, and then challenge with an MDR strain. We predict that the MDR E. coli will
still be able to effectively colonise the host even when a commensal strain is already present.
Lastly, we hypothesise that MDR E. coli induce a stronger inflammatory response from the
host compared to commensal E. coli. To test these hypotheses we will use a commensal
isolated from a healthy human and two ExPEC isolates one of which will have minimal an-
tibiotic resistance whilst the other will have high levels of resistance. We expect that the
ExPEC strain with higher resistance will be the most effective coloniser of the host and will

induce the greatest inflammatory response.

5.2 Results

5.2.1 Monocolonisation

% Oral gavage 10° CFU
E

-

DO D7 D10 D12 D14 D17 D20
L1 11111 | I I I P Endpoint collection
| | | | after 3 weeks
I | &
Daily collections Intermittent collection of
for first week collections tissue samples

Fig. 5.1 Schematic of the colonisation of mice by a single E. coli strain.

Strains are capable of colonising germ-free mice

Germ-free mice were orally gavaged with 1 X 10° CFU of bacteria and colonisation was
monitored by enumerating CFU in the faecal pellets for 3 weeks following colonisation (Fig-

ure 5.1). Three different E. coli strains were assayed; a commensal isolated from a healthy
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human (811E7, ST10), a clinical isolate from a bacteraemia patient that had minimal antibi-
otic resistance (FO84, ST73) and a clinical isolate from a bacteraemia patient with a high
level of resistance (FO16, ST131). Mice were successfully colonised by all three strains as
observed by bacterial growth in the faecal pellets (Figure 5.2). The CFU in faecal pellets
rose over the first 4 days of colonisation before gradually decreasing over the subsequent
5 days to reach stable levels. The mice remained colonised for the duration of the 3 week

period.
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Strains predominantly colonise the caecum and colon, and display only minimal dis-

semination

After 3 weeks of colonisation the mice were sacrificed for tissue collection. The contents of
the small intestine, caecum and colon were collected and assayed for levels of colonisation.
The highest CFU values were recorded in the caecum with the commensal ST10 achieving
the highest CFU (1.37 x 10° CFU per gram) followed by ST73 (1.13 x 10° CFU per gram)
then ST131 (4.54 x 10% CFU per gram) (Figure 5.3a). The colon showed lower levels of
colonisation with the commensal ST10 being the most abundant (6.26 X 108 CFU per gram)
followed by ST73 (4.96 x 108 CFU per gram) then ST131 (1.01 x 10® CFU per gram). Fi-
nally the small intestine had the lowest levels of colonisation with the ST10 the most abun-
dant (2.35 x 10’ CFU per gram) followed by ST73 (1.24 x 10’ CFU per gram) then ST131
(6.10 x 10° CFU per gram). Alongside the gut contents multiple tissues were also harvested
and homogenised to determine if any of the strains had disseminated to extra-intestinal sites.
Surprisingly the commensal ST10 strain showed the highest levels of dissemination with
multiple mice having detectable bacteria present in their spleen, Mesenteric Lymph Nodess
(MLNSs), lung, brain and blood (Figure 5.3b). None of the mice showed signs of disease
during the experiment. The ST73 and ST131 strains used did not exhibit the same levels of
dissemination with only two ST73 and two ST131 colonised mice showing dissemination to
the MLN and one mouse from each of the ST73 and ST131 groups showing colonisation of
the lung. Again, only one ST73 colonised mouse had detectable bacteria in the blood. The
surprising observation that the commensal ST10 was detectable in multiple extra-intestinal
tissues could be explained by contaminated surgical instruments. Perforating the intestine
with surgical instruments during tissue harvesting can easily spread bacteria to otherwise

uninfected tissues.
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Fig. 5.3 CFU Values from Gut Contents and Extra-Intestinal Tissues. Points indicate values
for individual mice and are coloured according to colonising strain (ST10: black, ST73: blue,
ST131: orange). The CFU per gram of gut contents from the small intestine (SI), caecum
and colon (A). Lines indicate geometric mean. The CFU per gram of tissue for multiple
extra-intestinal tissues (B). n=3
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Colonised mice have altered cytokine expression after 3 weeks

Sections of the small intestine, caecum and colon were collected and total RNA was iso-
lated. Expression of multiple pro- and anti-inflammatory cytokines as well as the ST00A8
subunit of the antimicrobial peptide were assayed using probe-based qPCR. The mRNA lev-
els of 11 assayed genes were normalised to the expression of the housekeeping gene Pol2ra
(which encodes an RNA polymerase subunit). Mice colonised with the commensal ST10
showed significantly increased levels of the pro-inflammatory cytokines IL-/a, IL-17 and
IL-33 when compared to germ-free control mice, the expression of S100A8 is also signifi-
cantly increased (Figure 5.4a). IL-1a and IL-33 both function as alarmins which are released
from damaged epithelial cells [13, 14], while IL-17 is produced by several immune cell types
and functions to promote an inflammatory response from multiple cells [167]. Colonisation
with ST73 did not affect cytokine expression in the small intestine, nor did ST131. We did
not expect the commensal strain to produce the strongest inflammatory response in the small
intestine.

In the caecum, IL-17 expression was significantly increased in mice colonised with
ST131 compared to both ST10 and ST73 colonised mice, as well as germ-free mice (Fig-
ure 5.4b). Commensally colonised mice had a significant increase in IL-23a expression in
the caecum compared to germ-free mice. IL-23a is produced from Dendritic Cells (DCs)
and macrophages and acts upon T cells, Natural Killer (NK) cells and Innate Lymphoid Cells
(ILCs) to promote the expression of IL-17 [167], however no difference in IL-17 expression
is observed in these mice. In the colon of ST73 colonised mice expression of IL-17 was
significantly increased compared to commensally colonised and germ-free mice, while ex-
pression of the other cytokines was unaffected (Figure 5.4c). To further examine the extent
of the host response tissues sections from the small intestine and colon were formaldehyde
fixed, embedded in paraffin and sectioned. Tissue sections were stained with haematoxylin

and eosin (H&E) before imaging to examine markers of inflammation such as infiltration of
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inflammatory cells, changes to the intestinal epithelium and overall alterations to mucosal
architecture. Comparing these sections revealed there was no difference between colonis-
ing strains (Figure 5.5). Blind-scoring the images using an inflammatory scoring system
for IBD and colitis confirmed there was no difference between colonisation conditions [45]

(Figure 5.6).
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Fig. 5.4 Expression of multiple cytokines assayed by probe based qPCR. Ct values are nor-
malised to the housekeeping gene Pol2ra (ACt). Points indicate values for individual mice
and are coloured according to colonisation (ST10: black, ST73: blue, ST131: orange, germ
free: open circles). Lines indicate mean. Cytokines are clustered into pro-inflammatory (red
box) and anti-inflammatory (green box). Sections of the small intestine (A), caeccum (B) and
colon (C) were assayed. Significance determined by 2-way ANOVA with Tukey’s multiple
comparison, * p<0.05, ** p<0.01, *** p<0.001. n=3
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Fig. 5.5 Representative Tissue Sections of Small Intestine and Colon from Mono-Colonised
Mice. Tissue sections have been H&E stained.
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Fig. 5.6 Tissue Pathology Scores from Mono-Colonised Mice. Sections of small intestine
(A) and colon (B) were blind scored using a scoring system for IBD mouse models. Scores
range from 1 (absent / minor) to 5 (severe) for the categories: inflammatory infiltrate (black
circles), changes to epithelium (green square) and alterations to overall mucosal architecture
(blue triangles).
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5.2.2 Competitive Colonisation
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Fig. 5.7 Schematic of the colonisation of mice by two E. coli strains simultaeneously.

ST131 out-competes commensals to colonise germ-free mice

Mono-colonisation experiments demonstrated that all the strains assayed were capable of
colonising germ-free mice and did so to the same extent. To test our hypothesis that MDR
strains are better able to colonise hosts than commensal strains, we competed an MDR strain
against a commensal. Strains were mixed in a 1 to 1 ratio immediately prior to gavaging
the mouse (Figure 5.7). Again colonisation was monitored by enumerating the CFU present
in faecal pellets; strains were differentiated using selective agar plates. As observed previ-
ously all strains were capable of colonising the mice with CFU levels increasing over the
first week of colonisation (Figure 5.8). When the commensal ST10 was competed against
the ST73 both strains were able to colonise the mouse. The ST73 strain accounted for greater
than 50% of the total growth for the first 5 days before rising to account for close to 100%
of growth by day 6 (Figure 5.8a). Demonstrating that the ST73 strain has a slight advantage
over the commensal. When the ST10 and ST131 are co-gavaged into the mouse the ST131
strain achieves near 100% dominance over the commensal by day 4 indicating that it has

a stronger competitive advantage over the commensal than the ST73 strain (Figure 5.8b).
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Lastly, the ST73 and ST131 strains were competed against one another, under these condi-
tions the ST131 strain accounted for slightly more than 50% of the growth but this did not
change over the course of the experiment demonstrating that ST131 has a slight advantage
over ST73 (Figure 5.8¢).

As observed in previous experiments, levels of colonisation were higher in the caecum
than the colon. Levels of colonisation were similar in the caecum between all conditions
assayed (Figure 5.9). When the commensal ST10 was competed against the ST73 strain
there was an average total growth of 1.93 x 10'® CFU per gram of which 1.45 x 10'° CFU
per gram was ST73. Competing ST10 against ST131 produced a total growth of 1.59 X 1010
CFU per gram of which 1.46 x 10'° CFU per gram was from ST131. While competing ST73
against ST131 produced a total growth of 2.25 x 10! CFU per gram of which 1.43 x 10'°
CFU per gram was from ST131. Levels of bacteria in the colon were lower, consistent with
previous experiments (Figure 5.9a). Co-gavaging ST10 and ST73 resulted in 3.60 x 10°
CFU per gram in the colon of which 2.95 x 10° CFU per gram was from ST73. Co-gavaging
ST10 and ST131 produced a total growth of 4.14 x 10° CFU per gram of which 3.06 x 10°
CFU per gram was ST131. Finally co-gavaging ST73 and ST131 produced a total growth of
5.78 x 10° CFU per gram of which 4.48 X 10° CFU per gram was from ST131. Examining
this data as an average percentage shows that ST73 was able to out-compete the commensal
as it was responsible for 84.7% of growth from the caecum but the ST131 was able to achieve
94.1% demonstrating it is better at out-competing a commensal (Figure 5.9b). ST131 is only
able to slightly out-compete the ST73 strain accounting for 64.2% of growth on average.
In the colon the ST73 and ST131 performed at equitable levels when competed against a
commensal with the ST73 accounting for an average of 84.7% of total growth and ST131
accounting for 78.4%. When ST73 and ST131 were competed against one another the ST131

out-grew the ST73 in the colon as it accounted for an average of 81.4% of growth.
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Fig. 5.8 Levels of CFU in the faecael pellets of co-gavaged mice over a 1 week period. Lines
indicate geometric mean, error bars indicate SD. A) Mice that were co-gavaged with ST10
and ST73. Black line indicates total growth of both strains (non-selective agar), blue line
indicates growth of solely ST73 (selective agar). B) Mice that were co-gavaged with ST10
and ST131. Black line indicates total growth, orange line indicates growth of ST131. C)
Mice that were co-gavaged with ST73 and ST131. Black line indicates total growth, pink
line indicates growth of ST131. D) Summarisation of panels A, B and C. Percentage of
growth that is attributable to resistant strain, calculated by dividing resistant CFU growth by

total CFU growth. Blue line indicates ST10 & ST73 mice, orange indicates
mice and pink indicates ST73 & ST131 mice.
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Fig. 5.9 CFU Values from Gut Contents of Co-gavaged Mice. Points represent values from
individual mice and are coloured by colonisation condition (ST10 & ST773: blue, ST10 &
ST131: orange, ST73 & ST131: pink). Open circles indicate total growth of both strains
while closed circles indicate growth on selective agar. A) Raw CFU values per gram of gut
contents. Lines indicate geometric mean. B) Percentage of total growth that is attributable
to resistant strain, calculated by dividing growth on selective agar by total growth on non-

selective agar. Lines indicate mean value.
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Low levels of strain dissemination after 1 week

Dissemination of bacteria to extra-intestinal sites was measured as before however only the
primary dissemination sites were assayed (MLN, spleen, liver and blood). Overall there
was minimal dissemination of bacteria to the spleen, liver, MLN and blood compared to the
monocolonised mice (Figure 5.10). None of the mice gavaged with a mixture of commensal
ST10 and ST73 had detectable bacteria in extra-intestinal sites (Figure 5.10a). Only one
mouse gavaged with the ST10 and ST131 mixture had detectable bacteria in the MLN, the
majority of which was ST131 (Figure 5.10b). One mouse which was gavaged with the ST73
and ST131 mixture had dissemination of both strains to the spleen (Figure 5.10c). This

indicates that one week after colonisation strains rarely colonise extra intestinal tissues.

Colonised mice show altered cytokine response by qPCR

Differences in cytokine expression were examined by qPCR. All colonisation conditions as-
sayed showed significantly increased expression of /L-17 in the small intestine compared to
germ-free mice (Figure 5.11a). There was a significant increase in the expression of S100A8
in the small intestine of mice colonised by ST73. Analysing the cytokine expression in the
caecum of these mice showed that colonisation, by any strain, significantly altered the ex-
pression of the pro-inflammatory cytokines TNFa, IL-1a, IL-1p, IL-17, CXCLI and IL-6 as
well as S100A8 when compared to germ-free mice (Figure 5.11b). Additionally /L-10 was
significantly higher in mice colonised with ST10 and ST131 compared to germ free mice but
was not altered under other colonisation conditions. IL-10 is produced by regulatory T cells
which suppress inflammation and its presence is associated with tolerance [110]. There were
no significant differences between colonisation by different strains. In the colon there was
significant alteration of TNFa, IL-1f, IL-17, CXCLI and S100A8 expression in colonised
mice versus germ-free mice (Figure 5.11c). The expression of /L-6 was also significantly

altered in mice colonised with ST73 and ST131 versus germ-free mice. Again there were
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no observed differences between colonisation by different strains. This data suggests that
the mice have a pro-inflammatory response to the presence of EXPEC strains regardless of
whether a commensal is also present. Moreover, ST131 does not elicit a stronger inflamma-
tory response than ST73 .

Sections of the small intestine and caecum were examined for histological markers of
inflammation. No difference was observed between the colonisation conditions nor between
germ-free mice (Figure 5.12). The sections were scored as before but no difference was

detected (Figure 5.13).
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Fig. 5.11 Expression of multiple cytokines as assayed by probe based qPCR. Ct values are
normalised to the housekeeping gene Pol2ra (ACt). Points indicate values for individual
mice and are coloured according to colonisation (ST10 & ST73: blue, ST10 & ST131: or-
ange, ST73 & ST131: pink, germ free: open circles). Lines indicate mean value. Cytokines
are grouped into pro-inflammatory (red box) and anti-inflammatory (green box). Sections
of the small intestine (A), caecum (B) and colon (C) were assayed. Significance determined
by 2way ANOVA with Tukey’s multiple comparison, * p<0.05, ** p<0.01, *** p<0.001.

n=>5
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Fig. 5.12 Representative Tissue Sections of Small Intestine and Colon from Co-gavaged
Mice. Tissue sections have been H&E stained. Control group is non-colonised germ free
mice.
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Fig. 5.13 Tissue Pathology Scores from Co-gavaged Mice. Sections of small intestine (A)
and colon (B) were blind scored using a scoring system for IBD mouse models. Scores
range from 1 (absent / minor) to 5 (severe) for the categories: inflammatory infiltrate (black
circles), changes to epithelium (green square) and alterations to overall mucosal architecture

(blue triangles)
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5.2.3 Displacement of Resident E. coli
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Fig. 5.14 Schematic of the colonisation of mice by one E. coli strain followed by challenge
with a second strain after 1 week.

ST131 is able to displace a resident commensal ST10

These data indicate that ST131 is able to colonise germ-free mice better than a commensal
strain when the two are gavaged at the same time. However, the ST131 strain would normally
be an invading bacterium that must compete with an already established commensal. To test
whether ST131 was capable of this, mice were colonised with the commensal ST10 and
the colonisation was allowed to stabilise for 1 week before challenging with a second strain
(Figure 5.14).

Under these conditions, when ST131 was introduced into an ST10 colonised mouse the
ST131 strain rose to account for near 100% of total growth by day 3 post challenge, consistent
with the colonisation dynamics from the co-gavaged mice (Figure 5.15). ST131 continued
to account for 100% of the total growth till day 10 post challenge after which ST131 growth
started to decline (Figure 5.15¢). By day 21 post challenge ST131 accounted for less than
50% of total growth. The raw CFU counts also support this observation as the mice that

were challenged with ST131 show an increase in CFU from 5.36 X 108 CFU/ g t0 2.06 X 10°
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CFU/g immediately following challenge (Figure 5.15¢). This higher level of colonisation
was maintained during the period in which ST131 accounted for 100% of total growth. As the
percentage of growth attributable to ST131 fell in these mice, so did the total CFU measured
in the faeces. When ST73 was introduced into an ST10 colonised mouse, the invading ST73
strain was also able to dominate over the resident commensal accounting for greater than
50% of the total growth for the first 6 days post challenge, but failed to consistently account
for 100% of the total growth (Figure 5.15¢). Moreover, raw CFU values indicate that when
ST73 was used to challenge the commensal strain the total growth was only altered for the
first day post challenge after which levels of colonisation remained stable till the end point
(Figure 5.15b). As a control group, mice were first colonised with ST131 for one week
before challenging with ST10. In this group the invading ST10 was unable to displace the
resident ST131 instead the two strains coexisted with ST131 accounting for 50% of total
growth (Figure 5.15¢). This demonstrates that the introduction of a large number of invading
bacteria is not responsible for the observed dominance of ST131 over the commensal. As
an additional control, mice were gavaged with PBS to determine whether the gavage process
adversely altered commensal colonisation. No alteration of colonisation was observed in
this group thereby eliminating the possibility that the procedure affected commensal growth
(Figure 5.15a). Therefore, when ST131 is introduced into a pre-colonised mouse it is able
to displace the resident ST10 strain for 10 days before subsiding, however, ST131 is not

displaced by an invading ST10 strain.



5.2 Results

157

>

10“

|0]U

10°

108

CFU per gram of faeces

107

ST10 challenged with PBS

— ST10

A

10]1

1010

10°

CFU per gram of faeces

108

Days Post Challenge

ST10 challenged with ST131

— ST10 and ST131
ST131

i

CFU per gram of faeces

107

150

100

0 5 10 15 20

Days Post Challenge

50

Resistant Percentage of Total CFU m

— ST10vs. ST73
ST10 vs. ST131
l — ST131 vs. ST10
r] *
L i
\I LAY N\
[Tt IR
0 5 10 15 20

Days Post Challenge

v

CFU per gram of faeces

=)

101]

101[)

10°

108

107

ST10 challenged with ST73

N

— ST10 and ST73
— ST73

10“

101

10°

108

107

5 10 15 20

Days Post Challenge

ST131 challenged with ST10

H

— ST10 and ST131
— ST131

5 10 15 20

Days Post Challenge

Fig. 5.15 Levels of CFU in the faecael pellets of challenged mice. Lines indicate geometric
mean, error bars indicate SD. Black lines indicates total growth of both strains (non-selective
agar). Coloured lines indicate growth of EXPEC strain. Mice were challenged with second
strain on Day 0. A) Mice that were colonised with ST10 then challenged with PBS. B) Mice
that were colonised with ST10 then challenged with ST73 . C) Mice that were colonised with
ST10 then challenged with ST131. D) Mice that were colonised with ST131 then challenged
with ST10. E) Summarisation of panels B, C and D as percentage of growth attributable to
resistant strain.
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Commensal out-grows ST131 in the caecum but growth remains equitable in the colon

Levels of colonisation remain higher in the caecum than the colon in the challenged mice
consistent with our previous observations (Figure 5.16a). All colonisation conditions display
a similar amount of total growth from the caecal contents. There was a total growth of
2.46 x 10° CFU/g for the mice challenged with PBS of which there was no detectable growth
on selective agar. For the ST73 challenged mice there was a total growth of 3.99 x 10° CFU/g
of which 2.04 x 10° CFU/g was from ST73. There was a total growth of 2.60 x 10° CFU/g
from the ST131 challenged mice of which 5.99 X 108 CFU/g was from ST131. Lastly, the
ST10 challenged mice produced a total growth of 2.65 x 10° CFU/g of which 1.17 x 10°
CFU/g was ST131. On average ST73 accounted for 52.6% of the growth in the caecum
while ST131 only accounted for 23.4% (Figure 5.16b). For the control ST10 challenged mice
ST131 accounted for 46.5% of growth. The drop in ST131 levels in the caecum indicate that
itis struggling to compete with the commensal 3 weeks after invading. Curiously when ST10
was the invading bacterium ST131 was able to persist after 3 weeks suggesting the two strains
have a different relationship if ST131 is already established in the host. Alternatively the
host may be responding differently to an invading ST131 bacterium compared to a resident
ST131.

Total growth recovered from the colon was lower than in the caecum, which is consistent
with previous observations (Figure 5.16a). There is an average total growth of 6.50 x 10%
CFU/g for the PBS challenged mice with no detectable growth on selective agar. The ST73
challenged mice produced a total growth of 5.24 x 108 CFU/g of which 3.46 x 108 CFU/g
was from ST73. In the ST131 challenged mice there was a total growth of 4.40 x 108 CFU/g
of which 2.54 x 108 CFU/g was attributable to ST131. Lastly, the ST10 challenged mice
produced a total growth of 3.95 x 108 CFU/g of which 2.68 x 10 CFU/g was from ST131.
Therefore, ST73 accounted for 70.0% of the growth on average in the ST73 challenged mice

(Figure 5.16b). Despite the drop in ST131 growth in the caecum ST131 growth in the colon
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was equitable to the commensal with an average of 58.9% of total growth. Lastly, 68.6% of

the growth observed in the ST10 challenged mice was from ST131.
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Fig. 5.16 CFU Values from Gut Contents of Challenged Mice. Points represent values from
individual mice and are coloured by colonising strain with black representing ST10 vs. PBS,
blue representing ST10 vs. ST73, orange representing ST10 vs. ST131 and purple represent-
ing ST131 vs. ST10. Open circles indicate total growth of both strains while closed circles
indicate growth on selective agar. A) Raw CFU values per gram of gut contents. Lines in-
dicate geometric mean. B) Percentage of total growth that is attributable to resistant strain,
calculated by dividing growth on selective agar by total growth on non-selective agar. Lines
indicate mean value.
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Strain dissemination is seen frequently in ST131 colonised mice

Multiple tissues were harvested from the mice 3 weeks after challenge to determine whether
the colonising strains had disseminated to other tissue sites (Figure 5.17, Table 5.1). Two
mice that were commensally colonised and challenged with PBS showed dissemination to
the MLN but bacteria were not detected in other tissues nor blood (Figure 5.17a). One
mouse challenged with ST73 showed dissemination to the MLN, spleen and liver but no
bacteria were detected in the blood (Figure 5.17b). In this instance the disseminating bac-
teria appeared to be predominantly the commensal with ST73 only accounting for 38.5% of
growth in the spleen and 20% in the liver; while in the MLN 63.6% of the growth was from
ST73. Two mice that were challenged with ST131 showed dissemination to the spleen and
liver (Figure 5.17c). Of the mice that displayed dissemination to the spleen the majority
was ST131 with 90.5% growth on selective agar compared to non-selective. Curiously one
mouse showed growth on the selective agar but no growth on the non-selective agar. For
the dissemination to the liver growth on selective agar was 62.1% of total growth for one
mouse and 63.4% for the other, indicating that ST131 was the predominant disseminating
strain but the commensal was also present. Lastly, the mice that were colonised with ST131
then challenged with ST10 showed the most dissemination with multiple mice having de-
tectable bacteria in their MLN, spleen and liver (Figure 5.17d). Interestingly there were two
mice that showed dissemination of the commensal only with no detectable ST131 growth
from the spleen and liver of one mouse and the MLN of another mouse. Dissemination in
the other mice was either completely ST131 or a mixture of both strains. This data suggests
that mice that have been colonised with ST131 for longer show increased levels of bacteria

in extra-intestinal sites.
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Fig. 5.17 CFU Values from Extra-Intestinal Tissues from Challenged Mice. Points represent
CFU values from individual mice and are coloured by colonisation condition with black
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ST10 vs. ST131 (C) and purple representing ST131 vs. ST10 (D). Open circles indicate total
growth of both strains while closed circles indicate growth on selective agar. Lines connect
CFU measurements from the same mouse.



5.2 Results 163

Table 5.1 Percentage of growth on selective agar plates as compared to non-selective plates.
Asterix indicates imputed value as there was no growth on non-selective plate.

Colonisation Mouse MLN Spleen Liver Blood
1 i, - - -
2 - - - -
ST10 challenged with ST73 3 - - - -
4 - - - -
5 63.6% 38.5% 20% -
1 - 90.5% 622% -
. 2 - - - -
ST10 challenged with ST131 3 i 100%% 6349 -
4 - - - -
1 0.0% 100.0% 164.2% -
. 2 - 575% 71.5% -
ST131 challenged with ST10 3 703% 100.0% 54.6% -
4 - 0.0% 0.0% -

ST131 challenged mice show increased expression of inflammatory cytokines but no

discernible inflammation by histology

As with previous experiments sections of the small intestine, caecum and colon were col-
lected and RNA was isolated to determine cytokine mRNA expression. In the small in-
testine the expression of S/00A8 was significantly altered by the presence of bacteria with
all colonisation conditions showing increased mRNA levels compared to germ-free control
mice (Figure 5.18a). In the small intestine of mice colonised with ST131 then challenged
with ST10 there was a significant increase in the expression of pro-inflammatory CXCLI
and IL-6 as well as anti-inflammatory TGFf and IL-10 when compared to germ-free mice.
CXCL1 is produced from epithelial cells to recruit neutrophils while IL-6 and TFGf influ-
ence the development of Th17 cells which can produce IL-10 to suppress inflammation [93].
It is unclear whether these mice are exhibiting the resolution of inflammation or localised

regions of pro- and anti-inflammatory signalling. The small intestine of mice from other
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challenge conditions show some significant differences in cytokine expression but this is
limited to IL-17.

In the caecum several pro-inflammatory cytokines are up-regulated by the presence of
bacteria (Figure 5.18b). IL-17, CXCLI and S100AS8 are all up-regulated under all colonisa-
tion conditions whilst TNFa and IL-1 f§ are only upregulated when an EXPEC strain is present.
The expression of IL-14 by resident immune cells is specifically increased by the presence
of pathogenic bacteria rather than commensals [51]. The pro-inflammatory cytokines TNFa,
IL-1p, CXCLI and IL-6 are all significantly up-regulated when ST131 is invading compared
to PBS challenged mice. This implies that when ST131 is invading an already colonised
mice there is a stronger inflammatory response, which is not observed when ST10 nor ST73
is the invading strain. This is in keeping with the different colonisation dynamics displayed
by the two experimental groups, specifically that ST131 displaces the commensal when it is
invading but when the ST10 is invading the two strains exist in equivalent proportions.

The colon displays fewer alterations in cytokine response than the small intestine or cae-
cum (Figure 5.18c). Both TNFa and IL-17 are significantly increased when the mice are
colonised by any strain. /L-1f and CXCLI are significantly up-regulated in mice challenged
with ST10 compared to germ free. While S7100A8 is significantly up-regulated by mice chal-
lenged with ST131 compared to germ free.

Tissue sections from the small intestine and colon were examined for histological markers
of inflammation. No differences were observed histologically, nor when scoring the tissue
sections (Figure 5.19 & Figure 5.20). This is not unexpected as the colonised mice show
small perturbations of cytokine expression in the small intestine and colon, suggesting that

any inflammatory response is limited to the caecum.
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Fig. 5.18 Expression of cytokines assayed by probe based qPCR reveals significant increase
in TNFa, IL-14, CXCLI1 and IL-6 in the caecum of ST131 challenged mice. Ct values are
normalised to the housekeeping gene Pol2ra (ACt). Points indicate values for individual
mice and are coloured according to colonisation (ST10 & ST73: blue, ST10 & ST131: or-
ange, ST73 & ST131: pink, germ free: open circles). Lines indicate mean value. Cytokines
are grouped into pro-inflammatory (red box) and anti-inflammatory (green box). Sections
of the small intestine (A), caecum (B) and colon (C) were assayed. Significance determined
by 2-way ANOVA with Tukey’s multiple comparison, * p<0.05, ** p<0.01, *** p<0.001.

n=>5.
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Fig. 5.19 Representative Tissue Sections of Small Intestine and Colon from Challenged
Mice. Tissue sections have been H&E stained. Control group is non-colonised germ free
mice.
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Fig. 5.20 Tissue Pathology Scores from Challenged Mice. Sections of small intestine (A)
and colon (B) were blind scored using a scoring system for IBD mouse models. Scores
range from 1 (absent / minor) to 5 (severe) for the categories: inflammatory infiltrate (black
circles), changes to epithelium (green square) and alterations to overall mucosal architecture
(blue triangles).



5.2 Results

168

5.2.4 Transmission of ST131 Between Co-housed Mice
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I P Endpoint collection
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&
collection of

Collections on alternate days tissue samples

Fig. 5.21 Schematic of the colonisation of mice by either ST10 or ST131 for one week fol-
lowed by exchange of mice between cages. Four mice were colonised with ST10 whilst 5
mice were colonised with ST131. Colonisation was allowed to stabilise before exchanging

2 mice between cages.
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ST131 transmits between co-housed mice, becoming the dominant strain in all mice, in

less than 48 hours

Gavaging mice is a highly artificial system of introducing the bacteria and not reflective of
natural colonisation. To mimic a more natural colonisation scenario a co-housing methodol-
ogy was used. For this mice were colonised with either ST10 or ST131 for one week before
exchanging mice between cages (Figure 5.21). Colonisation was then monitored for 3 weeks
post exchange by enumerating the CFU in faecal pellets. Under these conditions the mice
that were gavaged with ST10 were colonised by ST131 within 2 days of co-housing (samples
were only collected every 2 days so it is not possible to determine if colonisation occurred
in a shorter time frame - Figure 5.22a). The colonisation by the invading ST131 followed a
similar dynamic to that of the previous displacement experiments, specifically ST131 domi-
nated over the resident commensal for the first 7 days before gradually reducing to equivalent
proportions. Again when the ST131 is already a resident strain it does not out-compete the
invading commensal, instead the two strains exist in equivalent proportions which are stable
over the course of the experiment (Figure 5.22b). The invading ST10 does show a delay in
its ability to colonise the host as it only appears at day 4 compared to ST131 which is ap-
parent from day 2. These results are consistent with our previous experiment where a large
amount of ST131 was artificially introduced. In this experiment ST131 was still an effective

coloniser of ‘occupied’ mice even when introduced in small quantities.
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Fig. 5.22 Levels of CFU in the faecael pellets of co-housed mice. Lines indicate geometric
mean, error bars indicate SD. Mice were co-housed at Day 0. A) Mice that were colonised
with ST10. Black line indicates total growth of both strains (non-selective agar), orange
line indicates growth of ST131 (selective agar). B) Mice that were colonsed with ST131.
Black line indicates total growth of both strains (non-selective agar), purple line indicates
growth of solely ST131 (selective agar). C) Summarisation of panels A and B. Percentage
of growth that is attributable to resistant strain, calculated by dividing resistant CFU by total
CFU. Black line indicates ST10 colonised mice, purple line indicates ST131 colonised mice.
n=35.
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Bacterial growth in the caecum is predominantly ST131 whilst there are varying levels

of bacterial growth at extra-intestinal sites

After 3 weeks of co-housing the mice were sacrificed. Contents of the caecum and colon
were collected and CFU values were enumerated. Levels of colonisation are still higher in the
caecum than the colon, consistent with previous observations (Figure 5.23a). For the ST10
gavaged mice there was a total of 8.99 x 10° CFU/g of caecal contents of which 6.40 x 10°
CFU/g was from ST131. For the ST131 gavaged mice there was a total growth of 9.90 x 10°
CFU/g of caecal contents of which 7.65 x 10° CFU/g was ST131. From the contents of the
colon of ST10 gavaged mice there was 3.78 x 10° CFU/g of which 2.08 x 10° CFU/g was
ST131. For the ST131 gavaged mice there was 2.47 x 10° CFU/g of colon contents of which
1.54 x 10° CFU/g was ST131. From the ST10 gavaged mice the average growth attributable
to the invading ST131 was 78.7% of the total growth from the caecum contents and 58.5%
from the colon contents (Figure 5.23b). For the ST131 gavaged mice on average 81.5% of
growth in the caecal contents was attributable to ST131 and from the colon contents it was
65.6%. In contrast to the previous experimental setup ST131 maintains dominance over the
commensal in the caecum but the two strains exist in equivalent quantities in the colon. After
3 weeks of co-housing mice were sacrificed and multiple tissues were collected to measure
dissemination (Figure 5.24, Table 5.2). The ST10 gavaged mice showed dissemination only
to the spleen and MLN (Figure 5.24a). The disseminating bacteria were a mixture of ST10
and ST131. From the ST131 gavaged mice there were detectable bacteria in the MLN, spleen
and liver (Figure 5.24b), which appeared to be either entirely commensal or ST131. As
observed previously mice that are colonised with ST131 for longer more frequently have

detectable bacteria in extra-intestinal sites.
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Fig. 5.23 CFU Values from Gut Contents of Co-housed Mice. Points represent values
from individual mice and are coloured by colonising strain with orange representing ST10
colonised mice and purple representing ST131 colonised mice. Open circles indicate total
growth of both strains while closed circles indicate growth on selective agar. A) Raw CFU
values per gram of gut contents. Lines indicate geometric mean. B) Percentage of total
growth that is attributable to resistant strain, calculated by dividing growth on selective agar
by total growth on non-selective agar. Lines indicate mean value.
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Fig. 5.24 CFU Values from Extra-Intestinal Tissues from Co-housed Mice. Points represent
CFU values from individual mice and are coloured by colonisation condition with orange
representing ST10 colonised mice (A) and purple representing ST131 colonised mice (B).
Open circles indicate total growth of both strains while closed circles indicate growth on
selective agar. Lines connect CFU measurements from the same mouse.
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Table 5.2 Percentage of growth on selective agar plates as compared to non-selective plates.
Asterix indicates imputed value as there was no growth on non-selective plate.

Colonisation Mouse MLN  Spleen Liver Blood
1 - - 502% -
% _ - -
ST10 gavaged i _]00% i i i
4 50.1% - 751% -

1 - - - 81.0%
2 - - 0.0% -
ST131 gavaged 3 0.0% 1752% 0.0% -
4 - - - -
5 - - - -
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No observable difference in cytokine response between co-housed groups

The host cytokine response in the caecum was measured using qPCR (Figure 5.25). Previous
experiments indicated that the inflammatory response was confined to the caecum, while
the colon and small intestine displayed some significant alterations in cytokine expression
they were generally produced by the presence of bacteria of any strain. Therefore we only
examined the cytokine expression in the caecum of the co-housed mice. From the co-housed
mice there was a significant difference in the expression of SI00A8 compared to germ-free
mice. Curiously many of the cytokines that were significantly up-regulated in the presence
of bacteria, regardless of ST, in the artificial challenge experiment are not altered in the
co-housed mice. Specifically CXCLI is significantly increased in all groups in the previous
challenge experiment when compared to germ-free, but levels of expression in the co-housed
mice are comparable to germ-free. Again /L-17 expression is increased in all mice in the

challenge experiment but is unaffected in the co-housed mice.
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Fig. 5.25 Expression of multiple cytokines in the caecum of co-housed mice as assayed by
probe based qPCR. Cycle threshold values are normalised to the housekeeping gene pol2ra
(ACt). Points indicate values for individual mice and are coloured according to colonisation
conditions with ST10 colonised mice in orange, ST131 colonised mice in purple and non-
colonised germ free mice in open circles. Lines indicate mean value. Cytokines are grouped
into those generally considered as pro-inflammatory (red box) and those considered anti-
inflammatory (green box). Significance determined by 2-way ANOVA with Tukey’s multi-
ple comparison, * p<0.05, ** p<0.01, *** p<0.001. n=5
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5.3 Discussion

The data presented here indicate that ST131 is able to out-compete a commensal ST10 strain
when introduced into a germ free mouse at the same time. This finding is mirrored by previ-
ous studies demonstrating that ST131 is able to out-compete commensal competitors when
introduced into a mouse concurrently, however, this was achieved using a modified strepto-
mycin treated mouse model [155]. We go on to demonstrate that an invading ST131 isolate
is capable of displacing a resident commensal E. coli strain, both when the invading bacteria
is introduced artificially via oral gavage and when mice are co-housed. In both instances
this displacement occurs in the absence of antibiotic treatment, demonstrating that ST131
possesses some mechanism by which it can displace commensal E. coli. This is in keeping
with recent observations that ST131 strain EC958 is able to colonise mice that have not been
treated with streptomycin [133]. Moreover, ST131 has been observed to spread between
humans with reported transmission within households [69]. In addtion MDR E. coli are the
most frequent colonisers of healthy travellers able to colonise individuals in the absence of
antibiotics [144]. Numerous studies of healthy individuals who travel to regions where an-
tibiotic resistance is endemic have reported varying levels of colonisation of between 30%
and 70% [163], however these studies rely on post travel sampling. A more recent study
which samples healthy individuals throughout their period of travel observed a much higher
colonisation rate of 95% [75]. E. coli was identified to be the most common colonising
species but was only a transient coloniser with multiple individuals exhibiting a short period
of colonisation. Our data fits with the more recent finding of high levels of colonisation,
however we did not observe transient colonisation in this model. Long periods of MDR
colonisation are infrequently reported by traveller studies, for example one study reported
that 33.9% of colonised individuals were still colonised 1 month after travel [128].

From our data the resident commensal strain was not completely displaced and began

to be detectable once more after a period of 7 to 10 days. Similar observations have been
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made of human travellers, specifically individuals that travelled to India and were colonised
by MDR E. coli had a recurrence of their original commensal E. coli upon their return [15].
It is interesting to note that the strains which persisted through the period of travel were
predominantly ST131 while ST10 strains were replaced by other commensal strains. Our
data mimics this observation in that a resident ST131 strain is not displaced by an invading
ST10 strain. Moreover it implies that ST131 is inherently resistant to displacement either by
a commensal or another MDR strain. We observe that the displacement of the commensal
by ST131 lasts longer than the displacement by ST73, this mimics the observation made in
humans where ST131 was observed to persist within a care-home for considerably longer
than other EXPEC clones, such as ST73 [111].

Three weeks after mice were challenged with ST131 we detected increased mRNA levels
of the pro-inflammatory cytokines TNFa, IL1f, IL-6 and CXCLI in the caecum. Expression
of TNFa by plasma cells has been implicated in pathogen clearance in mice [53], while
IL-14 is only produced by mononuclear phagocytes upon exposure to pathogens and not
commensals [51]. IL-1f has also been implicated as important for repair of the epithelial
barrier following colitis [13]. CXCLI is released from epithelial cells to recruit neutrophils
to aid in pathogen clearance [139, 54, 117], lastly IL-6 has a diverse pro-inflammatory ef-
fects including effector cell differentiation [93, 117]. Together these cytokines suggest that
the host is responding to an invading ST131 as a pathogen and that it is attempting to clear it
from the intestine, potentially through plasma cells and neutrophils. Our observed increase
in inflammatory cytokines is confined to the caecum, whilst the other assayed tissues dis-
played alterations in cytokine expression that were not unique to ST131. Previous work has
demonstrated that ST131 colonisation burden, and that of Salmonella, is highest in the cae-
cum compared to other compartments [133, 63], an observation we also make. Moreover our
histology analysis of the small intestine and colon displayed no differences between coloni-

sation conditions. This is consistent with previous work that observed no histopathological



5.3 Discussion 179

differences in the colon of mice colonised with ST131 [133]. Examining the caecum for
histological signs of inflammation would be of great interest. Overall our data indicate that
there is an inflammatory response in the caecum when ST131 is an invading strain. To date
there have been no investigations into the human immune response to colonisation by MDR
bacteria however it has been reported that traveller’s diarrhoea is the most frequently re-
ported symptom by those who are colonised [76]. This is despite the majority of colonising
strains being EXPEC pathotypes rather than InPEC, suggesting that there is a mild inflam-
matory response from the host following colonisation. Moreover, it has also been observed
that travel, and colonisation by MDR bacteria, increases the abundance of Proteobacteria in
the gut [12], this phylum is known to proliferate in inflamed guts [40].

Ultimately the data presented here demonstrates that ST131 is an effective coloniser of
the mouse intestine even in the presence of competing strains of E. coli. ST131 is capable
of rapidly displacing a resident commensal strain to become the dominant bacteria. We
made this observation using an artificial oral gavage in which a large number of bacteria are
introduced into the mouse but the same effect is also observed when mice are co-housed and

a smaller number of bacteria transmit.



Chapter 6

Conclusions & Future Work

The increasing prevalence of antibiotic resistance is threatening health care systems. Pre-
viously treatable diseases are becoming increasingly challenging to treat as we run out of
effective therapeutic strategies. Understanding the emergence and spread of antibiotic resis-
tance is important if we wish to effectively combat it. There are still outstanding questions
over how antibiotic resistance emerges and spreads. It has been documented, and shown by
the data presented here, that antibiotic resistance is not equally prevalent across the E. coli
population but rather concentrated in specific lineages. Moreover these lineages are able
to spread between healthy individuals in the absence of antibiotic selection, implying that
these lineages possess mechanisms for effectively colonising hosts. It is imperative we un-
derstand what factors are permitting these lineages to evolve such high levels of antibiotic
resistance and spread globally. The work presented in this thesis attempts to understand what
distinguishes MDR lineages from the rest of the E. coli population.

Genomic analysis of the E. coli population confirmed that antibiotic resistance is not
equivalently distributed across all genomes. Instead specific lineages display an incredibly
high average number of resistance genes per genome, moreover in excess of 90% of these
populations carry multiple resistance genes. Further work could examine the prevalence

of specific resistance genes in different populations. There is a wide variety of resistance
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genes present in the population which confer varying levels of resistance to their host bac-
terium. For example the presence of a fer gene confers resistance to tetracycline while the
presence of CTX-M confers resistance to multiple generations of f-lactam antibiotics. Cur-
rently, carbapenem antibiotics are considered the last line of defence against MDR pathogens
remaining largely effective, however carbapenemase enzymes are beginning to emerge and
are being spread by select clones of E. coli [172, 169, 50]. The analysis here could be fur-
ther refined to focus on the prevalence of a manually curated database of the most clinically
important resistance genes, such as those which confer resistance carbapenems.

Analysis of functionally annotated pangenomes revealed a significant association be-
tween carriage of antibiotic resistance genes and multiple metabolic categories. Namely
lineages that display a high carriage of antibiotic resistance also show an increased abun-
dance of energy production and conversion genes in their core genome. Further work could
focus on comparisons between the core genomes of lineages to identify specific genes or
pathways that are enriched in MDR lineages. Our pangenome analysis also identified that
MDR lineages display increased variation in genes associated with carbohydrate metabolism
and transport. It would be interesting to repeat this analysis on a genome-by-genome basis,
specifically determining the functional composition of individual genomes as well as the
number, or type, of resistance genes they harbour. Further investigation of the metabolic
capability of MDR genomes would also be of interest, specifically using tools which are
capable or predicting which metabolic reactions a bacterium can perform, based upon its
genome, and correlating those against carriage of resistance. This could be further refined to
focus on genomes which carry clinically important resistance genes, such as those conferring
resistance to carbapenems.

Here we postulate that lineages are experiencing selection on metabolic categories to
facilitate colonisation of new hosts which in turn may increase exposure to antibiotics and

resistance genes. However, it is possible that bacteria are simply responding to the metabolic
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burden imposed by the presence of antibiotic resistance genes and the plasmid upon which
they are carried. Therefore it is important we determine the evolutionary sequence of events;
does metabolic adaptation precede the acquisition of resistance genes. This is a challenging
question to answer from a genomic perspective and may require the use of experimental
evolution experiments.

We hypothesise that our observed metabolic signature associated with carriage of resis-
tance genes is providing a colonisation advantage to MDR E. coli and that these lineages
may be exploiting the host inflammatory response, as has been observed for Salmonella. To
test this hypothesis, we used in vitro cell culture models to compare the competitive advan-
tage of different strains of E. coli. These models failed to fully recapitulate the host response
but did indicate that ST131 is able to out-compete commensal strains. To better model the
host response we moved into a germ-free mouse model. From these experiments we ob-
served that ST131 is able to displace a commensal strain both when artificially introduced
into the mouse and in a co-housing scenario. Further work could determine the minimum
infectious dose of ST131 in comparison to ST73, this could then be expanded to other MDR
and non-MDR ExPEC lineages.

We observed that the order of colonisation affects the interaction between the commensal
and ST131 in our mouse model. specifically ST131 is able to displace a resident commen-
sal but does not prevent a commensal from colonising when ST131 is already established.
These observations were made using CFU assays however there is a threshold of detection
when using this technique, specifically the commensal strain may be present but at too low
a concentration for us to detect. Using qPCR with strain specific primers would allow us
to accurately quantify the amount of each strain present, even if they are several orders of
magnitude different. Using this approach would also allow us to screen for our strain in the
presence of a native microbiota. Including the native microbiome is important for extrapolat-

ing our results to the human population. In the first instance, monitoring strain colonisation
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in an altered Schaedler flora (ASF) mouse model could be used as these mice are more rep-
resentative of conventionally housed mice yet possess a microbiome with known diversity.
ASF mice are colonised by only 8 bacterial species, specifically those which are found to be
most abundant in conventionally housed mice. Importantly E. coli is absent in these mice,
allowing us to introduce our strains of choice.

Our genomic population analysis indicates that carbohydrate metabolism is important to
MDR lineages so it would be of great interest to determine the expression of metabolic genes
in MDR strains as they are invading a host. To achieve this we could sample the gut contents
at the peak of colonisation and measure gene expression by RNAseq. This could reveal
new insights into how ST131 is able to displace commensals. In addition, our genomic data
suggested that carbohydrate metabolism was important to MDR lineages, it would therefore
be interesting to examine the effect of altering the carbohydrate levels in the diet has on
the ability for MDR strains to colonise mice. Morevoer our genomic data identified the
metabolic signature in multiple MDR lineages of E. coli yet we have only tested the ability
of ST131 to colonise mice. Expanding these colonisation experiments, and gene expression
assays, to other MDR lineages such as ST167 and ST648 would be of interest.

We hypothesised that MDR strains would induce a stronger inflammatory response from
the host as they exploit this response to colonise the host. We observed that mice who
had their commensal strain displaced by an invading ST131 exhibited significantly elevated
expression of specific pro-inflammatory cytokines in the caecum 3 weeks after exposure to
ST131. This was not observed in mice where a non-MDR ExPEC strain was introduced.
However these observations were made 3 weeks after the introduction of ST131, this was
past the peak of colonisation by ST131. Therefore it is important that samples of host gut
tissue are collected at earlier timepoints, specifically within a 24 to 72 hour window post
challenge. The host immune response could be determined using a qPCR approach, the

same as for the data presented in Chapter 5. If the results from this are promising further
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investigation could be conducted by RNAseq or isolation of specific immune cells from the
samples, such as neutrophils, macrophages or T cells. Once isolated the activation state
or phenotype of these immune cell populations can be determined using flow cytometry to
assess how the host is responding.

Ultimately the work presented in this thesis demonstrates that antibiotic resistance car-
riage is not equivalent across the E. coli population but instead is concentrated in specific
lineages. Moreover these lineages have an increased abundance of metabolic genes in their
core genome alongside increased variation in carbohydrate metabolism. We go on to demon-
strate that an ST131 strain is able to out-compete commensal strains in an in vitro cell culture
model. The ST131 strain is also able to out-compete the commensal when introduced into a
germ-free mouse. Moreover the ST131 is able to displace a commensal that has already es-
tablished itself in the host, this is observed when the ST131 is artificially introduced as well
as when the mice are co-housed and transmission occurs naturally. This work contributes to

a greater understanding of the evolution of antibiotic resistance and its transmission.
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Appendix A

Supplementary Data

A.1 Fluorescent Plasmid Fitness Cost

Transforming bacterial strains has the potential to affect their growth kinetics, specifically
plasmids may impose a fitness cost on their host reducing their growth rate. In addition the
plasmids used in Chapter 4 were not identical so that bacterial strains could be distinguished
based on fluorescence. It is therefore possible that they exert different fitness costs on the
transformed strains. In order to address this the plasmid transformed strains were compared
to their parental counterparts to measure if they impose any fitness cost or alteration to growth
kinetics. The fitness costs were assessed in nutrient rich LB broth and minimal DMEM
media, strains were adjusted to equivalent optical densities before inoculating media. Both
K12 and F104 showed a moderate delay in growth when transformed with plasmids and
grown in LB (Figure A.1). There was minimal growth of K12 in DMEM making inferences
about plasmid fitness costs difficult. The F104 strain displayed a reduced rate of growth when
transformed with the plasmid and grown in DMEM. The strain 811E7 displayed a minor
delay in growth in both LB and DMEM when the tagging plasmid was present. Whilst FO16
displayed a moderate delay in growth in LB that was heightened when grown in DMEM.

A logistic regression model was fitted to the data in order to calculate generation, which
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were not significantly altered for any of the strains assayed under either media condition
(Figure A.2a & b). While the strains do not display a significant alteration to generation
time there is a delay in exiting the lag phase when the plasmid is present. To investigate
this the ‘time to half carrying capacity’ was calculated from the logistic regression model
(Figure A.2c & d). In LB all strains assayed displayed a significant increase in the time to
half-carrying capacity when transformed with a plasmid. Whilst in DMEM there was no
significant difference between parental and transformed strains.

In addition to the growth kinetics, direct competition between parental and plasmid trans-
formed strains was compared. Strains were mixed in a 1 to 1 ratio and inoculated into fresh
media with growth after 24 hours being assessed. Total growth was measured by CFU assay
on non-selective agar, while plasmid transformants were distinguished with selective agar.
The strains 811E7 (ST10) and FO16 (ST131) were assayed in both LB and DMEM. In both
strains and under both conditions the plasmid transformant was out-competed by its parental
counterpart (Figure A.3). This suggests that the presence of either fluorescent plasmid im-
pairs the growth of the transformed strain.

The plasmids used in this work (pFPV25.1 and pCherry8) are both small plasmids en-
coding fluorescent reporter proteins. Neither plasmid encodes plasmid maintenance systems
such as partionining machinery to ensure that the plasmid is maintained in daughter cells. It
is therefore possible that plasmids are being lost in rapidly dividing populations. The assays
presented cannot distinguish between parental cells and transformed cells that have lost the

plasmid.
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Fig. A.3 Competition assay between parental and plasmid transformed strains. Parental and
transformed strains were inoculated at equivalent densities into the same volume of LB or
DMEM media and grown for 24 hours. Total growth was enumerated by plating onto non-
selective agar (open cirlces) while plasmid carrying strains were identified by plating onto
selective agar (blue dot). Lines indicate geometric mean. Significance determined by t-test
on log normalised CFU values, ** p<0.01, *** p<0.001.
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