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Abstract

Swine production is one of the largest agricultural industries in the world. The use
of antimicrobials for treatment of disease outbreaks and as growth promoters
drives the evolution of antimicrobial resistance in commensal populations of
Escherichia coli in the pig gut. Therefore, the billions of tonnes of pig faeces
generated by production every year are a serious environmental contaminant.
Despite the status of E. coli as an important commensal and pathogen of both
animals and humans, little is known about the genomic characteristics of porcine
commensal E. coli in Australia. The clonal groups, antimicrobial resistance genes
(ARGs), mobile genetic elements (MGEs) and virulence-associated genes (VAGs)

they harbour remain poorly characterised.

In order to address this, we characterised 103 multidrug resistant commensal E.
coli from two Australian farms with a history of antimicrobial use using whole
genome sequencing. Phylogroup A and clonal complex 10 strains with global
origins and a variety of virulence genotypes associated with extra-intestinal
pathogenic E. coli (ExPEC) dominated the collection. Multiple class 1 integrons
augmented by IS26, an important driver of evolution in antimicrobial resistance
loci were observed in multiple sequence types. Whilst no resistance to critically
important human antimicrobials was observed, this suggests swine production is a
reservoir for the evolution of novel drug resistance characteristics that may
transfer to human populations and rapidly acquire resistance to critically

important antimicrobials.

We also identified an ST131 strain carrying an IncHI2 plasmid with multiple ARGs
and a ColV plasmid conferring virulence traits. This strain was highly related to an
ST131 strain isolated from a human infection. Remarkably, the human strain
carried near identical plasmids. The apparent presence of the IncHI2 plasmid in
multiple porcine strains, carriage of metal resistance and identical integrons

strongly suggests the human pathogen originated from swine production.

Whilst there is a need to increase the number of porcine commensal E. coli whole

genome sequences from multiple farms and states in Australia, our findings



support swine production as a reservoir of multiple drug resistance determinants.
Furthermore, a proportion of porcine commensal E. coli are known or potential
human pathogens. Genomic surveillance in swine and other intensively reared
food production animals is critical to the ongoing management of the global issue

of antimicrobial resistance.



Chapter 1: Thesis Overview

1.1 Overview

This thesis by compilation utilised whole genome sequencing to characterise 103
multidrug resistant E. coli isolated from the faeces of piglets on two Australian
farms with an extensive history of antimicrobial use for the treatment of
diarrhoeal disease. The first two results chapters were published during the course
of the candidature and the final results chapter is being prepared for journal

submission.

1.2 Aims
The three major aims of this thesis were to:

1. Determine the population structure, multi-locus sequence types,
antimicrobial resistance genes, virulence-associated genes and plasmid
types of a collection of multidrug resistant porcine commensal E. coli

2. Identify mobilised antimicrobial resistance genes, plasmids, clonal groups
and strains and that may pose a risk to human and animal health

3. Use long read sequencing to fully characterise strains and plasmids

identified in Aim 2 and compare them to relevant human origin strains

1.3 Summary and knowledge added to the field

This thesis addressed an absence of Australian porcine commensal E. coli whole
genome sequences in the literature. It determined the presence of antimicrobial
resistance genes, mobile genetic elements, virulence-associated genes as well as

population structure and multilocus sequence types (STs) present.

The major findings included:
e The STs present in multidrug resistant porcine commensal E. coli, noting
the dominance of phylogroup A and clonal complex 10
e Extensive genotypic drug resistance, a notable feature of which was the
carriage of class 1 integrons associated with IS26
e The global origins of porcine CC10 E. coli, some of which are potential

human pathogens



e Identification of an ST131 strain, a known human pathogen, carrying a large
resistance plasmid that likely evolved within the context of swine
production

e Evidence of potential zoonotic transfer of this ST131 strain and its plasmids

in a case of human infection



Chapter 2: Literature Review

2.1 Antimicrobial Resistance: A Global One Health Issue

Antimicrobial resistance (AMR) is globally recognised as one of the greatest
threats to human health this century. The 2014 World Health Organisation and
2016 UK Government reports on antimicrobial resistance have brought this issue
to the forefront of human health awareness[1, 2]. The prospect of 10 million
deaths and $100 trillion in cumulative costs by the year 2050 stands as a truly
disturbing possibility. The potential costs in Australia are yet to be estimated,
however the 2016 Antimicrobial Use and Resistance in Australia (AURA) report
highlighted the issue as a priority for both the departments of Health and
Agriculture[3].

Antimicrobial resistance arises in bacteria in response to the selective pressure of
antimicrobial use in humans, agricultural systems and contamination of various
environments with antimicrobial residues. It is therefore not simply a human
health issue, but an animal and environmental health issue as well. The paradigm
of One Health; the interconnectedness of human, animal and environmental health
is exemplified by the issue of antimicrobial resistance and the problem needs to be

tackled within this framework[4].

The vast majority of antimicrobial resistance in bacteria is mediated by specific
genes that confer resistance by removing antimicrobial compounds from the cell
or by modifying and degrading them so they are no longer efficacious. The
dissemination of these genes and the bacteria that carry them is the fundamental

basis of the problem of antimicrobial resistance (Fig. 2.1).
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Schematic representation of the emergence and selection of drug resistant bacteria

and MGEs within the One Health framework.

Three concepts that are central to understanding this dissemination are:

1. Clonal dissemination: The movement and proliferation of individual strains
of bacteria that possess antimicrobial resistance genes (also known as
‘vertical gene transfer’).

2. Horizontal Gene Transfer (HGT): The transfer of antimicrobial resistance
genes between different bacteria via MGEs.

3. Antimicrobial Selection Pressure: The selection of resistant bacteria due to

the use of antimicrobials in human and agriculture as well as their presence

in the wider environment.



Horizontal gene transfer is perhaps the most important component of
antimicrobial resistance as it allows bacteria to rapidly spread resistance traits and

promotes their continual evolution.

2.2 E. coli: the highly adaptable global barometer of MDR

E. coliis an ideal model organism for the study of antimicrobial resistance as it is
near ubiquitous in humans, animals and the environment, it may be both a
harmless commensal and a dangerous pathogen, and it can express resistance to
every known antimicrobial class. As a commensal, its major habitat is the
mammalian gut, whilst as a pathogen it may be split into two major subtypes|[5].
Intestinal pathogenic E. coli (IPEC) cause disease within the gut of humans and
animals, mediated by specific, generally well-characterised virulence factors[6].
Contrastingly, extra-intestinal pathogenic E. coli (EXPEC) infect non-intestinal sites
such as the urinary tract, meninges, wounds and blood[7-9]. Most EXPEC are not
diagnostically distinct from commensal strains and their epidemiology is still
poorly understood. This issue is a major theme within this thesis and is discussed

in greater depth below.

The ability of E. coli to pursue vastly differing lifestyles is due to metabolic and
regulatory capabilities as well as genome plasticity[10]. Genome plasticity refers to
the ability of an organism to gain and lose DNA by horizontal transfer,
recombination or mutation in response to selective pressure such as antimicrobial
use or other environmental factors. E. coli is particularly adept in this respect. As
an organism that typically encodes about 5000 genes, the species pan genome is
estimated to comprise 18,000 orthologous genes with as few as 2000 of these

genes being considered ‘core’, or present in all strains[11].

Antimicrobial resistance in pathogenic lineages of E. coli increases morbidity and
mortality as well as healthcare costs associated with their treatment[12]. The
relative contribution of humans, animals and abiotic reservoirs to this problem is
still poorly understood. Nonetheless, it is apparent that multidrug resistance has

increased over time. A 2012 study of food and animal E. coli from the 1950 to 2002

10



indicated the proportion of MDR strains examined over this time period increased
from 7.2% to 63.6%[13]. It is likely current rates are now even higher[12]. The
emergence of pan-resistant strains, those that are resistant to every class of
available antimicrobial is a major concern and dissemination of these strains into
the wider ecosystem would be disastrous. Their presence in hospital sewage and

wastewater is a public health issue that needs to be urgently addressed[14].

2.3 Does agriculture contribute to AMR in humans?

E. coli and AMR in food animals

E. coli in the gut of food production animals is recognized as a large reservoir or
sink in which extensive intra- and inter-species HGT can occur[15]. The sharing of
genetic information between pathogenic and commensal isolates may occur in this
niche and may be accelerated when antimicrobial selective pressure is

present[16].

Antimicrobial resistance is present in commensal isolates for two main reasons.
Firstly, the antibiotics utilised to treat pathogenic infections places selective
pressure on commensal as well as pathogenic bacteria, killing susceptible clones
and allowing resistant clones to re-colonise the gut in higher numbers[17].
Secondly, the use of sub-therapeutic concentrations of antibiotics, known as
antimicrobial growth promoters (AGPs), in-feed to reduce the occurrence of
infection and promote healthy development, similarly places commensal E. coli in
the gut under selective pressure[18]. Fortunately, Australia does not have the
same issues with AGPs as other countries due to stricter regulations and the fact
many antimicrobials used in animals overseas were never approved for animal use
here. As a consequence of sound stewardship practices in Australia, there is only
limited evidence of Gram-negative bacteria carrying genes encoding resistance to

clinically important antimicrobials in pigs[19-21].

AMR in pig production
Pig production is a global business and the health of livestock is paramount for

efficient feed conversion and delivery of safe pork products to consumers. Pigs are

11



a key primary industry for Australia. The Australian Pork Limited 2016-2017
annual report counted 5.16 million pigs at slaughter, yielding 397,000 metric
tonnes of pork and a gross value of $1.277 billion[22]. This pales in comparison to
China, which produces and consumes over half the world’s pork on an annual basis
with almost 55 million metric tonnes of pork predicted to be produced in 2018,
representing an increase of 15 times over the past 50 years[23, 24]. Globally, pork
consumption is on the rise and it is therefore important from a public health
perspective to understand the AMR characteristics of potentially zoonotic
organisms such as E. coli that are a significant by-product of such large scale

production.

Pigs reared in intensive animal production systems are vulnerable to a wide
variety of bacterial, viral and parasitic infectious threats. E. coli is significant in this
regard, being the second most studied porcine pathogen by publication count[25].
Enterotoxigenic E. coli (ETEC) that cause gastrointestinal disease during neonatal,
pre- and post-weaning stages are particularly significant. An outbreak of ETEC
infection can lead to significant stock losses and is expensive to treat and control.
Antimicrobials must be used to control gastrointestinal infections and as a result
multi-drug resistant ETEC are common, especially on farms where recurrent ETEC
infections occur[26]. Whilst ETEC are usually swine-specific due to the adhesins
they encode, E. coli is increasingly reported as an extra-intestinal pathogen in
swine[27-29]. This increase may have implications for the emergence of zoonotic
pathogens among swine and remains a poorly explored area of study. The major
issue however is that antimicrobial use in the treatment of any infection selects for
multi-drug resistant commensal E. coli in the gut of treated animals, which
increases the risk of dissemination of antimicrobial resistance genes into the
biosphere[17, 30]. The potential scale of this spread is alarming given the ever-
increasing scale of global production and the fact that pigs each produce around

5kg of liquid faeces a day, carrying between 10%and 108 E. coli per gram[23, 31].

Specific antimicrobial use can be correlated with resistance phenotypes and
genotypes when usage data is available[32], however national and global

antimicrobial usage is very difficult to monitor due to varying surveillance

12



methodologies utilised by reporting bodies in different countries as well as off-
label use of antibiotics[18]. Antimicrobial use in the swine industry in Australia
was last surveyed in 2009. 197 herds were surveyed accounting for roughly half
the country’s large pig herds (>200 sows)[33]. The study examined antibiotic use
through injection, in-feed and in-water administration for the treatment of various
common pig diseases such as ETEC infection. The most common antimicrobials
used included penicillins, tetracycline, sulfonamides, macrolides, and
apramycin/neomycin. The majority of these commonly used compounds are
considered to be of low importance for human health by the World Health
Organisation[34, 35] and the Australian Antimicrobial Resistance Standing
Committee[36]. The accuracy of that assessment is debatable due to the potential
for co-selection of resistance determinants[37, 38]. Resistance genes for both low
importance and critically important antibiotics may be proximally located on the
genome of an organism or on MGEs. This could allow for the selection of resistance
to a critically important drug by treatment with a supposedly low importance

drug.

Globally, resistance to ampicillin, streptomycin, sulfonamides and tetracycline is
widely disseminated in commensal isolates from pigs and other food production
animals[15, 39]. Multiple resistance to all four classes of these ‘older’ antibiotics
that have been in use for decades is also common in commensal E. coli in Europe
according to consecutive European Union reports[40, 41]. A 2011 investigation
into resistance in pigs and poultry in China found high rates of multi-resistance;
81% in a pool of over 500 E. coli samples. Consistent with European reports,
resistance to ampicillin, streptomycin, sulfonamides and tetracycline were most
frequently observed in the Chinese study[42]. Within the food production chain,
this resistance pattern persists as highlighted by another European study of E. coli
in retail meat products. Forty-six E. coli isolates from retail pork were tested with
32.6% resistant to more than one class of antimicrobial and 8.7% resistant to more
than four classes. Once again, resistance to ampicillin, sulfonamides, streptomycin
and tetracycline were most frequently observed[43]. Few studies account for
genotype to support phenotypic data however Szmolka et al found the dominant

genes accounting for resistance phenotypes in pigs were blatem, sul2, aadA2-like,

13



strA/strB and tet(A/B). Whilst there is very little data on commensal pig isolates
from Australia, resistance phenotypes and genotypes of ETEC from pigs are highly
similar to previously mentioned studies on commensals[44, 45]. Full genotypic
characterisation of populations is absent and may be filled by generating large-

scale genomic datasets that illustrate the situation for pigs in Australia.

Resistance to critically important human antibiotics including fluoroquinolones
and extended-spectrum cephalosporins (ESCs) was recently reported within
pathogenic and commensal E. coli of porcine origin in Australia[20, 46]. Whilst one
farm had high levels of ESC resistance, the overall carriage of fluoroquinolone and
ESC resistance in pathogenic strains from veterinary diagnostic labs was low. Their
emergence in swine is concerning as fluoroquinolones are banned for use in food
animals, indicating this resistance has infiltrated pig production from an external
source. ESCs are a last-line, off-label treatment available for ETEC so the
emergence of resistance in swine is a major concern[20]. Resistance to quinolones
and extended-spectrum beta-lactams has also been observed in commensal
isolates in other parts of the world[47-49]. In China, high levels of resistance to
quinolones and cephalosporins in faecal E. coli from pigs highlights the potential
for bacteria to acquire resistance to newer antimicrobials that play a significant

role in human medicine if their use is not adequately managed and controlled[42].

The role of pig production in the evolution of AMR

Historically, studies of resistance in animal-associated E. coli have documented
similarities to human strains with regard to resistance and virulence traits
however these are limited by the fact that genes are usually screened for in
isolation[50-54]. More recently, studies utilizing whole genome sequencing have
increased the resolution of the comparisons that can be made, however numerous
limitations are present in every study, including the exclusive selection of ESBL-
producing E. coli, lack of temporally and geographically related isolates and
unbalanced sample sizes from different reservoirs[55, 56]. Furthermore,
comparisons with poultry and their associated meat products are more common

than studies concerning other animals.
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Whilst transfer between animals and humans undoubtedly occurs in both
directions, studies have not addressed the evolution of resistance plasmids and
other ARGs in association with MGEs within swine production. Many studies are
eager to assign a source to the resistance genes or plasmids they find but ignore
the potential role animal production could play in the evolution and amplification
of successful plasmids and MGEs. This is critical, as resistance plasmids, regardless
of origin, continue to evolve in these reservoirs under unique selective pressures
and can be trafficked into human populations via multiple pathways. Whole
genome sequence analysis of multiple plasmids is required to determine if
resistance traits observed in clinical pathogens actually evolved or originated in
animals or whether they have alternative origins. It is undoubted that both food
animal and alternative sources play a role, though the relative contribution of each

should be established.

In terms of swine production, antimicrobial use is the obvious factor that might
drive the evolution of ARGs and MGEs that circulate in the environment, however
feed supplementation with heavy metals is another major factor in swine
production that is potentially overlooked[57-59]. Copper and zinc are common
additives to pig feed and select commensal bacteria that are resistant to these
heavy metals. These heavy metal resistance determinants are frequently found to
be co-resident on plasmids that also carry ARGs. This linkage allows the continued
selection of AMR plasmids in swine production even in the absence of antibiotic
use and could be a potential indicator of plasmids that originate from swine and

other production animals[60].

2.4 Genetic basis of AMR

Background

ARGs do not exist in isolation within bacterial genomes. In E. coli they tend to
cluster together on mobile plasmids where minimal fitness cost is incurred by
their acquisition, because critical metabolic genes are not affected and it is

advantageous to possess resistance determinants[61]. These regions are known as
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complex resistance loci (CRL) and may comprise ARGs, heavy metal resistance
genes and virulence-associated genes in conjunction with a variety of MGEs
responsible for their mobility. A number of MGEs such as plasmids, integrons,
insertion sequences (IS) and transposons play a critical role in the mobility and
dissemination of resistance genes in E. coli[62, 63]. Complex resistance loci are
primarily generated by homologous recombination, site-specific recombination
and the transposition of insertion sequences and transposons harbouring
resistance genes[62]. These loci form incrementally, by a series of one-off genetic
events that are selected for by antimicrobial use in food animals, clinics and
residues in the environment. This yields both mosaic and nested genetic structure
where individual or multiple modules may be individually mobile. A good example
of this is the R100 plasmid, which carries multiple ARGs, transposons and IS
elements on a self-transmissible plasmid backbone (Fig. 2.2)[64]. Despite their
prevalence in commensal isolates, MGEs in pathogenic isolates are described far
more frequently. Furthermore, most epidemiological studies only screen for
presence of individual genes using PCR as opposed to characterizing the variable
and mosaic structure of plasmids and resistance regions, which evolve in response
to fluctuating selective pressures. These complex resistance structures persist
because the use of one antimicrobial can select for physically associated genes
mediating resistance to an array of antimicrobials. Characterising complex
resistance loci and the plasmids that carry them is important because the MGEs
that comprise part of their structure are capable of transferring their multiple
resistance genes between bacteria in a single event allowing the rapid

dissemination of MDR in bacterial communities.
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Figure 2.2

Schematic representation of R100, illustrating mosaic and nested structure of a

complex resistance locus on a mobile plasmid backbone[64].

Plasmids

Plasmids are circular, self-replicating, extra-chromosomal DNA molecules that are
carried by bacteria as accessory elements, typically encoding mechanisms of
antimicrobial resistance, heavy metal resistance, virulence and fitness[65].
Plasmids are typed into incompatibility groups based on the sequence of their
replication genes. Mechanisms of incompatibility ensure plasmids of the same
incompatibility group do not co-reside in a single cell, insuring against the fitness
cost associated with carrying redundant genetic material. Plasmid multilocus
sequence typing (pMLST) schemes are available for a number of common
incompatibility groups allowing greater resolution of lineages from an
epidemiological perspective[66]. These schemes are useful yet still limited and
whole genome sequencing and analysis of complete plasmids is preferable.
Multidrug resistance plasmids in pathogenic E. coli are common and are

increasingly characterised in their entirety as next-generation sequencing
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approaches become mainstream, although closing plasmid sequences is still
problematic using current short-read sequencing technologies. The emergence of
long read sequencing is beneficial in this regard as read lengths can span across
large CRLs and allow important plasmids to be fully characterised. Cost is still an
issue for accessibility to this technology, however the number of closed plasmid
sequences on GenBank generated by long read sequencing has increased

dramatically over the past few years.

Plasmids that carry mosaic resistance regions typically form as a result of
recombination between different plasmids, insertion of transposons and insertion
sequences[15]. Incompatibility types carrying multiple resistance determinants in
E. coli include IncF, Incl1, IncHI1, IncN and IncA/C (though IncA/C has since been
shown to comprise separate and compatible IncA and IncC groups)[65, 67-73].
These plasmid types are reported globally carrying ARGs in pigs however
literature has recently become extremely biased towards plasmids carrying
extended spectrum beta-lactamases (ESBLs) and colistin ARGs such as blacrx-m and
mcr variants[74-78]. The use of these antimicrobials in overseas food production
systems is a significant factor in the emergence of resistance[75]. Plasmid-
mediated colistin resistance has not been reported in Australian pigs, likely due to
the fact it has never been used in Australian food production. However, blacrx-m-
carrying Incl1 plasmids were recently identified in an Australian pig farm with a
history of ceftiofur use[20]. It is evident that specific antimicrobial use dictates the
abundance of plasmids carrying resistance determinants in pig production.
However, it is important to determine if these plasmids are simply from external
sources in response to selective pressure or whether plasmids that are already
successful in pigs acquire the determinants on other mobile elements. Both of
these scenarios occur, though the balance between them depends on a myriad of
factors with trends likely to be different on local, regional and global scales. Other
plasmid types previously reported in Australian pigs include IncF and IncHI1,
though it is apparent significant diversity exists[79]. Whole genome sequence
analysis of plasmids and the ARGs they carry in porcine E. coli from Australia is

currently lacking.
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Class 1 integrons

Integrons are gene-capture and expression systems that are capable of both
acquiring and losing gene cassettes. Integrons capture and express gene cassettes,
typically conferring resistance to antimicrobials, which may be expressed in
tandem; this is known as a cassette array. This allows bacteria to express an MDR
phenotype with minimal fitness cost, as other genes are not interrupted by the
insertion of additional cassettes[80, 81]. Gene cassettes are circularised promoter-
less open reading frames with an attachment site attC, for site-specific
recombination with the variable region of the integron (Fig. 2.3). Gene cassettes
encode a wide range of proteins and are widespread in soil and marine
environments[82]. While most well characterized gene cassettes are sourced from
clinically relevant bacterial pathogens and encode resistance to mainstream
antibiotics, the vast majority of gene cassettes from bacterial populations that
reside in soil and aquatic environments encode functionally uncharacterised
hypothetical proteins[83]. The abundance of uncharacterized genes reflects the
evolutionary utility of integrons as highly variable gene expression systems
allowing bacteria to quickly adapt to different environmental and anthropogenic
pressures. This ability is invaluable to bacteria under the stress of antibiotic
treatment and provides some explanation as to the abundance of integrons now
observed in clinical bacteria. It is a major concern that these human-evolved
integrons are now present in previously pristine natural environments as a form of

anthropogenic pollution[84].

Integrons are designated classes based on the nucleotide sequence of the integrase
gene, with classes 1, 2 and 3 being the most commonly observed in clinical and
commensal E. coli isolates[83]. Bounded by inverted repeats, conserved or ‘typical’
class 1 integrons consist of two conserved segments that flank the cassette array
known as the 5°-CS and 3°-CS. The 5°-CS consists of the class 1 integrase gene intl1
encoding a site-specific recombinase responsible for insertion of free gene
cassettes into the variable region at the attl site. This recombinase also contains a
promoter region so that gene cassettes can be shuffled and upregulated in
proximity to the promoter. The 3'-CS consists of sull sulfonamide resistance gene,

qacEA1 and a truncated transposition module tniAA (Fig. 2.3)[85]. Clinically, they
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are usually observed on plasmids of varying incompatibility types and genomic
pathogenicity islands however within environmental isolates they are often
located on the chromosome[63]. ‘Atypical’ class 1 integrons are those that do not
exhibit the classical structure and may form by recombination or interruption by
IS elements. Integrons that possess a sul3 3°-CS instead of sull are one such
example that have been identified in humans and animals globally[86-89]. IS
interrupted integrons are also common and may be associated with composite
transposons carrying multiple ARGs[90, 91]. Atypical integrons are important
because their association with IS elements provides a platform for the evolution of
novel resistance structures via [S-mediated transposition and recombination. IS
insertions may also be used as genetic signatures to track the spread of specific

integrons for epidemiological purposes[92].

5’-CS 3’-CS

- sull  HORFS

P b

Pint

Resistance gene 2

Figure 2.3.

Schematic diagram of class 1 integron showing 5" and 3" conserved segments, attl

and attC recombination sites and gene cassettes[63].

As integrons are not individually mobile, their mobility is dependent on associated
mobile elements such as plasmids and transposons such as mercury resistance
transposon Tn21[93]. Tn21 has played a significant role in the dissemination of
antimicrobial resistance in association with class 1 integrons. The ubiquity of
antimicrobials and mercury in the environment provide strong co-selective

pressure for the maintenance of both Tn21 and associated integrons.
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Numerous international reports indicate integrons are widespread in swine,
encoding resistance to antimicrobials commonly used in production, though most
studies are limited to PCR data and none have performed whole genome
sequencing to elucidate their diversity and contextualise their location on
plasmids[39, 94-96]. Prior to this study there were no whole genome sequencing

papers characterising integrons in Australian pigs and only one PCR study[44].

Insertion sequences

Insertion sequences (IS) are small MGEs typically defined by inverted repeats and
an open reading frame encoding a transposase[97]. They persist in bacterial
genomes due to their common association with antimicrobial resistance genes
[97]. When an insertion is not fatal to an organism and selective pressure is
present, bacteria are more likely to retain antimicrobial resistance gene-associated
IS elements. This stable insertion site is then established as a location for the
acquisition of further mobile elements and resistance genes which may form
complex resistance loci as they accumulate[62]. IS are incredibly diverse and
associated with a wide variety of ARGs in gram-negative bacteria[98]. IS26 is
arguably the most significant and successful of these elements for a number of
reasons. It is associated with many different resistance genes, has a unique
mechanism of transposition, recognises itself, has no copy number control, forms
novel mobile CRLs, and plays a role in plasmid evolution, stability and formation of
novel co-integrates[91, 97-106]. The carriage of IS elements in Australian porcine

commensal E. coli is yet to be studied.

Transposons

Transposons are MGEs that encode mechanisms for their own excision and
insertion into non-homologous DNA molecules. They carry accessory genes, which
are often ARGs, in a wide range of hosts. Within E. coli common transposons
include derivatives of Tn3, Tn5 and Tn7, which encode resistance to ampicillin,
kanamycin, and trimethoprim and streptomycin respectively[107]. They are
typically observed on plasmids and within genomic islands in association with
integrons and insertion sequences. Metal resistance transposons in particular are

often associated with ARGs on plasmids due to environmental contamination with
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heavy metals such as mercury, copper and zinc[60]. Wastewater is a particularly
important reservoir of these plasmids though they may be selected in swine
production due to in-feed copper supplementation[71, 108]. Tn21 is a key example
of this phenomenon due to the role it plays in mobilizing integrons in both natural
and clinical environments [93]. A Tn7-like transposon is also known to carry

copper and silver resistance genes in E. coli and S. enterica species including those
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originating from pigs (Fig. 2.4) [108, 109].

Figure 2.4
Example of an atypical sul3 integron, associated with Tn7-like copper/silver
resistance transposon on an IncHI2 plasmid backbone from an Australian porcine

S. enterica strain. Figure from Billman-Jacobe et al[109].

2.5 E. coli in humans and animals; where do ExPEC originate?

In addition to the evolution and spread of AMR via commensal E. coli that do not
usually cause infectious disease, animal production poses a risk to human health
via the evolution of zoonotic pathogens. Whilst the spread of AMR alone is a major
concern, the evolution of MDR zoonotic pathogens increases the severity of the
consequences. The case of 0157:H7 enterohaemolytic E. coli (EHEC) originating
from cattle represents a well-documented instance of MDR zoonosis[110]. By
contrast, much debate still remains over the contribution of animals to EXPEC in

humans. ExPEC are defined as E. coli causing disease outside the gastrointestinal
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tract with subtypes including uropathogenic (UPEC), those that cause urinary tract
infections, pyelonephritis and sepsis, and neonatal meningitis-associated (NMEC),
those that cause meningitis in newborns. They represent a significant burden on
healthcare worldwide and disproportionately affect women and immune-
compromised individuals such as children and the elderly[111]. Drug resistant
EXPEC exacerbate rates of morbidity and mortality and increase financial costs

associated with treatment.

The evidence for human ExPEC being a case of zoonosis is less clear-cut than
intestinal pathotypes, however there is a growing body of literature that suggests
EXPEC zoonosis does occur. The difficulty in proving EXPEC zoonosis is mostly due
to due to the lack of consensus regarding the conserved molecular characteristics
of EXPEC. There is significant genetic diversity in E. coli that cause extra-intestinal
infections because they are actually a subset of commensal E. coli resident in the
faecal microbiome. Furthermore, unlike EHEC, which encode toxins that may be
used as diagnostic markers, EXPEC exhibit significant variability with respect to
the virulence-associated factors they carry and cannot be reliably classified using

molecular markers despite attempts to do so[112, 113].

Due to these issues of classification, EXPEC is typically defined based on isolation
site. Despite the lack of clear classification, numerous virulence-associated genes
(VAGs) are commonly found within EXPEC. VAG is a useful term in this regard
because the presence of these genes does not necessarily confirm pathogenicity.
VAGs within ExPEC include adhesins, toxins, nutrient acquisition systems and
protectins among others[7]. Many of these factors have been demonstrated to play
arole in colonisation of the urinary tract, however many of them are also
associated with intestinal fitness[114]. This suggests that ExPEC should be

considered opportunistic pathogens.

The concept of EXPEC zoonosis requires that E. coli of animal faecal origin
contaminating meat at slaughter may be consumed by a human and pass
asymptomatically through the gastrointestinal tract before cross-contamination of

the urogenital tract resulting in cystitis[51, 115]. Supporting evidence includes
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shared VAGs and STs in animal, meat and human E. coli and the ability of food
isolates to cause UTI in mice[92, 112, 116]. This model has the potential to explain
one pathway for the transfer of ARGs and pathogens from agricultural sources to
human pathogens. A recent genomic study provided the most convincing evidence
of this pathway thus far, showing that a proportion of human urinary tract
infections were likely originating in poultry meat in Flagstaff, Arizona[117].
However, it is certainly not the only potential pathway and the current data is not
sufficient to infer how frequently this occurs. Furthermore, it is not reasonable to
assume that the movement of drug resistant organisms between animals and
humans is unidirectional. Other sources need to be investigated thoroughly
including natural waterways and wastewater treatment facilities that release
effluent contaminated with ARGs and pathogens back into the environment[64].
There are diverse pathways for bacteria and resistance genes to move between
various niches and far more work needs to be done to understand the relative

contribution of each to the issue of AMR in human infections[52].

Global pandemic lineages and the case for zoonosis

A number of pandemic lineages of EXPEC are responsible for a large proportion of
extra-intestinal infections in humans. Within urinary tract and bloodstream
infections these include ST131, ST69, ST95 and ST73 among other less prevalent
clonal groups[114, 118]. ST131 is one of the most common and important
sequence types isolated from urinary tract infections globally, primarily due to its
resistance to fluoroquinolones and third generation cephalosporins[119]. The
evolutionary and epidemiological history of this pandemic sequence type is still
not fully understood, however a highly clonal sub-lineage, known as H30Rx, is
globally distributed and carries conserved fluoroquinolone and cephalosporin
resistance. It was initially thought that its success was primarily due to SNPs
conferring fluoroquinolone resistance and carriage of blacrx-m ESBL genes.
However, the global distribution of its antimicrobial susceptible evolutionary
precursors H22 and H41 has somewhat complicated a comprehensive
understanding of ST131. H22 and H41 have been isolated from wild, domestic and
food production animals and the reason for their success is likely to be

multifactorial[117, 120, 121]. A recent study identified H22 as a potential zoonotic
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agent being transferred from chickens to humans via meat[117]. ST95 is another
sequence type that has been identified as potentially zoonotic due to its association
with poultry, UTIs and meningitis[122]. ST95 strains typically don’t express multi-
resistance and are often fully susceptible, implying that drug resistance is not the

only factor that plays a role in the emergence of pandemic clones[114, 123].

Whole genome analysis needs to be undertaken on spatially and temporally
matched isolates from each niche within the pathway to determine which
sequence types present a risk and the frequency at which these transfer events
occur. This project will not go so far, however it will provide characterized
genomes of porcine and human origin for future comparison with publicly

available ExPEC genomes.

Pigs and ExPEC

Poultry are the most frequently implicated food animal that may play a role in the
evolution and spread of drug resistant ExXPEC to humans. By contrast, pigs are
neither recognised as a source nor well studied in this regard. Various
combinations of ExXPEC VAGs have been observed in commensal E. coli from pigs in
Australia however phylogenetic background was not comprehensively
established[124]. A 2008 German study examined 331 E. coli isolates from a sow
and five offspring pre- and post-weaning and found a correlation between higher
numbers of VAGs and successful gut colonization in piglets, reiterating the
association of VAGs with fitness[125]. The rise of ExPEC infections within pigs in
China in particular raises the possibility that pigs may also be a source of ExPEC
that could infect humans. Surprisingly, a number of these reports identify
phylogroup A and clonal complex 10 strains as the most common groups causing
infections[28]. Phylogroup is A is typically considered to be commensal and non-
pathogenic, whilst CC10 is a common commensal of humans and animals.
Furthermore, CC10 strains are increasingly reported as extra-intestinal pathogens.
These studies typically fail to comprehensively compare virulence, AMR and
phylogenetic characteristics together; instead relying on outdated phylogrouping
methods and limited arrays of VAGs. Whole genome sequencing of larger

collections that cover all these aspect are required to develop an understanding of
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the potential role of swine production in the evolution of MDR ExPEC.

2.6 Conclusions

Comprehensive whole genome-based epidemiology of porcine E. coli is yet to be
undertaken. Studies to date tend to compare virulence, AMR or phylogeny in
isolation, which limits the epidemiological conclusions that can be made when
comparing to spatially or temporally unrelated sequences. This thesis will
contribute to this gap in the literature by characterising the population structure,
sequence types, VAGs, ARGs, integrons, plasmids types and MGEs present in a

collection of MDR porcine E. coli from Australia.
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Chapter 3: Research Methodology

3.1 Study design

Strain selection

The 68 E. coli strains characterised in this thesis are a subset of strains from a
larger collection of 171 isolates from 23 piglets. They were collected via rectal
swabs from 19-30 day old piglets in 2007 on a farm in NSW, which had a history of
neomycin use for treatment of post-weaning diarrhoea. They were isolated on
MacConkey agar at the Elizabeth MacArthur Agricultural Institute (EMAI) with up
to ten colonies from each piglet being selected. They were originally screened by
PCR at EMAI for a suite of ARGs, VAGs and class 1 integrase gene intl1. 168/171
(98%) strains were positive for intl1 suggesting that most were MDR. One hundred
intl1+ strains were initially selected and Illumina whole genome sequenced for
study in this thesis and this number was reduced to 68 isolates from 21 pigs after

removal of strains that appeared to be clones and poor quality genome sequences.

The E. coli strains used in this study originated from a farm where antimicrobials
had been used extensively to treat outbreaks of diarrhoeal disease caused by ETEC.
This represents a perfect scenario to examine antimicrobial resistance in a setting
where selection pressure is high, however it may not reflect the situation on other
pig farms with lower antimicrobial use. Whilst efforts were made to isolate
multiple colonies from individual pigs, sampling bias is unavoidable and it is
impossible to know if the true diversity of a population has been captured by any
given sampling methodology. The collection nonetheless exhibited diversity in
both phylogenetic background and ARG and VAG carriage so we consider this to be
a minor issue. It would have been desirable to sample multiple farms across the
country, however this was not feasible. This is somewhat addressed in Chapter 4
where this collection was combined with isolates from another farm that formed

part of another student’s thesis.

Genomic epidemiology
As discussed in the previous chapter, the emerging discipline of genomic

epidemiology is best placed to characterise and understand the dissemination of
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antimicrobial resistance and pathogenic lineages of E. coli between humans,
animals and the environment. It provides far superior resolution, reproducibility,
scalability and throughput relative to traditional molecular techniques[1].
Furthermore, most bioinformatics tools used in genomics are open-source, making
this field far more accessible than molecular biology and resulting in a large online

support community.

However, the field is still in its infancy and there are some limitations worth
discussion. Firstly, not all open-source software is peer-reviewed and published so
some programs may be more reliable and methodically robust than others.
However, most open-source software is developed by experts and reputable
university-based institutions, and examination of relevant literature indicates
what programs are widely used and accepted. Secondly, genomic analysis typically
relies on ‘workflows’ where multiple programs are required to complete an
analysis. Workflows may vary widely depending on the research question being
addressed. This results in a lack of standardisation and therefore it is sometimes
difficult to compare results between studies. This is particularly an issue with

regard to phylogenomics.

Genomic epidemiology requires comparison of bacterial strains from diverse
sources, locations and times in order to understand the spread of antimicrobial
resistance genes and lineages. The sample size required to make meaningful
conclusions far outreaches any individual’s ability to sample from the field. The
advent of public sequence databases such as GenBank and Enterobase addresses
this problem to an extent, though it is not without its pitfalls. For example,
approximately one-third of E. coli sequences in Enterobase are deposited with
metadata for source, year and country of isolation, rendering about two-thirds of
the database useless to epidemiological study. Furthermore, a significant bias
towards human-origin isolates clearly exists, making it difficult to assess the role
of agriculture and environmental isolates. As the number of publicly available
sequences increases exponentially and greater consideration is given to non-
human sources of bacteria and AMR, these issues should lessen. Nonetheless,

despite the small number and diversity of useful sequences to compare, some
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striking trends may still be observed and this approach is far more powerful than

anything the field of infectious disease epidemiology has had to date.

3.2 Methodology

Full methods and materials can be found in each results chapter. This section will

broadly describe and discuss the overall methodology of the thesis.

DNA isolation

DNA isolation for [llumina sequencing was performed using the Bioline™ ISOLATE
II Genomic DNA Kit. These kits provide cheap, fast, reproducible DNA isolation
suitable for amplification-based Illumina short read sequencing.
Phenol-chloroform extraction was used for Nanopore long read sequencing. Long
read sequencing requires pure, concentrated, high molecular weight DNA as there

is no amplification step and shearing of DNA yields poor sequence data.

DNA sequencing

lllumina HiSeq

The collection of porcine E. coli was sequenced using an [llumina HiSeq 2500.
[llumina sequencing is the gold standard of short read sequencing. It provides
highly accurate nucleotide base calls however short read lengths are problematic
in assembling complex antimicrobial resistance regions that contain a lot of
repetitive sequences. This form of sequencing is also relatively inexpensive when
compared to newer, long-read technologies. More information on full protocols

can be found in the Methods and Materials section of Chapter 4.

Oxford Nanopore Technologies MinlON

An ONT MinION was used to perform long read sequencing on two strains
described in Chapter 6. Nanopore technology produces reads up to 40kb in length,
allowing complex drug resistance regions to be read through and assembled in
their entirety. Base calls are not as accurate as [llumina but this problem was
resolved by performing hybrid genome assemblies, which use both Nanopore and

[llumina reads.

Sequence assembly
Short read assembly
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A5-miseq was used to generate de novo short read assemblies analysed in Chapter
4[2]. This allowed partial characterisation of resistance regions in the strains,
however as with all short read sequencing, complete assembly of resistance

regions was not possible.

Hybrid assembly

Unicycler was used to perform hybrid assemblies with Oxford Nanopore reads and
[llumina reads. Briefly, Unicycler generates a short read assembly, and then uses
the long reads to bridge the gaps, usually yielding closed chromosomes and
plasmids. Finally, it performs a polishing step, using the short reads to ensure the
base calls of the final contigs are accurate[3]. Bandage is a program that allows
visualisation of the quality of these assemblies and was used in conjunction with
Unicycler[4]. This method allowed full characterisation of the plasmids present in

the sequenced strains (see Chapter 6).

Strain typing and phylogenetic analysis

Multilocus sequence typing (Achtman MLST)

MLST for E. coli assigns allele numbers to the nucleotide sequence of seven
housekeeping genes and the unique combination of these allele numbers
corresponds to a sequence type (ST)[5]. Allele combinations that differ by one or
two allele designations belong to the same clonal complex (CC). MLST provides far
greater resolution than serotyping, PFGE and other molecular methods and is
useful for identifying dominant groups of E. coli. However, it is increasingly
supplemented by SNP-based whole genome phylogeny approaches for superior
delineation of strains. There are numerous viable approaches for inferring
phylogenies with whole genome sequences. Whether or not the sequences being
analysed are closely related is a major consideration in this respect. Inferring
phylogenies typically involves alignment of sequences to a reference genome or
gene database, removal of recombinant regions and tree inference using

maximum-likelihood Bayesian models of bacterial evolution.
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Phylosift

Phylosift, originally designed for the analysis of metagenomic sequences, is
optimal for sequences that are diverse as it utilises a concatenated alignment of the
amino acid sequence of 37 ‘elite’ gene families, usually found in single copy in
bacteria in addition to ribosomal and mitochondrial gene families to infer
phylogeny|[6]. Phylosift therefore avoids reference genome induced bias and the
need for removal of recombinant regions. Phylosift was used for creating a

phylogeny of the full collection of porcine E. coli in Chapter 4.

SNP-based

SNP-based core genome phylogenies are excellent for reconstructing the
evolutionary history of closely related sequences such as strains of the same
multilocus sequence type or clonal complex. We used Snippy
(https://github.com/tseemann/snippy) for this purpose as it is built on reliable
and established tools such as BWA[7] and Freebayes

(https://github.com/ekg/freebayes). Furthermore, it is fast and generates full and

core alignments of all strains aligned to the same reference genome. It is therefore
easy to use with downstream applications such as Gubbins and FastTree2.

We used Gubbins to filter full alignments for recombination. Gubbins identifies
regions of recombination based on elevated base substitution densities and is
widely used for recombination of haploid genomes|[8]. This approach using Snippy

and Gubbins was utilised in Chapters 5 and 6.

Inference of phylogenetic trees
We used FastTree2 under a generalised time-reversible model to draw maximum-
likelihood trees from all alignments. FastTree?2 is fast and accurate for large

alignments, such as those we generated in Chapters 4 and 5 in particular[9].

Gene screening

One of the great advantages of WGS in epidemiology is the ability to rapidly
identify the presence or absence of any genes of interest. There are two ways to go

about this; assembly-based and short read-based.
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Assembly-based

Assembly-based gene identification first requires the generation of a de novo
assembly followed by identification using the National Center for Biotechnology
Information (NCBI) Basic Local Alignment Search Tool (BLAST)[10]. This tool is
implemented online and is also available as a command line tool. The latter is
particularly useful for screening large collections of genomes against large
databases of genes. The advantage of this tool is its speed, particularly when run in
parallel on a high-performance computing environment. The only disadvantage is
the potential for assembly bias, where misassembly may result in a gene being

incorrectly determined present or absent.

Short read-based

Short read-based methods avoid the issue of assembly bias by aligning short reads
to reference genes. We used ARIBA for this purpose. Like BLAST, ARIBA can be
used with any gene database and can additionally identify novel alleles and amino
acid changes. It also produces summary output with simple gene presence or
absence as an advantage over the sometimes convoluted output generated by

BLAST[11].

Gene Databases

The Centre for Genomic Epidemiology (CGE) maintains a number of excellent and
extensive databases of genes relevant to genomic epidemiology. These are
available as web-based screening tools, however they are also compatible with
ARIBA. Databases used in this thesis include ResFinder, VirulenceFinder,
PlasmidFinder, pMLST and SerotypeFinder[12-15]. We also utilised a custom
database of genes derived from relevant literature to supplement the CGE

databases.

Genome annotation

In order to fully characterise plasmids examined in Chapter 6, we utilised Rapid
Annotation using Subsystems Technology toolkit (RASTtk) via the Pathosystems
Resource Integration Centre’s (PATRIC) online Bacterial Bioinformatics Resource

Centre (https://patricbrc.org/)[16]. This allowed identification of hypothetical and

40



predicted proteins in addition to ARGs, VAGs and plasmid related genes we
identified with BLAST.

Comparative analysis

SnapGene

SnapGene (GSL Biotech) is a proprietary desktop program for visualisation and
annotation of nucleotide and amino acid sequences in a variety of formats. It is
useful for manual editing of automated annotation and generates quality maps of

plasmids for export.

BLAST Ring Image Generator (BRIG)

BRIG is a Java-based tool for BLAST-based comparison of nucleotide sequences. It
is useful for visualising sequence homology and deletions in chromosomes and
plasmids[17]. One shortcoming is its inability to visualise insertions or additional
gene content in sequences selected for comparison relative to the reference

sequence.

Data visualisation

Visualising phylogenetic trees in conjunction with relevant metadata and gene
carriage information is critical in genomic epidemiology. For phylogenetic trees
and metadata we used the Interactive Tree of Life (iTOL) web server

(https://itol.embl.de), which allows tree extensive manipulation and

programmatic editing of metadata. To visualise gene screening results we used the
R package ggtree, which also allows extensive tree manipulation and generation of

heatmaps[18]. Whilst it is more flexible than iTOL, it is less user-friendly.

41



3.3 References

1. Wyrsch ER, Roy Chowdhury P, Chapman TA, Charles IG, Hammond JM et al.
Genomic Microbial Epidemiology Is Needed to Comprehend the Global Problem of
Antibiotic Resistance and to Improve Pathogen Diagnosis. Front Microbiol 2016;7:843.

2. Coil D, Jospin G, Darling AE. A5-miseq: an updated pipeline to assemble
microbial genomes from Illlumina MiSeq data. Bioinformatics 2015;31(4):587-589.
3. Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: Resolving bacterial genome

assemblies from short and long sequencing reads. PLoS Comput Biol
2017;13(6):€1005595.

4, Wick RR, Schultz MB, Zobel J, Holt KE. Bandage: interactive visualization of de
novo genome assemblies. Bioinformatics 2015;31(20):3350-3352.
5. Wirth T, Falush D, Lan R, Colles F, Mensa P et al. Sex and virulence in

Escherichia coli: an evolutionary perspective. Molecular Microbiology 2006;60(5):1136-
1151.

6. Darling AE, Jospin G, Lowe E, Matsen FAt, Bik HM et al. PhyloSift: phylogenetic
analysis of genomes and metagenomes. Peer) 2014;2:e243.

7. Li H, Durbin R. Fast and accurate short read alignment with Burrows-Wheeler
transform. Bioinformatics (Oxford, England) 2009;25(14):1754-1760.

8. Croucher NJ, Page AJ, Connor TR, Delaney AJ, Keane JA et al. Rapid
phylogenetic analysis of large samples of recombinant bacterial whole genome
sequences using Gubbins. Nucleic acids research 2015;43(3):e15.

9. Price MN, Dehal PS, Arkin AP. FastTree 2--approximately maximum-likelihood
trees for large alignments. PLoS One 2010;5(3):€9490.

10. Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment
search tool. Journal of molecular biology 1990;215(3):403-410.

11. Hunt M, Mather AE, Sanchez-Buso L, Page AJ, Parkhill J et al. ARIBA: rapid
antimicrobial resistance genotyping directly from sequencing reads. Microb Genom
2017;3(10):e000131.

12. Carattoli A, Zankari E, Garcia-Fernandez A, Voldby Larsen M, Lund O et al. In
silico detection and typing of plasmids using PlasmidFinder and plasmid multilocus
sequence typing. Antimicrob Agents Chemother 2014;58(7):3895-3903.

13. Joensen KG, Scheutz F, Lund O, Hasman H, Kaas RS et al. Real-time whole-
genome sequencing for routine typing, surveillance, and outbreak detection of
verotoxigenic Escherichia coli. J Clin Microbiol 2014;52(5):1501-1510.

14, Joensen KG, Tetzschner AM, Iguchi A, Aarestrup FM, Scheutz F. Rapid and Easy
In Silico Serotyping of Escherichia coli Isolates by Use of Whole-Genome Sequencing
Data. J Clin Microbiol 2015;53(8):2410-2426.

15. Zankari E, Hasman H, Cosentino S, Vestergaard M, Rasmussen S et al.
Identification of acquired antimicrobial resistance genes. J Antimicrob Chemother
2012;67(11):2640-2644.

16. Brettin T, Davis JJ, Disz T, Edwards RA, Gerdes S et al. RASTtk: a modular and
extensible implementation of the RAST algorithm for building custom annotation
pipelines and annotating batches of genomes. Sci Rep 2015;5:8365.

17. Alikhan N-F, Petty NK, Ben Zakour NL, Beatson SA. BLAST Ring Image
Generator (BRIG): simple prokaryote genome comparisons. BMC Genomics, journal
article 2011;12(1):402.

42



18. Yu G, Smith DK, Zhu H, Guan Y, Lam TT-Y et al. ggtree: anrpackage for
visualization and annotation of phylogenetic trees with their covariates and other
associated data. Methods in Ecology and Evolution 2017;8(1):28-36.

43



Chapter 4: Porcine commensal Escherichia coli: a reservoir for

class 1 integrons associate with 1S26

4.1 Declaration

Cameron J. Reid#, Ethan R. Wyrsch#, Piklu Roy Chowdhury?'?, Tiziana Zingali?,
Michael Y. Liul, Aaron E Darling?, Toni A. Chapman?, and Steven P. Djordjevicl*

1The i3 institute, University of Technology Sydney, Ultimo, NSW 2007, Australia

ZNSW Department of Primary Industries, Elizabeth Macarthur Agricultural
Institute, Private Bag 4008 Narellan, NSW, 2567, Australia.
*corresponding author

# Authors contributed equally

Published in Microbial Genomics, December 2017, doi: 10.1099/mgen.0.000143

Author contribution statement

The primary authorship of this publication was shared by C.J.R. and E.R.W. as the
paper contained two separate collections of strains (F2 and F1 respectively) that
formed the basis of their theses. C.J.R. generated gene screening data for both F1
and F2. E.RW. generated the phylogeny for F1 and F2. Analysis of all data was

performed together.

M.Y.L. prepared samples for sequencing. Assembly was performed by A.E.D. T.Z.
performed phenotypic CDS testing. The study was conceived by S.P.D., P.R.C,, and
T.A.C. T.A.C. was responsible for provision and preliminary PCR characterisation of

the strains. The manuscript was written and edited by C.J.R., E.R.W., and S.P.D.

4.2 Porcine commensal Escherichia coli: a reservoir for class 1 integrons
associated with 1S26

This publication addresses Aims 1 and 2 of the thesis. Please note, figure numbers
have been edited from the publication so as to match the layout of the thesis, i.e.
Fig. 1 is now Fig. 4.1 etc. Supplementary data has been renumbered in the same

manner. Please view Figures as PDFs attached to this thesis.

44



4.2.1 Abstract

Porcine faecal waste is a serious environmental pollutant. Carriage of
antimicrobial-resistance genes (ARGs) and virulence- associated genes (VAGs), and
the zoonotic potential of commensal Escherichia coli from swine are largely
unknown. Furthermore, little is known about the role of commensal E. coli as
contributors to the mobilization of ARGs between food animals and the
environment. Here, we report whole-genome sequence analysis of 103 class 1
integron-positive E. coli from the faeces of healthy pigs from two commercial
production facilities in New South Wales, Australia. Most strains belonged to
phylogroups A and B1, and carried VAGs linked with extraintestinal infection in
humans. The 103 strains belonged to 37 multilocus sequence types and clonal
complex 10 featured prominently. Seventeen ARGs were detected and 97 %
(100/103) of strains carried three or more ARGs. Heavy-metal-resistance genes
merA, cusA and terA were also common. [S26 was observed in 98 % (101/103) of
strains and was often physically associated with structurally diverse class 1
integrons that carried unique genetic features, which may be tracked. This study
provides, to our knowledge, the first detailed genomic analysis and point of
reference for commensal E. coli of porcine origin in Australia, facilitating tracking

of specific lineages and the mobile resistance genes they carry.

4.2.2 Data summary

One hundred and forty-three whole-genome sequences of porcine faecal
Escherichia coli sequenced in this project have been deposited at the European
Molecular Biology Laboratory (EMBL) European Nucleotide Archive under study
accession number PRJEB21464. For individual sample accession numbers, please
refer to Table S4.1 (available in the online version of this article). Further strain

data is available in Tables S4.2-S4.6.

4.2.3 Introduction

Escherichia coli is the most frequently isolated Gram-negative pathogen affecting
human health [1]. They are frequently resistant to multiple antibiotics and
modeling studies forecast that multidrug resistant (MDR; resistant to three or
more classes of antimicrobials) E. coli infections will account for 30% of 10 million

fatal MDR infections annually by 2050 [2]. In addition to the pathogenic variants,
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commensal E. coli comprise an important component of the gut microbiota. E. coli
are shed into the environment in high numbers. For example, each gram of faeces
from commercially reared pigs contains between 104 - 108 E. coli [3]. It is
important to understand the characteristics of these E. coli given the huge
quantities of faeces generated and disseminated by intensive pig production.
China, the world’s largest producer of swine, produces an estimated 0.618 billion

to 1.29 billion metric tonnes of faeces each year [4, 5].

Pathogenic E. coli are broadly divided into intestinal pathogenic E. coli (IPEC) and
extraintestinal pathogenic E. coli (EXPEC). EXPEC have a faecal origin, having
persisted asymptomatically in the gut before opportunistically colonising
extraintestinal sites where they cause a diverse range of diseases including urinary
tract infections, pyelonephritis, wound infections, sepsis and meningitis [6]. EXPEC
are thought to have foodborne reservoirs and may enter the food chain via a
number of sources [7-11]. The zoonotic potential of commensal porcine E. coli as a
source of EXPEC that cause disease in humans is unknown. ExPEC cannot be
reliably detected in a diagnostic test as they are yet to be shown to possess unique
identifying features relative to other pathotypes of E. coli [12]. Instead, as we aim
to do here, whole genome sequencing can be used to discriminate strains
indistinguishable by other methods and identify any genetic relationships between

E. coli strains isolated from pigs and humans.

Horizontal gene transfer, mediated by mobile genetic elements, plays an important
role in the evolution of E. coli. Commensal or pathogenic bacteria may, in a single
horizontal gene transfer event, acquire a mobile genetic element carrying multiple
antimicrobial resistance genes (ARGs), virulence-associated genes (VAGs), and
other genetic cargo that encode traits that offer a niche advantage [13-17]. The
release of MDR commensal E. coli into the environment, such as when pig faeces
are used as manure, facilitates horizontal transfer of resistance and virulence
genes into other microbial communities in a manner that is poorly understood.
ARGs cluster on mobile genetic elements and form complex resistance regions that
are often independently mobile. Indirect selection pressure can, in the absence of

antibiotic use, lead to the persistence of transferred genes. For example, heavy
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metals such as copper and zinc in feed formulations for food animals select for
ARGs that co-localise with metal resistance genes [18, 19]. Selection pressure
afforded by any one of a number of antibiotics and heavy metals (zinc, cadmium,
mercury) that contaminate faecal waste or those used in food-producing and
hospital environments is sufficient to select for the retention and spread of
complex resistance regions [20, 21]. Understanding of how ARGs assemble on
mobile genetic elements and the extent to which these then traffic through human,

food animal and environmental reservoirs remains limited.

Class 1 integrons are a reliable proxy for the presence of multiple ARGs within
bacteria in clinical and veterinary settings [22]. They are gene capture and
expression elements that can integrate AMR gene cassettes from the
environmental resistome and express them via a promoter residing in the class 1
integrase gene. They are often mobilised by mercury resistance transposons
belonging to the TnZ21 family, which have been disseminated globally on a wide
variety of conjugative plasmid backbones [23]. Resistance genes can also be
acquired, lost and rearranged in bacteria by genetic events that involve insertion
sequences (IS) such as IS26, ISEcpland ISCR1 [24-27].1S26 is prominent in this
regard due to its unique mechanisms of transposition (conservative and
replicative), ability to recognise itself, lack of copy number control and ability to
mobilise a wide range of ARGs [15, 26, 28-30]. Furthermore, [S26 is recognised to
play a key role in: i) the evolution of plasmids and genomic islands that carry
combinations of VAGs and ARGs [16, 17, 31, 32]; ii) driving the formation of
cointegrate plasmids encoding VAGs and ARGs [33] and; iii) initiating deletions in
large multidrug resistance plasmids that enhance plasmid stability and expand

host range [34].

Infectious disease management relies on surveillance of antimicrobial resistance
and emerging pathogens using a One Health approach. There is currently no
published data available that records whole genome sequence-based phylogeny,
ARG or VAG carriage in commensal E. coli from Australian pigs and only one
comparable study is available from overseas [35]. Here, for the first time, we

present whole genome sequence analysis of 103 class 1 integron-positive
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commensal E. coli from pigs commercially-reared in Australia. We present data
characterising their phylogenetic diversity, carriage of VAGs, ARGs and an analysis

of the class 1 integrons they carry.

4.2.4 Methods

Management of farms and animals

The study was conducted using E. coli sourced separately from two pig production
farm systems located approximately 250 km apart. Farms were designated
descriptors F1 and F2. Isolate numbers consist of farm number, a pig number and a
letter designating a single isolate from that pig (i.e. F1_404D indicates farm 1,
isolate D from pig 404). At both farms, pigs are intensively housed and kept in total
confinement. Both farms have used neomycin in the past for the treatment of
diarrhoeal disease. No antibiotics were being used during the first sampling time
at F1, however the pigs sampled at the second sampling time had received a course
of neomycin (see below). No antibiotics had been administered to the pigs at F2
prior to sampling. iske!
Escherichia coli strains used in the study

Escherichia coli isolates were collected via rectal swab sampling of pigs between
19 and 30 days of age. At farm 1, rectal swabs were collected in May 2007 from
pigs during an outbreak of diarrhoeal disease but prior to treatment with
neomycin. These pigs were subsequently removed from the shed. The causative
agent of the outbreak was unknown. A new batch of healthy sows and their piglets
were transferred to this shed and the sows were given neomycin in-feed. Once the
piglets were weaned they also received neomycin in-feed for 7-10 days. The
second sampling occurred on these piglets in June 2007 after the course of
antibiotics. At farm 2, rectal swabs were performed on healthy weaners that were

not treated with antibiotics.

E. coli were isolated at the Elizabeth MacArthur Agricultural Institute (EMAI). Up
to ten E. coli colonies were selected from individual pigs using MacConkey Agar.
The total collection from farm 1 was 164 isolates from 33 pigs whilst farm 2 was

171 isolates from 23 pigs. All strains were screened by PCR for the class 1
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integrase gene intl1. This screening indicated that 117/164 (71%) E. coli from
farm 1 and 168/171 (98%) from farm 2 carried int/1. Initially, 50 intl1 positive
isolates from F1 and 100 intl1 positive isolates from F2 were selected for whole
genome sequencing. Two enterotoxigenic E. coli strains, M10 and ETEC286/3,
which were submitted to EMAI from Australian veterinary services, as clinical, pig-
derived strains were also sequenced and included in the phylogenetic analysis as

reference strains.

Storage

All strains were freshly cultured in LB broth and frozen as glycerol stocks made
using 500 pl of M9 salts solution and 500 pl of 50% glycerol and stored at -80°C.
All strains were cultured in LB broth prior to isolation of gDNA used for

sequencing.

DNA extraction, whole genome sequencing and assembly

Genomic DNA was extracted using the ISOLATE II Genomic DNA Kit (Bioline,
Eveleigh, Australia) following the manufacturers standard protocol for bacterial
cells and stored at -20°C. Whole genome sequencing libraries were prepared from
separate aliquots of sample gDNA using the [llumina Nextera DNA kit with
modifications. In brief, the gDNA was first quantified using a Qubit dsDNA HS
Assay Kit (Thermo Fisher Scientific, Scoresby, Australia). All sample gDNA
concentrations were standardised to equal concentration to achieve uniform
reaction efficiency in the tagmentation step. Standard [llumina Nextera adaptors
were used for sample tagmentation. The PCR-mediated adapter addition and
library amplification was carried out using customized indexed i5 and i7 adaptor
primers (IDT, Coralville, IA, USA), which were developed based on the standard
Nextera XT Indexed i5 and i7 adapters (e.g. N701-N729 and S502-S522). Libraries
were then pooled and size selected using SPRI-Select magnetic beads (Beckman
Coulter, Lane Cove West, Australia). Finally, the pooled library was quality checked
and quantified on an Agilent Bioanalyzer 2100 using the DNA HS kit (Agilent, Santa
Clara, CA, USA). Whole genome sequencing for the majority of F1 strains and ETEC
strains was performed as previously reported [36] using an [llumina MiSeq

sequencer and MiSeq V3 chemistry. Whole genome sequencing of the remaining F1

49



and F2 strains was performed using an [llumina HiSeq 2500 v4 sequencer in rapid
PE150 mode (Illumina, San Diego, CA, USA). Sequence read quality was initially
assessed using FastQC version 0.11.5
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). [llumina raw
reads passing quality control were assembled into draft genome sequences using
the A5 assembly pipeline version A5-miseq 20140604 [37]. Genome sequences
have been deposited in the European Nucleotide Archive with study accession

number PRJEB21464. Accession numbers for each sample are listed in Table S4.1.

Strain selection

Sequence data was successfully generated for 141 strains and these were screened
by BLAST for intl1, ARGs and VAGs and subjected to Phylosift analysis as described
below. These analyses indicated 12 strains were negative for int/1 and that a
number of clones were isolated from individual pigs. We therefore excluded intl1-
negative strains and selected representatives of the clonal isolates, thereby
excluding a further 26 strains. The subset of strains that were sequenced were
identified as F1 + F2 (n = 103 from 42 pigs). This subset consisted of 35 strains
from 21 pigs sampled at farm 1 and 68 strains from 21 pigs sampled at farm 2;
among the F1 strains, 17 were disease-associated from 12 pigs (isolate numbers 1-
30, designated ‘Disease’ in Table S4.1-S4.5) and 18 were isolated from 11 healthy
pigs (isolate numbers 365-409, designated ‘Healthy’ in Table S4.1-54.5). Only 11
isolates in the collection carried toxin genes (eltA; n=2, eltB; n=2, stA; n=0, stB;
n=11) associated with porcine enterotoxigenic E. coli (ETEC) and no ETEC
adhesins were detected. Notably, only 5 of these were from diseased pigs whilst 6
were from healthy pigs. This highlights the role that host factors such as stress and
immune health play in the manifestation of pre- and post-weaning diarrhoea in

pigs and we therefore argue that this collection should be considered commensal.

Assembly Statistics
Comprehensive assembly statistics for 143 sequenced porcine-derived E. coli, (141
+ 2 ETEC) are available in Table S4.1. Isolates not included in this study are

highlighted grey. The number of scaffolds per genome ranged from 29 to 1571,
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with a mean of 235. Each genome sequence had a median sequencing coverage of

atleast 20 x, with a maximum of 94 x and mean of 54 x.

Phenotypic resistance testing

F1 strains were tested at EMAI using the calibrated dichotomous susceptibility test
(CDS) for resistance to 12 antibiotics [38]. The following were tested: ampicillin
(25 pg), cefoxitin (30 pg), nalidixic acid (30 ug), ciprofloxacin (2.5 pg), imipenem
(10 pg), sulphafurazole (300 pg), trimethoprim (5 ug), tetracycline (10 ug),
neomycin (30 pg), gentamicin (10 pg), azithromycin (15 pg) and chloramphenicol
(30 ug). F2 strains were tested for resistance to antibiotics at the ithree institute,
University of Technology Sydney using the same method and panel of antibiotics
as the F1 collection. F2 strains were also tested with streptomycin (25 pug) and

kanamycin (50 pg) (Table S4.2).

Gene identification and serotyping

Resistance, virulence and plasmid-associated genes were identified using local
BLASTn v2.2.30+ [39] searches with an e-value of 1.0 x 10-3 (Table S4.3-S4.5). Gene
databases used were ResFinder, PlasmidFinder, ISFinder, SerotypeFinder and
VirulenceFinder [Data references 1-5] [40-44]. Our virulence database was
supplemented with additional virulence genes from GenBank available in Table
S4.6. Genes were considered present if the subject nucleotide sequence was > 90%
identical over 100% of the length of the query sequence. BLAST hits with > 90%
identity but covering less than 100% of the query were considered positive if they
were truncated by a scaffold break or insertion. Integrons were characterised in
SnapGene (GSL Biotech, USA) using BLASTn output. The collection was then
retroactively screened for characterised integrons using BLASTn. Where strains
carry two intl1 genes, de novo assembly software is unable to assemble the two
complete integrons with Illumina short read data, as it cannot determine which
cassette array belongs to which intl1 copy. The presence of two integrons in
strains in this collection was therefore initially inferred by BLAST identification of
their cassette arrays and downstream regions (e.g IS26 deletion signatures) and

then confirmed by read-mapping using Bowtie2 and Tablet [45, 46].
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Phylogrouping and eMLST

E. coli phylogroups were determined using the scheme published by Clermont et
al,. [47]. The genes chuA (gh|U67920.1), yjaA (gb|NC_000913.3) and the DNA
fragment TspE4.C2 (gb|AF222188.1) were sourced from GenBank and identified in
silico using BLASTn. Multilocus sequence typing (MLST) was performed in silico
using the PubMLST database (http://pubmlst.org/) and the Achtman E. coli MLST

scheme (http://mlst.warwick.ac.uk/mlst/).

Phylogenetic Analyses

Maximum-likelihood phylogenetic distances between genomes were analysed
using the PhyloSift pipeline [48], and a tree was generated using FastTree2 [49].
The tree was visualised using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/
software/figtree/) and iTOL (https://itol.embl.de/). The FastTree2 protocol was

modified to resolve short branches as described previously [50].

4.2.5 Results

Our study collection consisted of 103/335 (31%) strains of E. coli isolated from
rectal swabs of pigs from two farms in New South Wales, Australia that were PCR-
positive for the class 1 integron integrase gene, intl1. Initial screening indicated
that 117/164 (71%) E. coli from farm 1 and 168/171 (98%) from farm 2 carried
intl1.

Population structure of E. coli isolated from porcine rectal swabs

Strains in our study collection were classified by phylogrouping, in silico MLST, and
in silico serotyping. The majority of the strains in our study collection 74/103
(72%) belonged to phylogroup A while the remainder belonged to phylogroup B1
(18; 17%), phylogroup B2 (5; 5%), and phylogroup D (6; 6%).

We identified 37 distinct sequence types, 21 of which were previously isolated
from swine, as reported by the E. coli MLST database
(http://mlst.warwick.ac.uk/mlst/dbs/Ecoli; accessed June 2017). Only seven

sequence types were common to both F1 and F2. The most prominent sequence

types were ST10, ST361, ST641, ST542, ST48 and ST218. Twenty-five STs were
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represented by a single isolate. Six strains with a single SNP in a reference allele
were assigned putative sequence types (denoted by an asterisk in Fig. 4.1 and
Table S4.3). A designation of non-typable (NT) was given to the 5 remaining

strains for which one or more alleles could not be determined.

In silico O:H typing using SerotypeFinder predicted 47 serotypes for 85 strains.
The remaining 18 strains were O-non-typable with 10 different H types (Fig. 4.1
and Table S4.3). In general, strains of any given ST carried the same O:H alleles,
though intra-sequence type variability was observed among eight sequence types

(ST10, ST48, ST218, ST542, ST641, ST302, ST4630 and ST1437)

Phylogenetic analysis

To determine genetic relatedness, we used PhyloSift, FastTree2 and FigTree v1.4.2
to generate and visualise a mid-point rooted, maximum-likelihood phylogenetic
tree containing the F1 + F2 pig E. coli draft whole genome sequences, two ETEC
strains (ETEC286_3 and ETECM_10) and 4 pig-pathogenic E. coli complete genome
sequences: E. coli UMNK88 (NC_017641.1), UMNF18 (NZ_AGTD01000001.1),
PCNO033 (NZ_CP006632.1) and PCN061 (NZ_CP006636.1) (Fig. 4.1). Tree topology
was highly congruent with Achtman MLST and in silico serotyping, grouping
strains by sequence type, and then further by serotype. Clade structure was
generally congruent with phylogroup analyses; however, seven strains belonging
to phylogroups B2 and D formed a separate clade. We identified three major
clades, with the seven B2/D phylogroup strains forming Clade 1. Clade 2 consisted
almost exclusively of phylogroup B1 strains, ST641 was the dominant sequence
type however one phylogroup A strain (F1_4A) was an unexpected member of this
clade. Clade 3 was composed of two separate sub-clades, one consisted of six B2
and D strains (three ST302, two ST1508 and a non-typable) and the other
exclusively containing phylogroup A strains (ST10 and sequence types within
CC10, as well as ST361 and ST542, strains that were common in our study

collection).
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Antimicrobial resistance genes and heavy metal resistance genes

We identified a total of 17 ARGs in the collection and strains carried between 1 and
15 ARGs each. 100/103 (97%) strains carried 3 or more resistance genes.
Surprisingly, strains belonging to phylogroup A carried the highest average
number of ARGs (10 per strain). Strains belonging to phylogroup B1, B2 and D
each carried an average of 8 ARGs per strain, respectively. The most common ARGs
among the strains in our collection were the penicillin resistance gene, blarem-1,
(84; 82%); aphA1, encoding resistance to kanamycin and neomycin (76; 74%), the
co-linked streptomycin resistance genes, strA and strB (73; 71%), and the
tetracycline resistance gene tetA (73; 71%). Quinolone resistance genes 0gxAB,
which typically localize on plasmids (27; 26%) were less frequently identified.
Genes encoding extended spectrum 3-lactamases (ESBL), extended spectrum
carbapenemases (ESC) and resistance to macrolides were not detected. Heavy
metal resistance genes including the copper resistance gene cusA (103; 100%), the
Tn21 mercury resistance gene merA (71; 69%) and the tellurite resistance gene
terA (40; 39%) were identified frequently (Fig. 4.2).

Five ARGs were identified as gene cassettes carried by class 1 integrons (Fig. 4.3).
Cassettes carried by the majority of strains included those conferring
aminoglycoside resistance, aadA1 (69; 67%) and aadA2 (72; 70%);
chloramphenicol resistance, cml4, (60; 58%) and trimethoprim resistance, dfrA12
(62; 60%) and dfrA5 (51; 50%). Among sulphonamide resistance genes, sul3 was
identified in more strains (62; 60%) than sull (48; 47%) or sul2 (46; 45%) (Fig. 4.2
and Table S4.3). sull and sul3 were associated with integrons (Fig. 4.3).

Multidrug resistant porcine E. coli carry structurally-diverse class 1 integrons
Among our study collection, we sought to characterise the diversity of class 1
integrons present. It is challenging to assemble complete sequences for such
regions using [llumina sequence data because of the presence of repeated
elements. However, we identified numerous structurally diverse class 1 integrons,
hereafter referred to as integrons (a-j) (Fig. 4.1 and Fig. 4.3). Notably IS26 altered

the 3’ region in six of the most common structures (d-i).
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Four different class 1 integrons, (g-j) carried a sul3 gene. The first time sul3 was
linked with E. coli from a food-animal source in Australia was in 2015 in a highly
virulent porcine ST4245 EXPEC strain [50]. Moreover, sul3 was first reported in a
human in Australia in 2017 in a commensal E. coli ST95 [51]. In (g) and (h), the
sul3 module, which comprises a putative transposase tnp440, sul3, two
hypothetical proteins (orfA and orfB), and 260 bp of the macrolide efflux gene mefB
truncated by [S26, was the same. Integrons (g) and (h) differed from each other in
their respective cassette arrays. Integron (i) differed from (g) and (h) both in its
sul3 module, which carried an additional copy of IS26, length of the mefB gene
fragment (111 bp) and an insertion of an IS1203-like element in gacH. In (j), an
IS26 insertion leaves only 197bp of intl1 remaining, mefB is absent and an 1S1-like
element is adjacent to orfB. Only three of the integrons (a-c) among our strain
collection carried a sull gene. Screening indicated that at least 22 strains carry two
integron structures. The most common co-carriage pattern was (d, i) (14/22)
though (b, i) (2/22), (d, j) (4/22) and (d, g) (2/22) also occurred (Fig. 4.1 and
Table S4.3). Eight sequence types carried more than one integron including

predominant types ST10, ST361 and ST542 (Table S4.3).

Virulence-associated genes in porcine faecal E. coli

To assess the virulence potential of commensal pig E. coli strains in our collection,
we screened for a total of 94 genes that have been associated with either intestinal
disease or extraintestinal disease caused by E. coli pathotypes. Twenty-nine of
these genes were present in at least one strain (Fig. 4.2 and Table S4.4). All strains
possessed between 3 and 16 VAGs. The average number of VAGs for each
phylogroup was A: 5, B1: 9, B2: 11, and D: 9. The VAGs were present in diverse
gene combinations between and within sequence types. Most VAGs were typical of
extraintestinal E. coli pathotypes (EXPEC), whilst ETEC toxin gene (eltA4, eltB, st4,

stB) carriage was only observed in 11 strains and no ETEC adhesins were present.

Plasmid incompatibility groups of porcine faecal E. coli
We screened the collection for plasmid replication-associated genes from nine
plasmid incompatibility groups that are commonly associated with carriage and

mobility of ARGs. IncF was the most common replicon (89; 72%) followed by IncX
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(61; 59%) and IncHI2 (43; 42%). All replicons were present across multiple
sequence types (Fig. 4.2 and Table S4.5).

4.2.6 Discussion

Globally, there is a poor representation of genomic sequences for commensal E.
coli isolated from the faeces of pigs, and none in Australia. Here, for the first time,
we sequenced the genomes of E. coli isolated from the faeces of predominantly
healthy pigs and determined their Clermont phylogroup, MLST (Achtman),
serotype as well as carriage of ARGs and VAGs. The phylogenetic relationships
shared by the 103 strains, the types of resistance genes that reside within the class
1 integrons, and the structures of class 1 integrons were also investigated. Despite
sampling only two commercial piggeries, we identified a wide variety of multilocus
sequence types. The diversity of isolates differed to previous studies on E. coli in
pigs [35, 52] and this may be due to our selection of intl1-positive strains or simply
reflect geographical differences. Our findings suggest that commensal E. coli
populations residing within the faeces of pigs are often resistant to multiple
antimicrobial agents and carry numerous VAGs. Notably, we also identified genetic
epidemiological markers for tracking antimicrobial resistance loci residing on

mobile genetic elements in commensal E. coli.

Commensal E. coli lineages are associated with disease

The dominant lineages in our collection were phylogroup A E. coli belonging to
sequence types residing within CC10, particularly ST10, ST48, ST218. ST10 has
previously been reported as the dominant sequence type from pigs in Germany,
Denmark, Ireland and Spain [3, 35, 52-54]. Our data and the observations of others
suggest E. coli of CC10 sequence type may be opportunistic, MDR pathogens with a
broad animal host range. E. coli CC10 can colonise humans, swine, poultry, dogs,
migratory birds, rodents, camels and cattle [9, 12, 55-61]. E. coli CC10 can also be
isolated from raw and treated wastewater, and from urban streams [8]. E. coli
CC10 is increasingly associated with intestinal disease in humans [62, 63] and
extraintestinal infections in pigs [64, 65], dogs [57], and humans, including UTI,
pyelonephritis and sepsis [9, 66-68]. E. coli CC10 are often MDR, and the resistance

genes they carry can encode resistance to extended-spectrum beta-lactams [69,
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70]. ST10 is a noted EXPEC sequence type in humans and has been identified in
food animals, retail meats, and the environment [58, 71-74]. The core attributes of
ST10 that enable it to colonise diverse niches remain unknown. The phylogenetic
diversity we observed within porcine faecal ST10 suggests that such attributes
may vary between strains. Whole genome sequence analysis of E. coli ST10
genomes from different regions of the world and from different hosts is needed to

understand the full diversity and success of this sequence type.

MDR porcine E. coli carry structurally-diverse class 1 integrons

Notably, sul3 was the most frequently identified sul gene in our collection and
three different sul3-containing integron structures were identified. Carriage of
class 1 integrons possessing sul3 has been observed in disease-associated and
commensal E. coli isolates from animals and humans, as well as in bacterial species
other than E. coli from different countries [75-77]. In Australia, the carriage of sul3
by E. coli has been reported infrequently, although it has been identified in several
uropathogenic E. coli isolates [78], in a highly virulent porcine ST4245 ExXPEC
strain [50], and in a human commensal ST95 E. coli on a virulence plasmid that
carries multiple ARGs and VAGs [14]. In Europe, class 1 integrons containing sul3
have been observed in commensal E. coli from both humans and animals,
indicating they are widely disseminated in a variety of E. coli lineages [14, 79-82].
Structures similar to ours have also been reported in different Salmonella enterica
serovars, suggesting inter-species transfer of class 1 integrons carrying sul3 may

have occurred [75].

The potential role for sul3-integrons in intra- and interspecies exchange of
antibiotic resistance makes it desirable both to understand their evolution and to
track their movement through bacterial populations. In Fig. 4.4, we provided a
model that could explain the micro-evolutionary events that created the novel
sul3-integron depicted in structure (i). This integron likely evolved from a
progenitor similar to one described by Curiao et al in a human-derived ESBL-
positive E. coli on an Incl1 plasmid from Spain (gb|HQ875016.1), as this is the only
report to describe 1S26 adjacent to sul3 [76]. Conceivably, the novel structure (i)

emerged from insertion of a second copy of IS26, which further truncated mefB,
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followed by an inversion event. To our knowledge, this is the first study to identify
a 111-bp mefB variant. Integron (i) was observed within the collection in 26 E. coli
strains of different sequence types, suggesting horizontal transfer of a mobile
element(s) carrying the integron though we were unable to determine which
mobile elements are responsible for this. Further work is needed to examine this

hypothesis.

[S26-mediated deletions of the mefB can be used to track sul3-containing integrons
and additional resistance genes they may acquire due to the unique ability of IS26
to target itself [26]. A number of different truncated variants of the mefB gene are
carried by sul3-integrons found in human and animal derived E. coli [14, 75-77].
Our data suggests the class 1 integrase upstream of the sul3 module is likely to be
functional based on the presence of different antibiotic cassette arrays associated
with a 260-bp mefB deletion (g, h). BLASTn analysis identified sul3 integrons
carrying AmefB with an identical 260-bp deletion in porcine isolates P328.10.99.C2
(gb| FJ196386.1) and P528.10.99.C4 (gb| F]J196388.1) from Great Britain, though
the associated cassette arrays were not completely characterised [77].
Furthermore, plasmid pCAZ590 (gb| LT669764.1) isolated from poultry in
Germany carried an identical integron (estX-psp-aadA2-cmlA-aadA1-qacl-tnp440-
sul3-orfl-orf2-AmefB:260bp-1S26) to 4(h) with an additional blasnv-12 gene 73 bp
upstream of IS26 [83]. Although the evolutionary events that lead to this derivative
structure are not known, this plasmid illustrates how IS26 augmented integrons
continue to evolve and acquire genes that confer resistance to critically important

human antibiotics.

The deletion event in the 3'-CS of the integron depicted in (d) (dfrA5-1S26) may
serve as another genetic signature for tracking resistance genes, and bacteria that
carry them, through different hosts and environments [15, 84-86]. Previously we
observed the integron structure (d) on plasmids carrying VAGs in atypical EPEC
strains isolated from cattle with gastrointestinal disease and E. coli strains linked
to EHEC 026:H- isolated from a human patient with haemorrhagic colitis [16, 17].
In each of these earlier cases, the [S26 that interrupted the 3'-CS of the integron
formed part of the left boundary of Tn6026, an 1S26-flanked, globally disseminated
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transposon that harbours multiple ARGs [15-17, 87, 88]. Twenty-seven strains
carrying integron (d) possess the resistance genes present in Tn6026 (blatem, sulZ,
strAB, aphA1) suggesting this transposon is also carried in our collection though
further studies are necessary to confirm this. This again highlights that tracking
[S26 deletions is useful not only for tracking the integrons they interrupt, but also

additional resistance genes that may be acquired in association with the 1S26.

The carriage of more than one integron in a number of prominent sequence types
in the collection suggests that plasmid or transposon-mediated horizontal transfer
of resistance determinants may occur within the microbiota of the porcine gut.
This transfer is likely mediated by plasmids present in the collection, though
transposons and IS elements may be involved. Long-read sequencing is required to

test this hypothesis.

Zoonotic potential of commensal. E. coli from swine

In considering the zoonotic potential of pig faecal E. coli, we determined the
proportion of strains in our collection that carried IPEC and EXPEC VAGs. A
limitation of investigating zoonotic potential for extraintestinal disease is the
genetic redundancy identified in the virulence attributes from ExPEC. A recent
study suggested that the number of virulence factors carried by an EXPEC strain is
the only independent factor that can explain extraintestinal virulence in a mouse
model of sepsis [89]. Our collection contained two strains possessing large
numbers of VAGs, belonging to ST131 and ST117, representative of pandemic
EXPEC clones that cause hospital and community-acquired infections in humans
worldwide [58, 90, 91]. They have both been linked with poultry and have only
rarely been isolated from porcine sources [9, 58]. The single ST131 strain in our
porcine collection carried 10 ARGs and 16 VAGs. The ST117 strain carried eight
ARGs and 16 VAGs, including the full array of iron acquisition genes fyu4, irp2, ire4,
iroN, iut4, iucD and sitD. Several of these genes are typically encoded on virulence
plasmids circulating in APEC [92] and this profile is similar to ST117-0111:H4
strains from poultry previously reported by Mora et al, [93]. The presence of

ST117 and ST131 in our collection is intriguing and warrants further investigation.
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Most of the VAGs identified in our collection were those associated with the ability
to cause extraintestinal disease in humans as well as intestinal persistence [6, 94].
Carriage of genes that are under positive selection in uropathogenic E. coli (UPEC)
[95], such as heat-stable agglutinin gene hra [96], murine uroepithelial cell adhesin
gene iha [97], iron acquisition genes, fyud, iut4, iucD and sitD; and the serum
survival genes iss and traT suggest that some strains may be capable of causing
extraintestinal disease in humans. Conversely, it also highlights how many ExPEC
VAGs can be considered important intestinal fitness factors. The most intriguing
IPEC VAG was intimin gene eaeA, found in 8 strains, that is characteristic of several
intestinal E. coli pathotypes, including EHEC, EPEC and atypical EPEC [98]. These
strains also carried EXPEC VAGs and may represent hybrid pathotypes.

The frequency of VAGs in phylogroups A and B1, an average of 5.4 and 8.9 VAGs
per isolate respectively, was unexpected because E. coli belonging to phylogroups
A and B1 are considered to have low virulence potential [99, 100]. The carriage of
multiple VAGs in pig E. coli is consistent with earlier studies [101, 102]. In China,
ExPEC have been isolated from a variety of tissues and bodily fluids of pigs with
septicaemia, meningitis and respiratory disease with increasing frequency since
2004 [64, 65]. It is notable that 35% of 81 isolates in one of these studies belonged
to phylogroup A, clonal complex 10 [64]. In European wild boars, which are
assumed to be ancestors of domestic pigs in Europe [103], E. coli strains carry, on
average, seven or more VAGs, with some strains carrying up to 16 VAGs [104].
Collectively, these observations suggest that E. coli phylogroup A and B1, at least

those sourced from swine, carry multiple VAGs.

Contribution of food production animals to the evolution of pathogens and
antimicrobial resistance

MDR E. coli carrying ARGs associated with mobile genetic elements and VAGs are
released into the environment by food production animals via faecal effluent. In
Australia the capacity for pig production to contribute to the evolution and
dissemination of pathogens and ARGs is restricted compared to that of pig
production systems in many other countries, due to a range of factors. Firstly,

Australia has a large landmass that is surrounded by ocean preventing the
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movement of animals from neighbouring countries. Secondly, importation of food
animals into Australia has been restricted since the 1970s [105]. Thirdly,
antibiotics such as fluoroquinolones cannot legally be administered to food
animals and many others are restricted from use in food animal production [106,
107]. However, even in the restricted environment in Australia, phenotypic
resistance to clinically-important antibiotics, including extended-spectrum
cephalosporins and fluoroquinolones has been observed in E. coli which belong to
globally disseminated E. coli lineages ST744, ST100 and ST1 [108]. Globally,
genomic surveillance is needed to understand the relative contribution of food
production animals to the complex web of interactions between microbiota and
the mobile resistome; to provide baseline carriage rates for antimicrobial genes
and VAGs; and to monitor the emergence of novel drug resistant pathogens [84,

109].

In summary, we report the first genomic study of commensal E. coli isolated from
commercial pigs used for food consumption and provide data to inform
assessment of potential risks pig commensal E. coli may pose to human health. Our
results show that swine are a reservoir; i) for phylogroup A and B1 E. coli that
carry VAGs, ii) the sul3 gene; iii) class 1 integrons associated with IS26; and iv) E.
coli lineages belonging to CC10. Our study has identified several new genetic

signatures that may be used in tracking mobile antibiotic resistance genes.
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A mid-point rooted, maximum-likelihood phylogenetic tree inferred using PhyloSift v1.0.1,

FastTree2, FigTree v1.4.2 and iTOL. The tree contains all 103 pig E. coli isolates sequenced in this

study, two porcine ETEC strains and four reference pig-sourced sequences. Strains isolated from

pigs with diarrhoea are in white and ETEC and reference strains are in bold. Branches are coloured

by clade (Clade 1: red, Clade 2: green, Clade 3: Blue). Shading over tip labels indicates phylogroup

(A-blue, B1-green, B2-orange or D-red) Tip labels also contain

MLST and serotype. Asterisks

indicate single-locus variants of a given sequence type. The tree scale shows the distance for 1

amino acid substitution per 1000 sites in the analysis. Clusters of the 7 most common sequence

types have been marked as an outer line. Integrons shown in Fig. 3 are annotated by shapes

indicating presence of sull (triangles), IS26-truncated 3'-CS (squares) and sul3 (circles). Integrons

(a-j) are coloured by red, orange, yellow, green, aqua, blue, purple, magenta, pink and crimson

respectively. Strains that were intl1 positive but were not characterised are annotated with a blank

circle. Integrons were not determined for reference genomes used in the analysis.
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Figure 4.2

Heat map depicting carriage of antimicrobial resistance genes (aqua), virulence-associated genes (orange) and plasmid incompatibility groups (purple) by sequence
type. Darker colour indicates high carriage amongst a given sequence type, lighter colour indicates lower carriage and white indicates no carriage. For full screening

data see Table S4.3-S4.5.
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Schematic diagram (not to scale) of integrons within porcine strains that were sequenced. Arrows
represent ORFs. Arrows with broken lines indicate hypothetical proteins. Vertical bars represent
inverted repeats. Dashed double diagonal lines represent sequence scaffold breaks. Intergenic
sequences are not shown. Antimicrobial resistance genes (purple) and IS/transposable elements
(yellow), are colour coded.

*indicates 260 bp of mefB remaining.

A indicates 111 bp of mefB remaining.
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Schematic diagram (not to scale) of proposed evolutionary pathway to the sul3-AmefB arrangement

shown in Figure 3 (i). IS26 8 bp direct repeats are annotated.
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Escherichia coli belong to multiple sublineages of a highly
diverse global CC10 phylogeny
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5.2 Australian porcine CC10 E. coli belong to multiple sublineages of a highly
diverse global CC10 phylogeny

Following the identification of CC10 as the dominant group among MDR porcine
commensal E. coli and having established their carriage of multiple integrons and
ARGs, it was decided to compare them to a global collection of CC10 strains from
various sources. It was hoped this would shed some light on the diversity and
origins of CC10 that colonise pigs as well as provide a global snapshot of CC10 for
the purposes of future genomic epidemiology concerning this widespread clonal
group. This chapter primarily addresses Aim 2 of the thesis. Please view figures as

PDFs attached to this thesis.

5.2.1 Abstract

We recently identified CC10 Escherichia coli as the predominant clonal group in
two populations of healthy Australian food production pigs. CC10 are highly
successful, colonising humans, food production animals, fresh produce and
environmental niches. Furthermore, E. coli within CC10 are frequently drug
resistant and increasingly reported as human and animal extra-intestinal

pathogens. In order to develop a high-resolution global phylogeny and determine
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the repertoire of antimicrobial resistance genes, virulence-associated genes and
plasmid types within this clonal group, we downloaded 228 publicly available
CC10 short read genome sequences for comparison with 20 porcine CC10 we have
previously described. Core genome SNP phylogeny revealed a highly diverse global
phylogeny consisting of multiple lineages that did not cluster by geography or
source of isolation. Australian porcine strains belonged to several of these
divergent lineages indicating CC10 is present in these animals due to multiple
colonisation events. Differences in resistance gene and plasmid carriage between
porcine strains and the global collection highlighted the role of lateral gene
transfer in the evolution of CC10 strains. Virulence profiles typical of extra-
intestinal pathogenic E. coli were present in both Australian porcine strains and
the broader collection. As both the core phylogeny and accessory gene
characteristics appeared unrelated to geography or source of isolation it is likely
that the global expansion of CC10 is not a recent event and may be associated with

faecal carriage in humans.

5.2.2 Data Summary

1. AllR code used in this study, SNP tree file and a fasta database of additional
screening genes have been deposited at
https://github.com/CJREID/CC10 supporting data

2. Whole genome sequenced short reads for porcine strains in this study are
available at Enterobase and ENA; accession numbers are listed in Table
S5.1.

5.2.3 Introduction

Escherichia coli is both a successful commensal and a serious pathogen affecting
human and animal health and is the most frequently isolated Gram negative
pathogen impacting human health [1]. Multidrug resistant (MDR; resistant to three
or more classes of antimicrobials) infections are forecast to cause 10 million
deaths per year by 2050 and it is expected that E. coli will be responsible for 30%
of fatalities and 40% of projected economic losses that arise as a consequence [2].
Pathogenic E. coli may infect intestinal (InPEC; intestinal pathogenic E. coli) or
extra-intestinal sites (ExPEC; extra-intestinal pathogenic E. coli)[3] and

antimicrobial resistance (AMR) often complicates treatment, increasing rates of
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morbidity and mortality [4]. Severe outbreaks of drug-resistant InPEC disease such
as 0104:H4 in 2011 are well documented as well as global dissemination of
resistant EXPEC clones such as ST131 [5-7]. Currently, responses to such events
are reactive and come after significant financial and human cost is incurred. It
would therefore be beneficial to be able to identify, monitor and track populations
of E. coli that pose a threat to human health so that risks can be predicted and
strategies implemented to mitigate impact. To this end, the emerging field of
genomic epidemiology is critical as it allows the highest resolution of microbial
population structure and genetic determinants of virulence and AMR. By
developing global databases of genomic, phenotypic, spatial and temporal
information for E. coli, predictive disease management is a distinct possibility for

the near future [8, 9].

There is currently much debate about the contribution of different reservoirs of E.
coli to disease and antimicrobial resistance carriage in humans [9-13]. Food
production animals and associated retail meats have been widely investigated and
genetic similarities documented, however the data is often limited to MLST types
and PCR identification of a select number of genes [14, 15]. Furthermore, the
sample sizes used are a limiting factor in the significance of the conclusions that
may be reached. Nevertheless, these studies provide a good starting point for

further genomic investigation.

We recently described the phylogeny, virulence-associated gene (VAG) and
antimicrobial resistance gene (ARG) carriage in a collection of 103 E. coli genome
sequences derived from the faeces of healthy Australian pigs [16]. This study
identified clonal complex 10 (CC10) as the predominant lineage within the
collection. These CC10 strains were phylogenetically diverse and carried multiple
ARGs and VAGs associated with ExPEC. CC10 is globally reported as a resident of
the intestinal tract of humans, food production animals, companion animals and
wild animals [14, 17]. It has also been identified in retail meats and plant-based
foods as well as wastewater, rivers and urban streams [18, 19]. Furthermore, CC10
can cause extra-intestinal disease in pigs, dogs and humans [14, 17, 20].

Antimicrobial resistance, including ESBL carriage is also widely reported [19, 21].
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These observations suggest a clonal complex with broad fitness characteristics, a
wide host-range, pathogenic potential and a variety of antimicrobial resistance
traits. Despite the wealth of literature reporting CC10, the global population

structure and diversity of VAGs and ARGs remains unknown.

The aim of this study was firstly to examine a global collection of CC10 E. coli
genome sequences to determine the population structure and the diversity of
VAGs, ARGs and plasmid replicons. Secondly we aimed to determine how
Australian porcine CC10 E. coli relate to the global phylogeny and to compare VAG,

ARG and plasmid replicon carriage to the existing global collection.

5.2.4 Methods

Genome sequences used in this study

The 20 Australian porcine faecal-derived E. coli CC10 strains included in this
analysis were whole genome sequenced using a modified Nextera protocol and
[llumina HiSeq platform as previously described [16]. These strains retain their
original names from the previous publication and are preceded by ‘F2_". The 20
strains described in this paper are available as short reads at

http://enterobase.warwick.ac.uk/ and the European Nucleotide Archive. All

accession numbers are listed in Table S5.1.
Publicly available E. coli CC10 Illumina short reads were downloaded from

Enterobase (http://enterobase.warwick.ac.uk/; accessed 22/11/17). The database

was queried for CC10 and a summary spreadsheet was downloaded in order to
select sequences from well-defined sources, with desired metadata for which full
short reads were available. Accepted sources were: i) animal including faeces (pig,
cattle, poultry, horse, dog); ii) food (pig, cattle, poultry, dairy cheese, plant); iii)
human including faeces, urine and blood and; iv) environment including soil and
wastewater. Furthermore, metadata was required for year of isolation, country
and continent of origin. Sequences derived from laboratory strains were excluded,
as were sequences with ambiguous or contradictory source details. This
spreadsheet was then used to query the NCBI SRA archive and download read sets

using the download_enterobase_SRA_reads.sh script available at

https://github.com/bogemad/snp phylogeny. Enterobase sequences were named
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for analysis by removing the prefix ‘ESC_" and suffix ‘AA’ from their ‘Uberstrain’
Accession numbers (Table S5.1). Preliminary analysis indicated a number of clones
were present in the collection; therefore we selected a single representative strain
in cases where groups of sequences were separated by < 3 SNPs and had identical
plasmid replicon and resistance gene profiles. The final collection numbered 248

sequences, comprising 228 from Enterobase and 20 from our previous study.

Phylogenetic Analysis

Snippy v4.0.2 (https://github.com/tseemann/snippy) was used with default
parameters to map short reads from the 248 CC10 strains, as well as phylogroup A
non-ST10 strain HS (gb|CP000802.1) to ST10 reference sequence K12-MG1655
(gb|U00096.3). A core genome alignment was then generated using the snippy-
core function. This function generates two alignments, a ‘full core’ alignment of all
reads to the reference genome and a ‘core SNP’ alignment consisting only of SNP
sites present in all genomes, ignoring insertion and deletion variant types. Both of
these alignments were used to generate maximum-likelihood trees. Files available
as supporting data are hereafter named in parentheses. The full alignment was
cleaned using the snippy-clean_full_aln function and filtered for recombination
using default settings with Gubbins v2.3.4 [22] resulting in an alignment of 79,039
sites (full.core.clean.gubbins.aln). Variable positions present in all strains were
then identified with SNP-sites v2.4.0 [23]. The final alighment consisted of 4515
SNP positions (full.core.clean.gubbins.snpsites.aln). The core SNP alignment
generated by snippy (snippycore.aln) consisted of 72,136 sites. FastTree2 v2.1.10
[24] was used to generate maximum-likelihood phylogenetic trees under a GTR
nucleotide substitution model with default settings for both of these alignments
(full.core.clean.gubbins.snpsites.tree and snippycore.tree). The trees were
visualised with metadata in iTOL 4.2.3 [25]. The ‘full core’ tree was also rooted in
FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/) and then visualised
alongside gene-screening heatmaps in R (version 3.3.1) with ggtree 3.6
(full.core.clean.gubbins.snpsites.rooted.tree) [26]. Pairwise SNPs between all
strains were extracted from the recombination filtered ‘full core’ alignment using
the snp_phylo_utils script available at

https://github.com/bogemad/snp phylogeny. All trees, alignments used to
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generate them, summary statistics from snippy-core and pairwise SNP table are

available at https://github.com/CJREID/CC10 supporting data.

Gene screening

Antimicrobial resistance genes, virulence-associated genes, plasmid replicon genes
and OH antigen genes were identified using ARIBA (version 2.10.1) [27] with
ResFinder, PlasmidFinder, VirulenceFinder and SerotypeFinder databases

available from http://www.genomicepidemiology.org/. [Data references 1-4].

Pasteur MLST types were also determined with ARIBA’s built in MLST typing
function. An additional custom database of further virulence and resistance-
associated genes not present in the aforementioned databases was also used. This

database is available at https://github.com/CJREID/CC10 supporting data. Gene

presence or absence was then visualised with the phylogenetic tree in ggtree [26].

Multidimensional scaling analysis

In order to determine if virulence or resistance and plasmid gene carriage was
related to continent of isolation, sequence type or origin of CC10 strains, we
conducted a non-metric multidimensional scaling analysis in R using MASS and
vegan packages. Briefly, the Jaccard index was used to produce a pairwise distance
matrix for absence/presence profiles of virulence and combined resistance and
plasmid replicon genes for each strain. Multi-dimensional scaling was performed
using the methods MASS::isoMDS [28] in combination with vegan::initMDS and
vegan::postMDS [29] with default settings. First, metric scaling was assumed to
generate a baseline solution in two dimensions before iterating the same process
with initMDS to reduce the stress value. postMDS was then used to standardise the
final configurations for ease of interpretation. ggplot2 was used to plot the
ordinations with clusters keyed separately on origin, sequence type and continent
of isolation. A normal distribution was assumed to infer 95% confidence interval
(CI) ellipses. All R code used in this study is available at
https://github.com/CJREID/CC10 supporting data.
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R Package Versions
APE 5.0, MASS 7.3, vegan 2.4-5, dplyr 0.7.1, reshape?2 1.4.2, grid 3.3.1, ggtree
1.6.11, ggplot2 2.2.1

5.2.5 Results and Discussion

The collection of CC10 sequences (n=248) encompassed eight sequence types
(Achtman) from five continents. Pasteur sequence types were also determined,
however concordance between the two schemes was highly variable (Table S5.1).
Sequences were classified as being of food, animal, environment or human origin
(Table 5.1). Strains were further classified into 16 sources, though four of these,
for which there were less than 10 representatives, were grouped as ‘Other’ for
analysis (Fig. 5.1, Table S5.1). The collection was heavily weighted towards North
American samples however the distribution between animal, food and human
sources was fairly even. Environmental samples were scarce. Isolation dates
mostly ranged from 1979-2017, though one sequence was derived from a strain
isolated in 1895. 122 serotypes were predicted and ten of these were O-non-

typeable (Table S5.1).

Global phylogeny of E. coli CC10

In order to understand the population structure of our collection of CC10, a whole
genome alignment core SNP phylogeny was generated using the completed
genome of ST10 E. coli K12-MG1655 as a reference and the complete genome of
ST46 phylogroup A E. coli HS as an out-group strain. The average number of bases
aligned to the reference in the full core alignment was 4,272,312/4,643,559 (92%).
Recombination filtering reduced this alignment to 79,039 bases and SNP
identification resulted in a final alignment of 4,515 variable sites present in all
strains. A maximume-likelihood tree was built from this alignment and the tree
comprised four well-supported major clades. Clade 1 comprised only ST48 strains.
This clade was separated from clade 2 by approximately 450 core SNPs.
Interestingly, another cluster of ST48 strains was present in clade 4, differing from
ST10 strains by approximately 90 core SNPs. This suggests that ST48 comprises
two separate evolutionary lineages that may have been separated by geographical

or host-isolation for some time before disseminating again. A maximum-likelihood
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tree generated with the snippy-core core SNP alignment also supported this
topology, albeit with some rearrangements in clade 4 (Fig. S5.1). This high-
resolution approach supports previous work on these strains, in which Phylosift
analysis also separated ST48 strains in the context of a wider collection of
sequence types [27]. We are unaware of any other phylogenomic studies that
demonstrate such a split between members of the same sequence type. However,
intra-ST diversity, divergence and instances where core genome alignment does
not strictly follow preceding typing schemes are reported [7, 30, 31]. It is difficult
to compare results between studies due to different methodologies, the effect of
different reference genomes and the number of strains included in the analysis.
Nonetheless, this result supports whole genome core SNP phylogeny together with

MLST to accurately resolve clonal groups [30].

ST218 strains formed the second clade whilst a single ST215 formed a third clade.
Clade 4 was the largest and most diverse with respect to sequence types,
containing ST10, ST34, ST43, ST44, ST48 and ST167. Major splits in the phylogeny
were well supported, however some poor node confidence values were present
within the sub-clades of clade 4, usually at splits between ST10 strains. The major
lineages did not cluster sequences based on continent of isolation, origin or source
(Fig. 5.1). There were numerous examples of sequences from disparate sources,
origins and continents being closely related. This data supports a diverse clonal
group consisting of multiple lineages with broad fitness characteristics that is

globally dispersed and capable of inhabiting a wide variety of niches.

Australian porcine E. coli CC10 sequences in the context of global phylogeny

Thirteen Australian porcine sequences belonged to clade 4 (n=13) while the
remaining seven ST48 and ST218 sequences belonged to clades 1 and 2
respectively. This indicates that CC10 lineages have been introduced to Australian
pigs multiple times. Within clade 4, a number of Australian porcine sequences
clustered with temporally and geographically unrelated sequences. Sequences that
clustered with Australian porcine strains included human blood, urine and faecal,
turkey meat, chicken faecal and chicken meat. This observation supports a growing

body of literature that suggest CC10 E. coli are capable of colonizing a broad range
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of hosts in both commensal and pathogenic capacities and does not preclude the
possibility that porcine-origin CC10 are capable of causing extra-intestinal

infection [14, 32].

Interestingly, Australian porcine sequences were mostly present on different sub-
clades to the 14 other porcine faecal strains in the collection indicating divergence
and diversity among CC10 strains that colonise pigs. However, two examples of
closely related pig-derived strains were present in clade 4. Porcine faecal strain
EA2788, isolated in 1979 in the USA, was separated by 25 core SNPs from its
closest Australian relative F2_2E. Strain AA8187, isolated in the USA in 2009 from

pig meat was yet more closely related to F2_2E, separated by only 9 core SNPs.

These three sequences possessed similar virulence-associated gene profiles,
however their resistance genes profiles were vastly different. The Australian strain
carried 15 ARGs compared to 7 in AA8187 and 3 in EA2788. Furthermore F2_2E
carried a full suite of IncF replicons (FII, FIA, FIB, FIC), whilst AA8187 carried an
IncFIA and an IncHI1 replicon and EA2788 carried an IncY replicon. These
observations indicate that some CC10 strains are capable of persisting for long
periods of time in association with the porcine gut. Whilst the actual genetic
determinants of fitness in the porcine gut are not known, the phylogenetic
similarity between these three strains likely reflects carriage of similar if not
identical fitness factors. This persistence has previously been described between
sows and their piglets and is likely to persist on a global scale due to the common
ancestry of all domestic pig breeds [33, 34]. It would be interesting to see if the
similarity between these Australian and American porcine strains is reflected in
CC10 isolates from China, which are underrepresented in this collection. China is
the world’s largest producer of pork [35] and transfer of similar strains is likely to
have occurred through trade of meat products and human travel between the two
countries. A broader, globally sourced collection of porcine CC10 sequences would
be useful to characterise dominant strains and determine the underlying genetic
basis of their fitness. In contrast to the conservation of closely related strains, it is

evident among pig-associated strains that variability still arises in the form of
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accessory gene content such as plasmids and ARGs, likely due to to differential

antimicrobial selective pressures between pork production systems worldwide.

CC10 carry a wide variety of virulence-associated genes

We identified a total of 110 virulence-associated genes within the collection.
Strains carried between 2 and 34 virulence-associated genes, with an average of
10 VAGs per strain, revealing a wide variety of VAG profiles. The average number
of VAGs per strain by source was highest in humans (n=12), followed by food and
environmental (n=10) and animals (n=7). No clear relationship between the VAG
profiles and source or geography was evident when gene presence/absence was
mapped alongside the SNP phylogeny (Fig. S5.2). Some closely related strains
exhibited similar virulence profiles however they were rarely identical. We
therefore conducted a non-metric MDS analysis of 194 unique virulence profiles by
continent of isolation, sequence type and origin. This analysis did not separate
strains based on any of these characteristics, suggesting that virulence profiles are
detached from these factors (Fig. 5.2(a-c), Fig. S5.2) It should be noted that small
sample sizes for some groups may obscure the true distributions inferred by the
ellipses, however this was unable to be avoided due to the limitations of publicly
available sequence data. Overall, these observations highlight significant diversity
in the virulence potential of CC10 strains and suggest lateral gene transfer and
homologous recombination events that are unrelated to core phylogeny or source
of isolation play a major role in CC10 diversity [36]. This also indicates that the
underlying genetic factors responsible for the fitness and global spread of CC10 are
unlikely to be related to our current understanding of virulence potential. This is

an area for further investigation.

ExPEC-associated genes were among the most common genes detected in the
collection. These included fimH (n=206, 83%), traT (n=148, 60%), iss (n=134,
54%) and iron acquisition-associated genes such as irp2, fyu4, sitA, iutA and iucD
(n=88, 35%; n=92, 37%; n=56, 23%; n=23, 9%; n=44, 18%). pap operon pilus-
assembly and kpsMTII capsular antigen genes were also detected. Carriage of
ExPEC virulence factors has been previously reported in CC10 and may reflect the

association of many of these genes with intestinal fitness [37], conversely it may
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imply that innately fit and widespread lineages are simply more likely to acquire
virulence genes. VAGs associated with enteric pathotypes were uncommon by
comparison to EXPEC factors. Only 14 strains carried an stx variant characteristic
of Shiga-toxigenic E. coli (STEC). One of these carried both stx1B and stx2B.
Subtypes were not determined. These genes are typically acquired via
bacteriophage transduction [38]. This observation highlights that abundant clonal
groups such as CC10 may acquire virulence traits typical of both ExXPEC and InPEC.

The average number of VAGs (n=6) in Australian porcine faecal strains was lower
than the collection average (n=10). The most common ExXPEC VAGs among porcine
faecal strains were fimH (n=16/20, 8%), traT (n=15/20, 75%) hek, irp2 and fyuA
(all n=5/20, 25%). VAGs of intestinal pathotypes were not identified. Overall, the
low abundance of VAGs suggests low virulence potential of these strains. In
contrast, CC10 strains have been isolated from pigs with extraintestinal infections
in China suggesting that porcine CC10 may acquire VAGs that cause ExPEC in the
same host [32]. [t is unknown whether these strains have developed virulence in
the porcine gut via lateral gene transfer or if they are virulent strains introduced

by humans to porcine production environments.

Resistance genes

We identified 73 ARGs in the total collection with a range of 0 to 19 ARGs per
strain and an average of 5 per strain (Table S5.1). The average number of ARGs by
origin was 7 for environmental, 6 for animals and humans and 4 for food-derived
strains. Class 1 integrase gene intl1 was present in 77 strains (31%) whilst class 2
integrase intl2 was present in 29 strains (12%). Genes conferring resistance to
older classes of antibiotics such as streptomycin (strB/aph(6’)-1d; n=105, 42%,
strA/aph(3°)-1b; n=113, 46%), penicillin (blatem-18; n=93, 38%), aminoglycosides
(aadA1; n=65, 26%), tetracycline (tetA; n=105, 42%) and sulphonamides (sulZ;
n=98, 40%) were most common in the collection. ESBL genes were not common,
however they were represented by a variety of genes notably blacrx-m-32 (n=17,

7%), blacrx-m-15 (n=11, 4%), blacmy (n=13, 5%) and blaoxa1 (n=10, 4%).
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ESBL carriage in this collection of CC10 is diverse but not particularly abundant.
This is interesting given numerous reports in the literature pointing to CC10 as a
common source of ESBL genes [21, 39, 40]. This once again demonstrates the
current limitations data-mining and the need for more publicly available
sequences to develop an accurate understanding of ESBL carriage in CC10 and E.
coli collectively. This is particularly illustrated by the fact that ST10 was identified
as the most common ESBL positive sequence type in Taiwanese river water [18].
The ability of CC10 to survive in river water has implications for its ability to
disseminate and increases its exposure to diverse niches and ability to spread

ESBL genes.

Colistin resistance gene mcrl was present in 5 sequences, four of which originated
from wastewater, a known reservoir of antimicrobial resistance genes and mobile
elements that transfer them [41]. Like ESBL carriage, mcr carriage in CC10 is
commonly reported in the literature in contrast to the collection examined here
[42-44]. A 2018 study by Garcia found that ST10 was the primary carrier of mcr-4
and mcr-5 variants in a collection of colistin-resistant porcine enterotoxigenic E.
coli (ETEC) in Spain. This highlights the danger of exposing a successful lineage like
CC10, within which the line between commensalism and pathogenicity is ill
defined, to critically important antibiotics, as they are likely to acquire resistance

rapidly.

The average number of ARGs for Australian porcine CC10 was 11, more than
double that of the collection as a whole. This discrepancy is likely a result of the
extensive history of antimicrobial use at the farm where the strains were isolated
and selection of intl1 positive strains as a proxy for multiple drug resistance [45].
A family of related integrons was abundant in this collection and responsible for a
proportion of the extensive resistance [16]. The carriage of sul3 in the Australian
porcine strains was high (n=13/20; 65%) relative to the rest of the collection
(n=11/228; 5%). This is likely a reflection of the lower carriage of class 1 integrons
in the overall collection compared to the Australian isolates included in this study
(all intl1+) as sul3 is associated with atypical class 1 integrons [16]. Carriage of sul3

has an established association with E. coli from porcine sources [46]. ESBL and mcr
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carriage was not observed in the Australian strains. It is difficult to compare our
Australian porcine strains to the global strains with respect to antimicrobial
resistance however it is clear that antimicrobial resistance depends on the

exposure history of the strain as opposed to its physical or geographical source.

Plasmid replicons

We identified 21 plasmid Inc replicons in the collection. Strains carried between 0
and 7 replicons with an average of 2. IncF replicons dominated (FII; n=163 (66%),
FIB; n=122 (49%), followed by Incl1 (n=66, 27%) and IncX1 (n=45, 18%). IncF and
Incl1 plasmid families in particular are frequently implicated in the spread of
antimicrobial resistance genes and are likely to play a role in the observed ARG
carriage in this collection of CC10 [47]. The global expansion of ST131 ExPEC
provides a cautionary tale in underestimating the potential for faecal commensal
strains to pose a threat to human health. Like most EXPEC, ST131 is associated
with human faeces and multiple IncF plasmids that carry extensive arrays of drug
resistance genes. ST131, in conjunction with these plasmids, has expanded to
become the predominant ESBL-producing clone in hospital and community-
acquired ExPEC infections [7, 48]. It is conceivable that such a plasmid expansion
event associated with a CC10 strain could yield a conjugative plasmid with serious
antimicrobial resistance and virulence characteristics. As CC10 is a common faecal
commensal of both animal and humans, can cause human ExXPEC infections, inhabit
diverse environmental niches and carry a wide variety of resistance-associated

plasmids it is critical that this lineage is monitored in the context of human health.

Australian porcine CC10 also carried IncF replicons (FII, n=13 (65%), FIB; n= 13
(65%), IncI1 (n=7, 35%) and IncX1 (n=10, 50%) replicons. It is not known
whether these plasmid types have been acquired on multiple occasions by CC10 or
have remained stable in sub-lineages over long periods of time. IncHI2 was notably
carried by 8 strains (40%), and was abundant in the larger collection of previously
described porcine strains from Australia [16]. This is in contrast to the rest of the
CC10 collection where IncHIZ was only present in 11 other strains. The IncHI2
replicons in the Australian porcine strains were all of the same pMLST type ST3,

suggesting a localised plasmid acquisition event. This is supported by reports of
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highly related IncHI2 plasmids with multiple resistance genes circulating in both E.
coli and Salmonella sp. in the Asia Pacific region [49, 50]. This once again highlights
the ability of CC10 and successful commensals to acquire diverse plasmids that

carry drug resistance genes.

Mapping of plasmid and resistance gene carriage to the SNP tree did not appear to
link phylogeny or origin with gene carriage (Fig. S5.3). Furthermore, MDS analysis
of 211 unique plasmid replicon and resistance gene profiles did not cluster strains
based on continent of isolation, sequence type or origin (Fig. 5.3(a-c)). Similar to
the case with virulence genes, it appears that due to the widespread and diverse
nature of CC10 accessory gene carriage is not associated with geography or source
of isolation. However, it is possible that trends could be observed if sample
geography or source was restricted. Similarly, trends might emerge if a larger,
more comprehensively sampled collection were analysed. Further studies with

controlled sampling and sufficient metadata are required to explore this.

Conclusions

This genomic analysis has demonstrated that CC10 is highly diverse with respect
to the core genome as well as accessory elements. This diversity is illustrated by its
host and geographic range and suggests a core set of fitness traits that are yet to be
genetically defined and characterised. It is likely, as in the case of other global
lineages of E. coli, that recombination and genomic islands in the chromosome play
arole in its success. These attributes should be investigated in future work. Whilst
this study is relatively large in scale, it is limited by our inability to control and
balance sample sizes from different sources and geographic regions. As online
databases of whole genome data continue to grow, the scale of these studies
should be expanded to elucidate epidemiological features that cannot be
determined currently. We suspect the apparent abundance of CC10 in human
faeces indicates humans are the predominant intermediaries between strains
found in other animals and environments. The dispersion of Australian porcine
sequences throughout the phylogeny indicates they are derived from multiple

lineages within CC10 that are well adapted to the porcine gut. The variety of VAGs
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and ARGs suggests that these mobilised genetic traits are decoupled from

phylogeny and depend instead on the history of each individual strain.
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5.2.8 Tables and Figures

Source Sequencedype Total
10 34 43 44 48 167 215 218
Africa 13
Food 4 3
Human 5 1
Asia 23
Animal 2
Environment 2 2 3 1
Human 6 1 6
Europe 46
Animal 5
Food| 10
Human 27 1 1 2
NorthAmerica 136
Animal| 37 2 1 4 1 1
Environment 6 1
Food| 33 1 8 10 1 1
Human 21 1 1 1 2 3
Oceania 30
Animal 10 6 4
Human 6 2 2
248
TotalSource
Animal| 54 2 1 10 1 5 73
Environment 8 2 4 1 15
Food| 47 1 11 10 1 1 71
Human| 65 4 3 2 4 11 89
TotalsT 174 9 19 2 25 12 1 6 248
Table 5.1

CC10 sequences used in this study.
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Figure 5.1

Maximum-likelihood phylogeny of
248 E. coli CC10 sequences. Australian
porcine sequences are in bold. Small
nodes indicate high confidence splits
whilst larger nodes indicate lower
confidence splits. Sequence types,
continent of isolation, origin of
isolation, source of isolation and year
of isolation are annotated on coloured
outer rings according to the legends.
Clades are also coloured according to
the legend. Metadata for reference
strain K12-MG1655 and outgroup

strain HS is omitted.
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Figure 5.2

Non-metric MDS graph of 194 unique virulence gene profiles grouped by 95% confidence interval ellipses for a) continent of isolation b) origin of isolation and c)
sequence type. N.B. Some characteristics contained too few data points for ellipses to be calculated.
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Figure 5.3

Non-metric MDS graph of 211 unique plasmid replicon and antimicrobial resistance gene profiles grouped by 95% confidence interval ellipses for a) continent of

isolation b) origin of isolation and c) sequence type. N.B. Some characteristics contained too few data points for ellipses to be calculated.
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Chapter 6: Comparative genomic analysis of two highly-related
E. coli ST131-H22 strains from a healthy piglet and a human

urinary tract infection

6.1 Declaration

This chapter is being prepared for publication but is yet to be submitted, therefore

itis structured in the same manner as the previous chapters for consistency.

6.2 Comparative genomic analysis of two highly-related E. coli ST131-H22
strains from a healthy piglet and a human urinary tract infection

Having identified an ST131 strain in our porcine collection, we sought to compare
it to sequences of human clinical strains of E. coli also being studied in our group.
This preliminary analysis identified a highly similar ST131 strain isolated from
catheter stream urine of a hospital patient with a urinary tract infection. It was
apparent they carried identical integrons and potentially plasmids. We therefore
utilised long read whole genome sequencing to compare them and assess the risk
of the porcine ST131 strain to human health. Please view figures as PDFs attached

to this thesis.

6.2.1 Abstract

The role of food production animals in contributing drug resistant ExPEC to human
infections is incompletely elucidated. ST131 strains of the H30Rx subgroup, a
pandemic uropathogen with conserved fluoroquinolone and cephalosporin
resistance, are not frequently identified in animals. However, there are increasing
reports of its precursor H22 within animals and associated meat products. Here we
identified two highly related ST131-H22 strains from a healthy pig and a human
infection in 2007 and 2009 respectively. We used both long and short genome
sequencing to compare them to publicly available H22 genome sequences. Even
within the context of H22 strains, a relatively clonal group, the two strains in
question were highly related, separated by only 47 core SNPs. Furthermore, they
were closely related to a faecal strain isolated from a healthy human in NSW. Both
strains carried highly similar IncHI2-ST3 multidrug resistance plasmids with

differences in the hospital strain mainly arising due to IS mediated insertions and
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rearrangements. Near identical ColV plasmids were also present in both strains,
further supporting their shared evolutionary history. It is possible these strains
represent a case of zoonotic transfer of a drug resistant pathogen from pigs to

humans though more data is required to confirm that this is the case.

6.2.2 Data Summary

1. Short and long reads for both F2_14D and 2009_36 have been uploaded to
SRA under BioProject accession number PRJNA508590.

6.2.3 Introduction

Multi-drug resistant (MDR) extra-intestinal pathogenic E. coli (EXxPEC) that cause
urinary tract infections (UTI), pyelonephritis and urosepsis represent a significant
healthcare burden worldwide [1]. Whilst a diversity of E. coli clones representing
various multi-locus sequence types may cause extra-intestinal infections[2], much
recent study has focused on the globally disseminated ST131 H30Rx sub-lineage of
ST131.ST131 H30Rx causes a significant proportion of hospital and community-
acquired urine and blood-related infections and is resistant to last-line clinical
antibiotics such as fluoroquinolones and cephaosporins[3]. Cephalosporin
resistance, conferred by CTX-M-type extended-spectrum beta-lactamase
expression, in particular contributes to its predominance in EXPEC literature.
ST131 as a clonal group exhibits subpopulation clonal structure that correlates
with carriage of different alleles fimbrial adhesin gene fimH, which facilitates
adherence to uroepithelium, bladder cell invasion and establishment of
intracellular bacterial communities[4]. Three major fimH alleles, fimH30, H22 and
H41 dominate ST131 phylogeny with the latter two being basal to H30[5, 6].

H22 strains, which gave rise to H30Rx, are underrepresented in literature and
sequence databases, probably due to the natural bias towards clinical and multi-
drug resistant strains as these have the most immediate impact on human health.
However, H22 also cause serious extra-intestinal infections[7] and ignorance of
these ancestral, yet extant lineages, obscures the factors that established ST131
before the H30 lineage acquired ESBL genes. Increasing evidence indicates that
ST131, and H22 in particular, are successful commensals [8]. Recent evidence
showed that H22 strains isolated from healthy humans might have an advantage in

the human gut due to better biofilm formation and use of gluconate as a carbon

98



source[9]. Furthermore, the global distribution of H22 and carriage of plasmids
involved in intestinal fitness supports the contention that widespread faecal

carriage was the initial reason for their success[10].

In addition to human carriage, H22 is also reported in wild seals and poultry meat,
and was recently identified carrying colistin resistance determinant mcr1 in swine
from Spain[10-12]. A body of literature suggests intensive animal production in
particular plays a role in the selection and emergence of drug resistant ExPEC
however many of these studies employ restrictive selection criteria and are limited
to comparison of known antimicrobial resistance genes, virulence-associated
genes and PFGE profiling[13-15]. The presence of ST131 sub-clones in animals is
probably attributable to humans in the first instance, however this does not
exclude animals from playing a role in its ongoing evolution and dissemination as
seen in the Spanish study where colistin resistance has clearly emerged in
response to the use of this antimicrobial in swine production[12]. Regardless of
origin, the presence of a human pathogen in animals is a concern as resistance,
virulence and fitness traits encoded on mobile DNA that circulate in animal
production may drive the evolution of even more severe human pathogens. In
order to truly understand the evolution, reservoirs and dissemination of H22, far
larger collections of systematically sampled, temporally and geographically related
populations of strains from humans, animals and the environment need to be
considered using a whole genome sequencing approach. SNP-based core genome
phylogenies and long read sequencing characterisation of resistance and virulence
plasmids provide superior resolution to MLST and screening of individual genes
alone. In the absence of these large datasets, insights can still be gathered with the
aforementioned methods. By understanding H22 and other established pre-

pandemic lineages we may be able to predict future pathogen expansion events.

Here we characterised and compared two highly related H22 strains from
disparate sources. F2_14D was isolated in 2007 from a healthy piglet at a rural
production facility and 2009_36 was isolated in 2009 from a human urinary tract

infection at a suburban hospital over 250km away. We aimed to compare their
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ARGs, VAGs and plasmid types to a global collection of H22 strains and perform

long-read sequencing to characterise the plasmids they carried.

6.2.4 Methods

Strains and sequences used in this study

Escherichia coli strain F2_14D was isolated from a weaned piglet by faecal swab in
2007 from an intensive production system with a history of extensive neomycin
use for treatment of enterotoxigenic E. coli (ETEC) outbreaks. More information on
the collection is previously reported [16]. 2009_36 was isolated from catheter
stream urine of a patient with a urinary tract infection at the Sydney Adventist
Hospital in Sydney in 2009. Enterobase

(http://enterobase.warwick.ac.uk/species/index/ecoli) was queried for ST131

and strains designated fimH22 or clade B were downloaded from SRA using

parallel-fastq-dump v0.6.3 (https://github.com/rvalieris/parallel-fastg-dump).

We also included 11.3-R3, a human faecal H22 strain from Australia[17]. Both the
raw [llumina reads and complete genome of JJ1897, an ST131 H22 isolated from a
human infection were downloaded for gene screening and use as a reference
genome respectively. These 48 strains and their accession numbers are available

in Table S6.1.

DNA Isolation, Sequencing and Assembly

DNA from both strains was isolated, quantified and sequenced on an Illumina
HiSeq 2500 v4 sequencer as previously described[16]. DNA was also isolated from
both strains for long read sequencing by phenol-chloroform extraction (full
method available in File S6.1, See Appendix) and quantified by Qubit dsSDNA HS
assay (Thermo Fisher Scientific) as previously described[16]. Suitable molecular
weight for long read sequencing was confirmed on a 0.8% agarose gel, run at 10V
for 16 hours and purity confirmed by Nanodrop (Thermo Fisher Scientific).
Libraries were prepared for long-read sequencing using the Oxford Nanopore
Technologies (ONT) 1D ligation sequencing kit (SQK-LSK108) with the native
barcoding expansion kit (EXP-NBD103). Several modifications were made to the
ONT protocol to maximise read length and throughput, including those described

by Wick et al. (2017). In addition, we used 7.5 pg of starting DNA from each isolate
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and performed the DNA purifications steps using SPRIselect beads (Beckman
Coulter). Resuspension of SPRIselect beads was carried out at higher than usual
temperatures (50°C after end repair and 37°C after adapter ligation) to promote
efficient elution of the DNA into solution. The final library containing 4.4 ug DNA
was loaded onto an ONT MinION instrument with a FLO-MIN106 (R9.4) flow cell
and run for 48 h as per manufacturer’s instructions. Raw fast5 files were base-
called with Albacore v2.3.3 (ONT) and de-multiplexed with Porechop v0.2.3
(https://github.com/rrwick/Porechop). Reads were then subsampled to 500Mbp

with Filtlong v0.2.0 with default settings and a minimum read length of 2000bp.
Unicycler v0.4.6 [18] hybrid assembly was performed with default settings using
both Illumina raw reads and Oxford Nanopore subsampled reads. Contigs less than
1000bp were excluded from the final assembly. Assemblies graphs viewed in
Bandage [19] revealed the chromosome of 2009_36 was fragmented however two
circular contigs of 278,665bp and 143,67 1bp were assembled. F2_14D consisted of
a single contig circular chromosome and a circular contig of 274,883bp. Three
further contigs with a continuous graph path were joined and exported from
Bandage in fasta format, forming the third circular replicon 139,372bp in length.
All sequence reads, both short and long, used in this study have been uploaded to
SRA under BioProject PRINA508590. Individual Accession numbers are available
in Table S6.1.

Phylogenetic Analysis

In order to generate a global ST131-H22 core SNP phylogeny, [llumina raw reads
were aligned to the complete genome of H22 strain ]J1897 (gb|CP013837.1) using
Snippy v4.1.0 (https://github.com/tseemann/snippy). The completed genome of
ST131-H30 strain EC958 (gb|NZ_HG941718.1) was also aligned as an out-group

strain to root the phylogeny. snippy-core was then used to generate an alignment
of all strains. The snippy-core full alignment was recombination filtered with
Gubbins, and SNPs identified with snp-sites v2.4.0 resulting in an alignment of
2292 core variable sites[20]. FastTree2 v 2.1.10 was then used with default
settings to produce maximum-likelihood phylogenetic trees for both alignments
using a generalised time-reversible (GTR) nucleotide substitution model[21]. The

tree was visualised with strain metadata in iTOL v4.2.3[22]. The tree was also
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visualised alongside a gene-screening heatmap in R v3.3.1 with ggtree v3.6[23].

Pairwise SNPs between all strains were extracted from the core alignment using

snp-dists v0.6 (https://github.com/tseemann/snp-dists). The Gubbins filtered
alignment (gubbinsfullcore.aln), final cleaned alignment (cleanfullcore.aln), tree

(cleanfullcore.tree) and the pairwise SNP table (pairwise_snps.csv) are available at

https://github.com/CJREID/ST131-H22 supporting data.

Gene screening

All H22 sequences were screened for ARGs, VAGs, plasmid replicons, O and H
antigen genes and pMLST alleles using ARIBA v 2.10.1[24] and ResFinder,
PlasmidFinder, VirulenceFinder and SerotypeFinder databases available from the

Center for Genomic Epidemiology (http://www.genomicepidemiology.org/) [25-

28]. A custom database of additional genes not present in the aforementioned

databases was also used[29].

Plasmid annotation and visualisation
Circular plasmid contigs resulting from the Unicycler assembly were annotated
with RASTtk via the Pathosystems Resource Integration Centre’s (PATRIC) online

Bacterial Bioinformatics Resource Centre (https://patricbrc.org/). This automated

annotation was then imported in GenBank format into SnapGene 4.1.9 (GSL
Biotech) and manual annotation was performed with BLASTn

(https://blast.ncbi.nlm.nih.gov/) and the previously mentioned gene databases.

The complete annotated plasmid sequences of pF2_14D_HI2, p F2_14D_F,
p2009_36_HI2 and p2009_36_F have been uploaded to Genbank though accession
numbers have not been confirmed at the time of this thesis submission. NCBI
BLASTn was also used to select complete plasmids for comparison to our
sequence. For F plasmids, mobile elements and transposons were removed from
the backbone of p2009_36_F and the backbone sequence was used to query
GenBank. Complete plasmid sequences with 100% coverage and 297% identity
were downloaded for comparison (n=13). For HIZ plasmids, the smr0018 and
smr0199 alleles were used as a query to identify and download all publicly
available IncHI2-ST3 plasmids (n= 41) (accessed 25/10/18). Details of
downloaded plasmids are available in Table S6.2-S6.3. BLAST Ring Image
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Generator (BRIG) v0.95 was used with default settings to compare our plasmid
sequences to the publicly available ones[30]. These figures were then combined
with the SnapGene generated plasmid maps to visualise similarities and

differences.

6.2.5 Results and Discussion

F2_14D and 2009_36 in the context of ST131-H22 global phylogeny

Routine preliminary analysis (data not shown) undertaken on our hospital and
porcine origin E. coli sequences indicated that two ST131 strains from these
collections were closely related and had similar accessory genes. These strains
were 2009_36, isolated from a human catheter stream infection in 2009 and

F2_14D, isolated from a faecal swab of a healthy piglet in 2007.

In order to determine how similar these two strains were at a core genome level
we performed SNP-based alignment with snippy, using the closed genome of
ST131-H22 JJ1897 as a reference and 47 publicly available H22 strains. The closed
genome of ST131-H30 strain EC958 was used to root the maximum-likelihood
tree. The core genome alignment used to build the tree consisted of 2,292

conserved variable sites. (Fig. 6.1)

Publicly available strains were from human (n=42), avian (n=3), food (n=1) and
undetermined (ND, n=2) sources, spanning 1967-2012, four continents and seven
countries (Fig. 6.1). Human-sourced strains originated from blood (n=12), urine
(n=16) and respiratory (n=1) infections. A single Australian faecal isolate from a
healthy human was also included (Table S6.1). The lack of human faecal-derived
strains was surprising given this is typically the immediate source of extra-
intestinal infections and human faecal carriage of H22 is previously reported [9,

31, 32].

Aside from ]JJ1897, which was present on its own clade, the H22 strains split into
three well-supported clades designated A, B and C (Fig. 6.1, Fig. 6.2). The structure
of our tree is similar to the phylogeny observed by Liu et al [10]. The tree did not

clearly stratify strains based on origin, country or year of isolation. However a few
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clusters of geographically related strains were apparent. 2009_36 and F2_14D
were present in clade A and separated by 47 SNPs. Human faecal strain 11.3-R3
from 2010 was also closely related to these two strains separated by 60 and 51
SNPs from 2009_36 and F2_14D respectively. Whilst more examples of this lineage
from animals and humans are required to understand potential reservoirs, it is
remarkable that three strains from randomly sampled collections are so highly
related. This strongly suggests this lineage is widespread and abundant, likely
within the human gut. The fact the porcine strain was the only ST131 among 68
isolates from 21 pigs suggests its presence in swine is attributable to humans,
however further studies of porcine commensal E. coli are required to explore this
hypothesis[16]. Two further sequences from human blood infections in the UK
(2010 and 2012) were present on the same sub-clade, separated by less than 90
SNPs from our strains, indicating this lineage of H22 is also globally disseminated

and may have been introduced to Australia from overseas.

ST131-H22 virulence profiles reflect phylogeny

In order to determine the repertoire of accessory elements in H22 strains and
examine any patterns in the context of the phylogeny we screened for virulence,
resistance, plasmid-associated and common mobile element genes and mapped
them against the core genome phylogeny (Fig. 6.2). Uropathogenic specific protein
gene usp and ferric yersiniabactin uptake gene fyuA were present in all strains.
Genes involved in iron acquisition irpZ2 (n=48, 96%), iucD (n=46, 92%), iutA (n=45,
90%) and sitA (n=46, 92%) were abundant, as were immune evasion/protectin
genes kpsMTII (n=48, 96%), traT (n=47, 94%), iss (n=49, 98%) and invasion of
brain endothelium gene ibeA (n=48, 96%)[33-40]. Generally, each clade appeared
to have distinguishable virulence gene profiles with clades A and B being more

similar than clade C.

ColV carriage is associated with multiple IncF plasmids in clades A and B

Clades A and B were notable for their carriage of ColV genes cvaABC and cvi, which
were absent from clade C. ColV plasmids are strongly associated with avian
pathogenic E. coli (APEC) where they provide an advantage in the gut and

virulence in extra-intestinal sites they infect. Furthermore they have been
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identified in human commensals carrying ARGs and human urine and blood
infections, indicating they play a similar role dual here[10, 31, 41-43]. Fifteen
strains, including 2009_36 and F2_14D carried all four of these genes whilst three
others carried at least one of them. Mapping of ColV-associated gene carriage to
the SNP phylogeny shows that two clades of ST131-H22 carry ColV plasmids (Fig.
6.2). A total of eight F-plasmid types corresponded to carriage of ColV genes in the
collection with F18:B1 (n=5) and F2:B1 (n=5) being the most common. These
results are similar to those of Liu et al and our additional pMLST data supports the
repetitive acquisition of different ColV plasmids by these lineages of H22[10]. The
carriage of ColV plasmids in these lineages suggests they have been exposed and
adapted to niches where these plasmids are common such as poultry production

systems and the human gut[10, 41].

Antimicrobial resistance in H22

Twenty-three strains carried no ARGs whilst the remaining strains carried
between 1 and 11. ARGs conferring resistance to aminoglycosides (aadA1, n=9,
18%), penicillin (blatem-18, n=9, 18%), streptomycin (strd4, n=9, 18%; strB, n=8,
16%), sulphonamides (sull, n=8, 16%; sul2, n=7, 14%) and tetracycline (tetA4,
n=10, 20%) were most common. These genes are frequently encountered in
commensal and pathogenic E. coli that inhabit the gut of swine in Australia[16, 44,
45]. Furthermore, IS26-flanked transposons carrying these genes, such as Tn6029
and Tn6026 are frequently encountered in food animals and humans in Australia
on diverse plasmid backbones[31, 46-50]. It is notable that these transposons are
also present on virulence plasmids including ColV and Incl plasmids in human
pathogenic E. coli. Class 1 integrase gene int/1 was present in ten strains (20%), all
of which carried multiple ARGs consistent with the association between class 1
integrons and multidrug resistance[51]. Strains carrying ARGs typically carried a
non-F type plasmid replicon. This indicates that the history of antimicrobial
exposure for each strain remains important within H22 and they continue to
acquire diverse plasmid types. Despite the apparent susceptibility or carriage of
‘older’ ARGs in H22, ESBL genes were present in the collection. Two strains carried
blaoxa-2, whilst blacmy-2, blacrx-m-1, blaoxa-1, and blasuv-2 were each present in single

strains. This highlights the ease with which H22 strains might acquire serious drug
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resistance characteristics; especially given they are isolated from human blood in

hospitals where antimicrobial selection pressure abounds.

Plasmids in 2009_36 and F2_14D

We used long-read sequencing to determine the similarity between the apparently
identical plasmids carried by 2009_36 and F2_14D. This confirmed each strain
carried an F2:B1 ColV plasmid and an IncHI2-ST3 plasmid. These plasmids were
designated p2009_36_F, pF2_14D_F, p2009_36_HI2 and pF2_14D_HI2.

p2009_36_HIZ and pF2_14D_HIZ2 are large IncHIZ2-ST3 antimicrobial and metal
resistance plasmids

p2009_36_HIZ and pF2_14D_HI2 were 278,665bp and 274,883bp long respectively
and shared 99% sequence identity across 98% of their length. Most of the
differences in gene content were due to acquisition of insertion elements and
truncations caused by them. Relative to pF2_14D_HI2, p2009_36_HI2 carried five
additional copies of IS1203-like elements, 6 additional copies of IS26 and a copy of
[S1294. These IS elements appear responsible for rearrangements in the backbone
of p2009_36_HI2. Due to multiple insertions and rearrangements it is difficult to
accurately determine the process of evolution that led to the structure of
p2009_36_HI2, however it appears that one or more insertions of IS26 has led to a
large inversion relative to pF2_14D_HI2 (Fig. 6.3, Fig. 6.4)[52]. IS acquisition and
rearrangements in p2009_36_HI2 may reflect its exposure to hospital
environments where antimicrobial use can induce the SOS response and up-
regulate replication and transposition of IS elements[53]. Aside from these
differences, both plasmids were remarkably similar. Both carried two identical
class 1 integron structures. The first of these was an 1S26 flanked sul3-associated
integron lacking direct repeats, suggesting that an IS26-related homologous
recombination event mediated its insertion. It consists of Aint/1 truncated by a
copy of IS26, followed by a cassette array estX-psp-aadA2-cmlA-aadAl. The 3°-CS is
a variant of that previously described in pCERC3[42]. IS1203 is inserted within
qacH followed by putative transposase tnp440 and a downstream module 1S26-
AmefB-orfB-orfA-sul3-1S26. Only 111bp of macrolide efflux gene mefB remains and

the module is inverted relative to the structure in pCERC3 such that AmefB is
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proximal to the integron. This deletion signature was common in the collection
that F2_14D originates from and all other strains carrying it also carried an IncHI2
replicon[16]. This strongly suggests that plasmids related to pF2_14D_HI2 are
responsible for the carriage of this integron in that collection. Related sul3
integrons have also been reported in IncF and Incl1plasmids, however this

signature is only reported in Australian pigs to date[16, 42, 54, 55].

The second integron is a sull integron located downstream of a Tn1721-like
structure carrying tetA. It carries a cassette array dfrA12-orfF-aadAZ2 followed by
3°-CS in which tniA is truncated by IS26. This integron and relatives are similarly
widely reported[56]. The pco/sil operon, conferring copper and silver resistance,
associated with a suite of Tn7-like transposase genes was present in both plasmids

as well as the ter gene cluster conferring tellurite resistance[57, 58].

p2009_36_HIZ and pF2_14D_HIZ2 are closely related to HI2-ST3 resistance plasmids
circulating in the Asia-Pacific region

Using the pMLST alleles as a query, we downloaded all 41 complete HI2-ST3
plasmid sequences for comparison with pF2_14D_HI2 and p2009_36_HI2. All bar
two sequences originated from China and Hong Kong, reflecting numerous reports
indicating they are endemic to the Asia-Pacific region[57, 58]. The two non-
Chinese sequences (pIncHI2-MU3 and pSTM-275) were both from Australian pigs,
one originating from E. coli and the other from S. enterica species respectively.
pSTM-275 was nearly identical to pF2_14D_HI2 and carried an identical sul3 type
integron and a variant of the sull integron. They differed only in the presence of a
number of additional IS elements in pF2_14D_HI2. pIncHI2-MU3 by contrast did
not carry either of the two integrons, or the neoR gene present in F2_14D_HI2. The
Australian sequences were generally more similar to each other than to non-
Australian strains indicating a potentially Australia-specific lineage of HI2
plasmids. Six Chinese sequences also originated from pigs. This supports a local
plasmid acquisition event by the ancestral strain, possibly within pigs. The
presence of HI2-ST3 in human faeces, infections, swine, poultry, sewage, lettuce
and even giant panda suggests these plasmids provide a fitness advantage to gram-

negative bacteria across a wide variety of niches. Furthermore, carriage in multiple
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E. coli lineages, K. pneumoniae, R. ornitholytica and S. enterica spp. indicates they
are frequently transferred within and between species relevant to human health.
Altogether this data shows there is a need for understanding local patterns in AMR
plasmid carriage to better manage the risks associated with their acquisition by

pathogens such as ST131.

The HI2-ST3 backbone containing conjugative transfer genes, a tellurite resistance
operon and numerous hypothetical proteins appeared to be highly conserved
across all sequences. Differences between plasmids were primarily due to
insertion sequences and drug resistance regions. (Fig. 6.3, Fig. 6.4). The presence
of the pco/sil resistance operon in tandem with ARGs in all three Australian
porcine strains is concerning. The use of copper as an in-feed additive for
production swine and use of antimicrobials for disease outbreaks provides a dual
selection pressure for these plasmids in swine and explains their carriage in
porcine populations of E. coli [59, 60]. The major issue is that even in the absence
of antimicrobial use, these plasmids and their ARGs will continue to be conserved
and pass into environments where they may acquire further ARGs. This is
illustrated by the Chinese sewage plasmid pMCR_WCHEC050613, which carried
the pco/sil operon, variants of the integrons described in our plasmids and mobile
colistin resistance gene mcr-1. The contamination of wastewater with
antimicrobials and heavy metals is likely to drive this sort of rapid evolution that
constitutes a threat to human health[61, 62]. The presence of an IS-flanked
neomycin resistance gene neoR in our two plasmids and another Australian
porcine sequence pSTM6-275, and absence from all other sequences, is intriguing
and could be related to the common use of neomycin in Australian pigs[63].
Further work is required to determine the full range and transmission of HI2-ST3
in the Asia-Pacific region and these plasmids should be monitored in the context of

human health.

2009_36 and F2_14D carry closely related ColV F2:B1 virulence plasmids associated
with pathogenicity

p2009_36_F and pF2_14D_F are ColV virulence plasmids with identical F2:B1
replicons, 143,671bp and 139,372bp in length respectively. pF2_14D_F carried a
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copy of ISEc23 that was absent from p2009_36_F whilst p2009_36_F carried an
[S1203-like element absent from pF2_14D_F. Both plasmids carried TnZ, inserted
within a Tn1721-derivative transposon however the tet genes and part of tnpA-
1721 were deleted in pF2_14D_F. Otherwise, these two plasmids were identical in
structure (Fig. 6.5, Fig. 6.6). They carried cvaABC and cvi colicins, as well as
numerous VAGs including iroBCDEN salmochelin operon, etsABC type 1 secretion

system, iucABCD and iutA aerobactin operon, hlyF, ompT and iss[41, 64, 65].

We queried GenBank with the shared backbone of the two plasmids, free of IS
elements and Tn1721 derivatives, and downloaded complete plasmids with 297%
sequence homology across their length for comparison. Sequences originated from
human faecal, clinical and poultry sources, reflecting previously reported
reservoirs where ColV plasmids may confer a selective advantage. The
geographical distribution included Australia, Europe and North America however
Asia was not represented. Our plasmids were most similar to the pCERC plasmids
from human faecal E. coli described by Moran and Hall[31, 42]. pCERC5 was the
most similar, carrying the same backbone and Tn1721-derivative as p2009_36_F,
the only difference being an additional insertion of an IS1203-like element in
p2009_36_F (Fig. 6.5., Fig. 6.6). Remarkably, pCERC5 was isolated from 11.3-R3,
the closest relative of our two strains on the SNP tree. In contrast to the carriage of
large IncHIZ drug resistance plasmids, the two ARGs in this strain were

attributable to pCERCS5, though it carried an additional IncN replicon (Table S6.1).

Transfer of strains and plasmids

The nearly identical core genomes and plasmid carriage of F2_14D, 2009_36 and
11.3-R3 are intriguing, and raise more questions than they answer. Firstly, the
conserved carriage of F2:B1 ColV plasmids in a limited evolutionary background
indicates that a common ancestor of these strains acquired this plasmid. Whilst not
the only possibility, we believe there are several reasons that the case of F2_14D
and 2009_36 indicates a transfer event of their common ancestor from pigs to
humans. Firstly, most HI2-ST3 plasmids don’t carry the pco/sil operon.
p2009_36_HI2 was the only human clinical sequence examined that possessed this

locus. The others were from Australian pigs and Chinese lettuce and sewage.
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Heavy metal resistance is likely to be enriched in all three of these settings by the
selective pressure of copper in pig feed and animal manure that is used to fertilise
crops, as well as heavy metal contamination of sewage[60, 62, 66]. Secondly, the
sul3 integron with identical mefB deletion is a genetic signature that, to date is only
reported in Australian pigs, suggesting it evolved and disseminated from this niche
[16, 54]. Thirdly, the extensive IS-mediated rearrangement in p2009_36_HI2
indicates it has evolved from pF2_14D_HI2 or a very similar plasmid, possibly in a
hospital environment[53]. It is probable that the ancestor of both strains was
introduced to pigs via humans, however the presence of the HI2-ST3 plasmid and
its specific gene carriage suggests the subsequent event is backflow from pigs to
humans. We concede that far more long-read sequencing of closely related strains
is required to confirm this hypothesis, however the observations and implications
emerging from such a small dataset are quite surprising. Whilst animal production
may not be the true origin of human-adapted pathogens such as ST131, it may

nonetheless play an ongoing role in their evolution.
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Tree scale: 0.01 —

Clades

[ ] CladeA
[ ] CladeB
[ ] CladeC

Source (Ring 1)
. Human

[] Avian

[] Food

. Porcine

] nD

Country (Ring 2)
I usa

] United Kingdom
[ Australia

[] Cenada

[ Germany

] India

Il cambodia

Year (Ring 3)
[] Pre-2000
I 2001-2006
Il 20072012

Figure 6.1

Maximum-likelihood tree of 50 ST131-H22 sequences derived from a core genome alignment of 2292 variable sites. Outer rings display metadata associated with

each strain. Three major clades are shown. Black dots indicate nodes with confidence value <0.75.
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Maximum-likelihood tree of 50 ST131-H22 sequences mapped against VAG, plasmid-related, ARG and mobile element gene presence/absence. Colours indicate

presence and white indicates absence. Green; VAGs, Blue; plasmid-related, Purple; ARGs, Yellow; mobile elements.
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Schematic map of pF2_14D_HI2 (outer ring) and BRIG comparison to p2009_36_HI2 and 41 HI2-ST3 complete plasmids. Coloured arrows represent genes and their

functions. Coloured rings indicate regions of sequence homology to pF2_14D_HI2 and white space indicates absence of homologous sequence.
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Schematic map of p2009_36_HI2 (outer ring) and BRIG comparison to pF2_14D and 41 HI2-ST3 plasmids downloaded from GenBank. Coloured arrows represent
genes and their functions. Coloured rings indicate regions of sequence homology to p2009_36_HI2 and white space indicates absence of homologous sequence. The

dotted line indicates the region that is inverted relative to pF2_14D_HI2.
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Schematic map of pF2_14D_F (outer ring) and BRIG comparison to p2009_36_F and 13 F2:B1 complete plasmids. Coloured arrows represent genes and their

functions. Coloured rings indicate regions of sequence homology to pF2_14D_F and white space indicates absence of homologous sequence.
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Chapter 7: General discussion and future directions

As each results chapter contains discussion of the work therein, this final chapter
will provide a general discussion based upon a synthesis of the aims, and
discussion of some of the major implications and broader ideas arising from the

thesis. Limitations will be addressed and future directions proposed.

Porcine faecal waste represents a significant environmental pollutant as it contains
drug resistant microbes, heavy metals and antimicrobial residues. Unlike cattle
and poultry, little is known about the genetic characteristics of commensal
populations of porcine E. coli, which may pose a risk to both animal and human
health. Prior to the commencement of this thesis whole genome sequence data of
commensal MDR E. coli populations from swine in Australia was absent. Numerous
PCR based studies mostly concerned pathogenic strains, identifying a limited set of
VAGs and/or ARGs with very little consideration given to phylogenetic
background, and plasmids[1-4]. In order to assess the risk of MDR porcine E. coli to
human and animal health, all of these factors need to be taken into account
together with the highest possible resolution. Establishment of databases of
detailed genomic characteristics of E. coli from all areas of the biosphere will
facilitate better tracking of important plasmids, the ARGs and VAGs they carry, and
potentially pathogenic lineages. This in turn will allow identification of areas, such
as food production systems, hospitals, municipal wastewater systems and natural
waterways where strategies can be implemented to mitigate the evolution and
spread of MDR E. coli. Currently, these efforts are in their infancy and individual
populations first need to be characterised and understood while high-throughput
whole genome sequencing and analysis pipelines are developed to cope with the
enormous datasets that will be required to understand the problem on regional,

national and global scales.

7.1 Aim1

Determine the population structure, multi-locus sequence types, antimicrobial
resistance genes, virulence-associated genes and plasmid types of a collection

of multidrug resistant porcine commensal E. coli
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Aim 1 was primarily addressed in Chapter 4. This paper incorporated two
collections of primarily commensal porcine MDR E. coli from two commercial
swine production farms separated by approximately 250km. Sixty-eight
commensal E. coli from 21 pigs on farm 2 (F2) were the primary focus of this
thesis, whilst 35 farm 1 (F1) strains were the subject of another thesis and
included 17 isolates from animals with diarrhoea. As stated in the manuscript, we
considered the collection as a whole to be commensal due to the low carriage of
ETEC virulence factors, which were present in both healthy and diseased pigs, as
well as the fact that isolation of a strain from a disease animal does not confirm it

as the causative pathogen[5].

The major findings of Chapter 4 included;
a) Identification of phylogroup A CC10, ST361 and ST542 as dominant among
MDR commensal E. coli on two farms
b) Carriage of diverse integrons conferring multiple drug resistance

c) Carriage of ExPEC VAGs in commensal porcine E. coli

As these findings are discussed in Chapter 4 and many of the implications apply to

Aim 2, this section will mostly address limitations within Chapter 4.

Firstly, the inclusion of only two farms was a clear limitation of the manuscript
however, opportunistic sampling had to be accepted as a comprehensively
designed genomic epidemiological study design incorporating many farms with a
broad geographic spread was not practical at the time. Despite this limitation, a
number of notable similarities were evident between the two farms such as ST
overlap, carriage of identical integrons (D, G and H; Fig. 4.1 and Fig. 4.3) and
plasmid replicons (IncF and IncHI2; Fig. 4.2). The similarity of resistance
genotypes could be region specific and literature indicates AMR genotypes vary
dramatically between farms due to differential selection pressures[4]. Therefore
the conclusions about the presence and abundance of ARGs on these farms may
not be applicable Australia-wide, they nonetheless highlight the need for genomic

surveillance of AMR on a farm-to-farm basis.
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In contrast to the AMR variability that is likely farm-specific, a number of sequence
types observed on both farms are commonly reported as both commensals and
pathogens in pigs worldwide[6-12]. Given this overlap, it seems that a broad range
of mostly phylogroup A E. coli are well adapted to the pig gut and have been
historically selected based on fitness prior to the additional pressure of
antimicrobial use. It would be desirable to obtain sequence type data for multiple
farms across Australia to determine how the national epidemiology of commensal
E. coli compares to other countries and inform further studies that could elucidate

the genetic basis of their success in pigs.

Whilst we were able to characterise a diversity of integrons, their context on
plasmids and larger mobile elements was not determined due to the limitations of
short read sequencing. Some strains carrying the same integron carried different
plasmid replicons suggesting that the integrons or larger mobile scaffolds they
reside on have transferred between plasmid types. Furthermore the presence of
identical integrons and plasmids in different sequence types indicates that
multiple mechanisms of HGT are at play in the gut of pigs. Whilst mercury
resistance genes were common in the collection and known to be associated with
integrons, we were unable to localise them on the same scaffold due to the
limitations of short read sequencing. Further long read sequencing of a subset of
representative plasmids, and subsequent read mapping of short read data back to
these sequences is required to determine the context of integrons, the extent of
integron transfer between plasmids, and plasmids between strains in the
collection. Fully characterising these plasmids will allow them to be tracked in
other populations and assess the contribution of pigs to the national and global

burden of AMR.

The use of intl1 as a proxy for MDR strains may be viewed as a limitation of the
study. However, it should be noted that the broader collection from which the F2
strains originated was 98% PCR-positive for intl1. intl1 selection is also preferable
to using a single resistance gene or phenotype as a selection criteria because it
allows examination of a greater variety of resistance genotypes. Furthermore,

given the aim was to characterise MDR strains, as they pose the greatest risk to
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human and animal health, we argue that int/1 selection is appropriate and useful to
this end[13]. One risk associated with this selection criteria is that truncated
integrons, where intl1 is interrupted by an IS element may be missed in PCR
screening despite carrying cassette arrays and ARGs associated with other MGEs.
[S-augmented integrons were present in the collection and are increasingly
reported as drug resistance regions continually evolve[5, 14-16]. It is important
that these potentially important structures are not overlooked. These insertion
events are also useful as diagnostic markers for epidemiological tracking.
Alternative strategies to select MDR strains with truncated integrons could include

screening for IS elements or plasmid replicons that frequently carry ARGs.

7.2 Aim 2

Identify mobilised antimicrobial resistance genes, plasmids, clonal groups and

strains and that may pose a risk to human and animal health

This thesis identified two major characteristics of MDR porcine commensal E. coli
that are cause for concern in both human and animal health. These included;
a) Diverse class 1 integrons augmented by [S26, associated with multiple
plasmid types
b) Strains and lineages such as ST131 and CC10 that are likely human

pathogens and carry multiple resistance determinants

The primary risk that porcine commensal E. coli pose to humans appears to be the
contribution of successful plasmids carrying novel CRLs which comprise integrons,
ARGs and IS elements that are primed for rapid evolution. Ten different class 1
integrons were identified in the collection, derived from five progenitor structures.
Identical integrons were present in multiple STs and most of the variation among
progenitors was due to [S26-mediated insertions and rearrangements. This is
concerning for several reasons. Firstly, the distribution of successful resistance
structures and plasmids among a broad range of E. coli lineages increases the
chance of spread and success in multiple niches outside swine production where

certain strains or sequence types might have an advantage. Secondly, the
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modification of integrons by variable IS26 insertions strongly supports the
evolution of CRLs in swine production under antimicrobial pressure. This was
particularly evident in integron (i) (Chapter 4), described on an IncHI2 plasmid in
Chapter 6, which was abundant in the collection and has only been reported once
on a highly related plasmid from a Salmonella enterica strain also originating from
an Australian pig[17]. The subsequent selection of these novel genetic constructs
and amplification of plasmids that carry them increases the chance of spillover and
selection in other animal and human populations. This was apparent in the
presence of a derivative of the IncHI2 plasmid in a human clinical ST131 strain
described in Chapter 6. Finally, due to the utility of IS26, CRLs that carry multiple
copies of IS26 may become hotspots for the integration of new ARGs critical to
human health. All that is required is the relevant selection pressure. As previously
mentioned, more work needs to be done to fully characterise the diversity of
plasmids and CRLs emerging from swine production so they can be tracked
epidemiologically. [S26 is paradoxically useful in this respect because the
truncations it causes can be used as markers for tracking[18]. Whilst this thesis
has characterised a number of resistance traits that may spread from one farm it is
critical that this sort of surveillance is carried out on a national scale. The
differential use of antimicrobials on different farms will certainly affect the
plasmids and CRLs present[4]. A good example of this is the dissemination of
blacrx-m-1 (conferring ceftiofur resistance) on an Incl1-ST3 plasmid on another

Australian pig farm with a history of ceftiofur use[19].

Compounding the issue of evolution and amplification of CRLs and plasmids in
swine production is their carriage in successful commensal and potentially
pathogenic lineages. In Chapter 4 CC10 was identified as the predominant group of
commensal E. coli in the strain collection and literature suggested CC10 and ST10
in particular are broad host range commensals as well as MDR opportunistic
pathogens|5]. This lead to an exploration of how the porcine sequences compared
to a global collection of CC10 strains. It was evident that CC10 strains colonizing
pigs originate from multiple distinct lineages, supporting their broad fitness as
commensals. Furthermore, given their VAG profiles and relatedness to strains from

human blood and urine it is likely that some of the CC10 strains in our collection
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are capable of extra-intestinal pathogenicity and could be considered ExPEC[20].
Whilst this would need to be confirmed in a model of infection, the genomic data
provides strong support for this hypothesis. Further evidence of ST10 as a
pathogen emerged in a recent report of colistin resistant pathogenic E. coli from
pigs in Spain. The study observed molecular characteristics of three different
pathotypes, ETEC, STEC and aEPEC, as well as hybrid pathotype STEC/ETEC
among 29 mcri1-positive ST10 strains causing diarrhoea in pigs[12]. This raises a
number of issues. Firstly, it is likely that most ST10 strains that cause disease in
weaning piglets originate in their own gut and cause opportunistic infections when
host immunity is compromised. Therefore ST10 poses a threat not only to human
health but animal health as well. Secondly, the combination of colistin resistance
and MDR phenotypes within these ST10 strains are a serious cause for concern
should these strains or plasmids transfer to humans where colistin is a last-line
treatment option for gram-negative infections. Though colistin is not used in
animal production in Australia, this study serves as an example of the serious
problems that can occur when successful, diverse and potentially pathogenic E. coli
in the gut of animals are exposed to last-line antimicrobials. The potential role of
swine production in driving evolution and dissemination of AMR was also
highlighted by the distinct ARG and plasmid carriage of our porcine CC10 strains

relative to the rest of the global collection.

The identification of an ST131 strain carrying a ColV virulence plasmid and a
locally acquired IncHI2 resistance plasmid was a surprising example of a pathogen
present in the commensal microbiome of a pig. Its striking similarity to a human
clinical strain all but confirms its identity as a genuine pathogen and its carriage of
resistance that seemingly evolved in swine production is concerning. Despite the
global focus on ESBL carriage in ST131-H30Rx from humans, increasing evidence
suggests that the H22 precursor is well adapted to the gut of animals and readily
acquires drug resistance where pressure is present[12, 21]. [t will be interesting to
see if H22 strains with antimicrobial resistance characteristics indicative of animal

production continue to emerge in humans.
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In addition to the ST131 strain, two highly virulent ST117 strains were identified
in Chapter 4. ST117 is a common pathogen of poultry and known EXPEC in humans
[22-24]. These strains did not carry an IncHI2 replicon, however their resistance
genes were similar to many other strains in the collection indicating they have also
acquired resistance traits within the farm. We intend to perform long read

sequencing of these strains in order to fully characterise the plasmids they carry.

A clear limitation of both chapters 5 and 6 was the use of publicly available
sequences for comparison and our inability to control for any epidemiological
characteristics. This may be the reason there was no clear congruence between the
genomic characteristics of strains and their epidemiological metadata in either
CC10 or ST131-H22. There was a contrast in the diversity of CC10 compared to
ST131-H22, which is clearly a more clonal population. Future efforts to map and
model the dissemination and transfer of clonal groups and AMR between humans,
animals and the environment on any scale need to take into account this variation.
Highly clonal groups like ST131 will potentially be easier to track and understand,
coupled with their relevance to human and animal health, these groups need to be
understood first and the lessons learnt carried over to analysis of more diverse
lineages such as CC10. The expansion of global databases will assist in this regard,
however new methods of analysis and mathematical models will need to be
developed in order to truly understand the situation. It would be beneficial for
public databases to establish a minimum standard of metadata required when
submitting genome sequences to increase the power of genomic epidemiological

studies.

7.3 Aim3

Use long read sequencing to fully characterise strains and plasmids identified in

Aim 2 and compare them to relevant human origin strains

The similarity between porcine ST131 strain F2_14D and human clinical strain
2009_36 observed from Illumina data led to us performing long read sequencing to
fully characterise and compare the plasmids they carried. Both strains carried

remarkably similar ColV and IncHI2 plasmids (pF2_14D_F, p2009_36_F,
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pF2_14D_HIZ and p2009_36_HI2), supporting their shared evolutionary history.
Both of these plasmids are relevant to human health and their presence in pig
production is concerning. Due to the fitness and virulence-associated
characteristics of ColV plasmids, they are worthy of further investigation in the gut
of animals where they may be playing a role in the emergence of potentially
zoonotic pathogens in conjunction with antimicrobial resistance[25]. A number of
other strains in the original collection exhibited genotypes suggestive of ColV
carriage and further analysis is required to determine if they carry plasmids
related to pF2_14D_F and if they also carry ARGs. We hypothesise that this plasmid

or closely related derivatives have transferred between different STs on the farm.

The carriage of an apparently porcine origin IncHIZ plasmid in a human EXPEC
strain is a clear example of the risk swine production could pose to human health.
Furthermore, the evolution and rearrangements driven by IS26 in the human
origin plasmid highlight how the evolution of IS26-associated resistance regions in
animal production can continue to evolve in humans and hospitals. Data in Chapter
4 indicated that similar plasmids are present in many of our other porcine strains
and mapping of short reads to pF2_14D_HI2 is needed to determine how similar
they are. It was notable that related plasmids carrying integrons and ARGs are
abundant in animals in China, indicating a regional distribution of this particular
lineage[26, 27]. Potential modes of microbial and AMR transfer between countries

and their food production systems should be investigated in future.

As was the case in examining global CC10 and ST131 strains, a limitation of this
analysis was the use of publicly available complete plasmid sequences, which are
less abundant than Illumina sequence data. We were able to compare a number of
IncHI2-ST3 plasmids, which indicated an Asia-Pacific distribution. However, it is
still possible these plasmids are present in other parts of the world and have
simply not been sequenced. Ever expanding databases and large-scale analyses

will shed light on the global distribution of resistance plasmids in the future.
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7.4 Future directions

In assessing the risks pig production poses to human health we have only sampled
a very small part of the picture. This thesis provides a basis for further analysis
that will yield stronger conclusions, though it is remarkable what has emerged

from such a small-scale analysis.

There is scope for further work on this collection as well as the field of genomic
epidemiology more broadly. Firstly, long read sequencing of more strains within
CC10 as well as the ST117 strains should be performed to fully characterise their
resistance plasmids. It will be interesting to see if they carry virulence plasmids,
which contribute to their risk to human health. As a major focus of the thesis was
AMR, it was somewhat surprising that mobile virulence plasmids were present.
The potential evolution and selection of virulence plasmids that confer
pathogenicity in otherwise non-virulent, commensal strains in animal production
is problematic and should be closely monitored together with AMR plasmids. Co-
carriage of virulence and resistance plasmids rich in IS elements increases the
chance that hybrid virulence-resistance plasmids will evolve. Such a situation
could lead to pathogenicity being selected as a by-product of antimicrobial use.
Numerous examples of hybrid virulence and resistance plasmids in humans and

animals are reported and important in terms of genomic surveillance[25, 28, 29].

Secondly, the scale of sampling in pig production in Australia needs to be
expanded. A 2016 study isolated 5003 E. coli strains from swine on 72 farms in
Australia[4]. Whole genome sequencing of a collection of that scale would
dramatically increase understanding of the risk porcine commensal E. coli pose to
human and animal health in Australia. This will require strong collaboration
between government, scientific institutes, veterinarians, farmers and animal

production corporate bodies with the common goal of increasing biosecurity.
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In addition to expanding sampling in swine production, genomic epidemiology

studies need to sample temporally and spatially related strains, unbiased by

selection of specific antimicrobial resistance phenotypes from a wide variety of

settings in order to understand relationships between reservoirs. It would be

beneficial to examine a rural area where a variety of agricultural production

settings are in close proximity to humans. A study might involve sampling:

1. Hospitals

a.

b.

C.

d.

Patients; infectious and commensal sites
Medical staff
Physical surfaces such as sinks, drains and beds

Wastewater and effluent

2. Community

a.
b.

C.

Food from supermarkets and restaurants
Faecal flora of healthy individuals

Public spaces

3. Agriculture

&

=

d.

e.

f.

4, Water

a
b.

a 0

Animal faeces

Farmers

Wastewater

Irrigation water

Fresh produce where animal manure is used

Soil

Natural waterways, particularly those in proximity to agriculture
Stormwater
Sewage

Treated wastewater

Such a comprehensive genomic dataset of E. coli would be of huge benefit, not just

for the area sampled but global genomic epidemiology on the whole. Dorado-

Garcia et al performed a similar study, however it was significantly biased by

selection of ESBL/AmpC-producing E. coli. Selection for last-line antimicrobial

resistance phenotypes ignores the broader factors such as successful plasmid
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types, antimicrobial resistance transposons and other MGEs such as IS elements
that facilitate their emergence. It is impossible to understand the relative
contribution of animals to AMR in humans with such an approach. The nature of
the problem of AMR is still far from being fully characterised or understood. There
is a desperate need to understand the dynamics of strain and AMR movement
between all of the above settings so that well-designed interventions can be
implemented. A phenotypically unbiased study such as the one described might
inform the development of models and analysis methods that can be applied to

other towns, cities and on national and global scales.

The need for models that characterise the dynamics of transfer goes hand in hand
with the need for development of methods of analysis that can deal with the sheer
scale of data that will be generated in the future. Increased computing power, new
mathematical models and standardized automated analysis pipelines are

particularly critical in this regard.
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Appendix

File $S6.1 SDS/Phenol Chloroform Extraction Protocol
Before starting:
1. Set heat blocks to 37 and 56 degrees C.
2. Check you have the following reagents/solutions
a. TE
20% SDS

s

c. Proteinase K

d. RNase A

e. Ethanol 70% and 100%

f. Phenol/chloroform/isoamyl alcohol
g. Chloroform/isoamyl alcohol

h. 3M sodium acetate pH5.2

1. Prepare an overnight culture in rich media.
2. Sub-culture 100uL of this overnight culture in 10mL fresh media and incubate
for 3-3.5 hours.
3. Spin mid-log cells for 15 minutes at 4000 rpm and re-suspend in 500uL of Lysis
buffer:

482uL TE (pH8.0)

15uL 20% SDS

3uL Proteinase K (20mg/mL)
4. Incubate this tube at 56°C with mixing via tube inversion every 15 minutes until
completely lysed.
5.Add 1/10 volume (50ul) 3M sodium acetate pH5.2 and 2.5x volume (1.25mL)
100% ethanol and mix gently.
6. With a pipette tip, transfer the precipitated proteins and nucleic acids into a tube
containing 500uL 70% ethanol.
7. Spin tubes at 13000 rpm for 10 minutes, pour off supernatant. Resuspend pellet
in 800uL water (ideally pre-heated to 65°C).
8. Add 10uL of RNase A, incubate at 37°C for 30 minutes.
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9. Bring the tube back to room temperature after incubation and move on with
Phenol-Chloroform extraction.

10. Pre-mix phenol/chloroform/isoamyl alcohol solution (400uL of phenol; 400uL
chloroform/isoamyl alcohol) and add (total 800uL).

11. Invert 6-8 times then spin at 13000 rpm for 5 minutes.

12. Remove as much liquid as possible from the top aqueous phase and place into a
new tube. Avoid picking up any of the phenol/chloroform/isoamyl alcohol phase.
13. Add equal volumes of the chloroform/isoamyl alcohol solution to extracted
aqueous phase.

14. Invert 6-8 times then spin at 13000 rpm for 5 minutes.

17. Remove as much of the top aqueous phase as possible and place into a new
tube. Avoid picking up any of the chloroform/isoamyl alcohol phase.

18. Repeat steps 5 and 6 (ethanol precipitation, adjust volume of sodium acetate
and ethanol based on how much aqueous phase you get).

19. Spin for 20 minutes at 13000 rpm (optionally at 4°C).

20. Decant supernatant carefully without disturbing the pellet.

21. Wash by adding 500uL of 70% ethanol and invert 6-8 times.

22. Spin for 15 minutes at 13000 rpm (optionally at 4°C).

23. Decant supernatant carefully without disturbing the pellet.

24. Repeat the wash steps (steps 21-23)

25. Quick spin on table top centrifuge to draw residual ethanol to bottom.

26. Remove residual ethanol with a p20 pipette, be careful not to disturb the pellet.
27. Air dry pellet and resuspend with appropriate volume (100uL) of pre-heated
65°C water.
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