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Abstract

Antimicrobial resistance (AMR) is a complex, global health challenge requiring a One
Health framework, acknowledging the interconnectedness of human, animal and
environmental microbiospheres, in order to understand its reservoirs, transfer
mechanisms and evolution. Escherichia coli is a model ‘One Health organism’ as it is a
gastrointestinal commensal of diverse vertebrate species, a common contaminant of
foodstuffs and natural environments, increasingly multidrug resistant (MDR) and a

major human pathogen.

Within humans, extraintestinal pathogenic E. coli (EXPEC) cause severe disease,
including urinary tract infections (UTls) and blood sepsis. Similarly, avian pathogenic E.
coli (APEC), a subset of EXPEC, cause significant economic losses in the poultry sector.
Despite known phylogenetic and genotypic similarities between the two, it is still not
possible to define them with genomic data alone and their transit between poultry and
humans is poorly characterised. Genomic data on Australian APEC in particular is lacking,

hampering efforts to assess and mitigate their threat to human and animal health.

Accordingly, we characterised the genomes of 95 Australian MDR APEC sourced from
four Australian states. ST117 and clonal-complex 350 were abundant, however
pandemic human ExPEC lineages also featured, including ST95, ST73 and ST131. Almost
all strains carried large ColV-like virulence plasmids, however no strains carried genes
conferring resistance to critically important antimicrobials (CIAs), such as carbapenem:s,
extended-spectrum P-lactams, fluoroquinolones and colistin, except one exhibiting a
fluoroquinolone-resistance associated mutation. This attests to the value of strict

antimicrobial use regulations in food animals in Australia.

One strain carried a novel variant of Salmonella genomic island 1 (SGI1) named SGI1-B-
Ecl. SGI1 is an integrative mobilisable element that confers resistance to five different
classes of antimicrobials and may confer pathogenicity traits. It was originally
characterised in outbreak strains of Salmonella enterica serovar Typhimurium, however
SGl1-related elements (SGI1-REs) have been reported in diverse genera, some carrying
ClA-resistance genes. The first identification of an SGI1-RE in E. coli is alarming as it

indicates other more clinically significant SGI1-REs may exist within Australian food-
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animals. Subsequently, high-throughput analysis of 455,632 bacterial genomes revealed
previously undescribed SGI1-REs in E. coli, Klebsiella pneumoniae, Vibrio cholerae and

Cronobacter sazakii.

This data provides valuable insight into the current AMR status of Australian MDR APEC,
as well as the spread and evolution of SGI1 and SGI1-REs within
Gammaproteobacteriaceae. Large-scale, One Health-oriented genomic epidemiological
studies are urgently required into APEC and bacterial populations more broadly to

identify and mitigate their threat to human and animal health.

14



Chapter 1: Thesis Overview

1.1 Overview

This research project involved analysis of the genomic sequence data of 95 isolates of
multi-drug resistant isolates of avian pathogenic E. coli (APEC) originating from diseased
poultry around Australia. During this analysis, one isolate was found to carry a variant
of Salmonella genomic island 1 (SGI1), a genetic element important in the evolution and
spread of AMR in Enterobacteriaceae. This was the first report of SGI1 within E. coli, a
finding that prompted the analysis of large online databases for further evidence of SGI1
and SGl1-related elements within other genera previously not reported to carry them.

All three chapters of this thesis have now been published.

1.2 Aims

e Aim 1: to determine the phylogenetic characteristics, virulence- and AMR-
associated gene content of a geographically-diverse collection of Australian MDR

APEC
Hypotheses:

o Australian MDR APEC do not frequently carry genes conferring resistance to
critically important antimicrobials

o These isolates are rich in plasmid-encoded, virulence-associated genes
(VAGs), particularly those involved in iron acquisition

o A subset of these APEC exhibit phylogenetic and genotypic similarity with
human ExPEC

e Aim 2: to characterise mobile genetic elements (MGEs) associated with Australian

MDR APEC
Hypotheses:

o Australian MDR APEC frequently carry ColV-like virulence plasmids
o Australian MDR APEC exhibit various genetic contexts for AMR determinants

and elements important in AMR evolution and dissemination

15



* Aim 3: to assess the spread of SGI1 and SGI1-REs throughout publicly available genomic

datasets
Hypothesis:

o SGI1 and SGI1-REs have a more extensive host range than has previously

been reported in the literature

1.3 Summary and contribution to the literature

This thesis provides whole genome sequence (WGS) data on an Australian population of
MDR APEC, a cause of major disease burden within the poultry industry and potential
contributor to human infections. Analysis revealed the phylogenetic composition of
APEC throughout various Australian states, described the antimicrobial resistance
genotypes common in these organisms, and assessed their VAG carriage. Additionally,
this thesis reports the first finding of an SGI1 variant in a strain of E. coli, and also
provides novel data on the occurrence of SGI1 and SGI1-REs in other

Gammaproteobacteriaceae.

The primary findings include:

e ST117 is likely the most dominant sequence type of APEC throughout Australian
poultry operations

e Australian MDR APEC are not a major reservoir for genes conferring resistance to
critically important antimicrobials (CIAs)

e E. coli, Vibrio cholerae, Klebsiella pneumoniae and Cronobacter sazakii have acquired

SGI1-REs
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Chapter 2: Literature Review

2.1 Antimicrobial resistance

Antimicrobial resistance (AMR) is a global health challenge considered by the World
Health Organisation (WHO) as both urgent and complex (1). AMR refers to the capacity
of a microorganism to resist the effects of antimicrobial therapeutics. The primary
impacts of AMR on human populations are increased morbidity, mortality, length of
hospitalisation and healthcare expenditure. For example, a study in the United States
on a cohort of 1,400 hospital patients found that AMR infections, in contrast with
antimicrobial susceptible (AMS) infections, were attributed to a 6.5% increase in
mortality, a 1-2 week increased length of hospital stay and an increased treatment cost

of $18,000 USD (2).

Antimicrobial resistant pathogens are increasing in prevalence, with such infections in
the United States having doubled between 2002 and 2014 from 5.2% to 11% (3).
Multiple drug resistant (MDR) strains, especially those resistant to the critically
important antimicrobials (CIAs) 3™, 4™ and 5™ generation cephalosporins,
glycopeptides, macrolides, polymyxins and quinolones, are of particular concern. Strains
resistant to these last-line antimicrobials are also increasingly reported (4-6), and there
are concerns for the potential for widespread emergence of pan-resistant pathogens
that are non-responsive to the entirety of our antibiotic arsenal. This problem is
exacerbated by market forces that disincentivise investment in research and

development of novel classes of antibiotics (7).

It is estimated that 700,000 deaths occur each year as a result of all-cause AMR
infections and that by 2050 the number of AMR-attributable deaths annually will
increase to 10 million (7). While the health burden of AMR is expected to balloon, the
predicted economicimpactis also equally staggering, with a global cumulative economic
impact of $100 trillion USD anticipated by the mid-point of the century (7). While
strategies to combat this phenomenon are increasingly prioritised by governmental
agencies and institutions in the animal and human health industries, urgent coordinated

and collaborative action is required from professionals across regulatory, agricultural
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and clinical environments if we are to be successful in tackling the threat of AMR. This is

because the magnitude of the threat posed by AMR is mirrored by its complexity.

2.2 One Health, antimicrobial resistance and infectious diseases

Recently, great efforts have been made to identify the potential sources of AMR. It is
well known that antimicrobial selection pressures drive AMR; therefore, sources of AMR
evolution and dissemination are likely those which see the highest usage of
antimicrobials. Primarily, there are two areas of human activity wherein antimicrobials
are used; animal agriculture and in the treatment and prevention of human disease.
While it is known that clinical environments play critical roles in the selection for AMR
lineages of bacteria, within the United States it is estimated that 70% of antibiotics are
used in the raising of livestock (7), highlighting the food-animal industry as another

major source of AMR.

\ Antibiotic residues
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Transfer from "/' ( )

people to animals

Contact with Pathogens and

contaminated animals commensals Contact with
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Figure 2.1 — Diagrammatic representation of the mechanisms facilitating movement of microbes,

their mobile genetic elements and selective agents like antimicrobials, the basis of One Health

ideology
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In recent years it is being increasingly understood that microbial populations can
transfer to, and establish within, environments other than those from which they
originate. Agricultural runoff, human sewage, medical waste and animal-sourced
fertilisers constitute just a few examples of the many different vectors facilitating
environmental microbial transfer. There are many reservoirs of AMR and pathways that
facilitate transfer of AMR bacteria between them, a small number of which are shown
in Figure 2.1. However, it is also important to recognise that the spread of AMR is

attributable not only to the spread of AMR bacteria.

The movement of genetic material encoding AMR, particularly when present on mobile
genetic elements (MGEs), is also a major concern, and will be discussed in greater detail.
Additionally, the transfer of antimicrobial compounds and residues between different
environments, for example the pollution of natural waterways by antimicrobials of
clinical, agricultural or geological origin (e.g. mercury), serves to select for AMR
microbes. One Health frameworks are those which consider that these different levels
of movement take place between human, agricultural and natural environments. Such
approaches are being increasingly adopted by researchers, legislators and other

professionals in the study and management of AMR and infectious diseases.

2.3.1 Causes of antimicrobial resistance

The occurrence of AMR is due to the acquisition or mutation of genetic material that
facilitates the survival and/or growth of microorganisms in the presence of otherwise
efficacious antimicrobial compounds. There are many mechanisms of AMR (Figure 2.2)
and the intricacies of the biological architecture that facilitate them are an area of
ongoing research. Two primary factors contribute to the emergence of AMR, i) selection
and expansion of AMR clones, and ii) lateral gene transfer. The former is more simply
explained; AMR selection processes kill off bacterial strains that are susceptible to
antimicrobials and those that are resistant survive and propagate. Lateral gene transfer
(LGT) is a process whereby genetic material can be exchanged between a donor and

recipient cell.
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2.3.2 Lateral gene transfer

In contrast to clonal expansion, whereby cellular division and genetic replication results

in the generation of genetically identical (or near identical) daughter cells, LGT refers to

all other processes by which cells can acquire genetic material from non-parent cells.

There are several primary mechanisms by which LGT takes place and many types of

mobile genetic elements exist through which the process is facilitated (8), as seen in

Figure 2.3.

Figure 2.3 — Schematic representation of the primary mechanisms of lateral gene transfer (8)
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Transformation involves genetic material being liberated from cells, for example upon
cell death, and subsequently encountered and taken up by a neighbouring recipient cell.
Secondly, transduction refers to phage-mediated processes of genetic exchange, which
play an important role in the spread of AMR and virulence traits. Phages can capture
genetic material from the host genome, package it into phage heads and subsequently
invade recipient cells and integrate this genetic material into the genomes of their new
hosts (9). Thirdly, conjugation, a major contributor to the spread of AMR and virulence,
is a process by which plasmids can be transferred through a syringe-like apparatus called
a pilus. Plasmids or transposons that contain the genetic material required for pili
formation are said to be conjugative, however some non-conjugative plasmids and
transposons can hijack the conjugative transfer process and be delivered to a recipient

cell in trans (10).

2.4 Mobile genetic elements

Many kinds of mobile genetic elements exist which facilitate the processes of LGT. Some
of those that are known to have played important roles in the evolution of virulence and

AMR in E. coli and other bacteria are listed and described below.

2.4.1 Insertion Sequences

Insertion sequences (ISs) are genetic elements that consist of a transposase, and
occasionally other coding sequences, between two inverted repeats (IRs). Transposition
of an IS element occurs when its transposase, or a related transposase, recognises IRs in
a sequence dependent fashion, and occasionally the movement of IS elements results
in the movement of adjacent DNA, particularly when this DNA is flanked on both sides
by identical or closely related IS elements. A great diversity of IS elements has been
reported in the literature, and specific IS elements have been attributed to the
dissemination of particular AMR and virulence genes. Among the more notable IS
elements are those of the IS6 family, and IS26 in particular, which have been attributed
to the spread of many AMR genes. For example, a recent study demonstrated 1S26-
mediated transmission of the carbapenem resistance gene blanpm-1 in a polyclonal
multispecies outbreak in a German hospital (11). This lineage of IS elements has also

been noted to play important roles in plasmid evolution and the generation and
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mobilisation of complex resistance loci (12, 13). The presence of IS elements in multiple
copies throughout the genome of a given bacterium is also consequential as it provides

additional loci at which homologous recombination events can occur (14, 15).

2.4.2 Plasmids

Plasmids are a diverse group of episomal genetic constructs which can be shared
between bacterial strains, in some cases between phylogenetically diverse donor and
host cells (16). These MGEs often carry toxin-antitoxin systems to ensure their stable
maintenance in host populations, which has important implications for the persistence
of their associated genetic cargo, including AMR and virulence genes, within microbial
hosts (17). Plasmids can be classified into incompatibility (Inc) groups that reflect their
evolutionary history. They are said to be incompatible if cellular division does not result
in progenitor cells acquiring both such plasmids, given the presence of both such
plasmids in a parent cell (18). To date, twenty eight plasmid Inc groups are recognised
(19), however some are thought to have played more important roles in the spread of
AMR and virulence than others. Incompatibility types such as IncF, IncHI2, IncX and Incl
plasmids are among those that have made the greatest contribution to the spread of
AMR throughout Gram-negative bacteria (20) as they frequently harbour AMR genes
and elements important in the evolution of AMR such as integrons and IS elements (21-
24). In regard to virulence, the plasmid types with the propensity to carry E. coli
virulence-associated gene cargo are those of Inc type F (25), particularly those of ColV-

like virulence plasmids which are discussed in greater detail in Chapter 4.

2.4.3 Clinical class 1 integrons

Integrons are modular genetic constructs which are able to capture and express gene-
cassettes, some of which encode an AMR phenotype (26). Multiple cassettes can be
present in a single integron, allowing for the accumulation of multiple AMR genes in a
single genetic locus (26). This is consequential in regard to AMR evolution because genes
that integrate into the host chromosome by other means can interrupt biologically
important coding sequences and consequentially result in a fitness cost to the host.
Therefore, integrons serve as a means of acquiring genetic material while avoiding
deleterious changes to the host genome, a factor contributing to their great success in

spreading throughout Gram-negative populations.
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Integrons are classified based on the nucleotide sequence of their integrase gene intl
which encodes a site-specific recombinase responsible for the integration and excision
of gene-cassettes. While integrons of class 1, 2 and 3 are observed in E. coli and other
Gram-negative organisms, the most frequently observed class associated with AMR
genes are a subtype of class 1 integrons referred to as the clinical class 1 integron (27).
Typical clinical class 1 integrons contain an integrase gene (int/1), one or more gene
cassettes, a truncated quaternary ammonium compound resistance gene (qacEA), a
dihydropteroate synthase gene which confers resistance to sulphonamides (sul1), and
an open reading frame (ORF) of unknown function called ORF5 (27). These regions
flanking the cassette integration site are referred to as the 5°-CS (int/1 to attll) and the

3°-CS (gacEA to sull) (Figure 2.4).

5'CS 3'CS
| intl1 Cassette genes qagE,w sult |
attl1 59- be

Figure 2.4 — Schematic representation of a class 1 integron, featuring the 5°-CS, a variable cassette

region (one cassette shown, however the structure can carry multiple cassettes), and the 3°-CS (187)

Increasingly, atypical clinical class 1 integrons are observed wherein parts of the 5°-CS
and/or 3°-CS are missing, typically due to the integration of an IS element, in particular
IS26 (28). These IS26-associated integrons are of importance as they not only have
enhanced mobility by virtue of their association with IS26 but they also have a greater
capacity to recruit additional IS26-mobilised AMR genes, due to IS26’s tendency to

target and integrate adjacent to other copies of 1S26 (15).

2.3.4 Transposons

Transposons (Tns) are MGEs that encode cellular machinery required for their excision
and integration from one genomic context to another. There are two primary

classifications of transposons; composite Tns and non-composite Tns. The former are
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generated when two identical (or sufficiently similar) IS elements are present proximally
to one another in a genomic region. The inverted repeats at either end can be acted on
by the IS transposase allowing the excision and mobilisation of the intervening DNA
sequence (Figure 2.5). Composite transposons have played important roles in the
dissemination of many AMR genes, including Tn5, Th9 and Tn6, which mobilise genes
conferring resistance to neomycin/kanamycin, tetracycline and chloramphenicol,
respectively (29). A recently identified composite transposon referred to as Tn6330 has
been found to mobilise the colistin resistance gene mcr-1 through ISApll-mediated
transposition, highlighting the importance of composite Tns in the evolution of AMR
(30). The insertion sequence I1S26 is also known to play important roles in the formation

of AMR-associated composite transposons (15).

a) Insertion Sequence (IS)
IR Transposase Gene IR
b) Composite Transposon s

— L

.
b

Antibiotic resistance gene Transposase Gene

Figure 2.5 — Schematic representation of a) an insertion sequence (IS), flanked by inverted repeats

(IRs); b) a composite transposon, flanked by I1Ss (112)

Conversely, non-composite Tns, also referred to as Tn3 family elements, encode all
genes required for their transposition, including the transposase and resolvase genes
tnpA and tnpR (29). Tn3 family elements play an important role in the mobilisation and
spread of AMR genes throughout bacterial populations, and it is thought that their
success in this regard is in part attributable to the association of particular transposons
with heavy metal resistance determinants (26). Carriage of heavy metal resistance

determinants by Tns is consequential in the spread of these elements as clinical,
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agricultural and natural environments are commonly contaminated with heavy metals

of anthropological or geological origin, including mercury, zinc and copper (26).

While there are other AMR-associated Tn3 family transposons within E. coli and other
Gram-negative species, perhaps the most important is Tn21. Tn21 and other related Tns
carry genes required for their transposition (tnp), a class 1 integron (typically carrying
one or more AMR conferring gene cassettes as well as a sull gene in the 3'-CS) and the
heavy metal resistance operon mer (26). It is thought that heavy metal contamination
in environmental and agricultural settings has played important roles in the spread of
integrons and their associated AMR gene cargo (31). Transposons of the Tn21 family are
commonly found within AMR bacteria from a variety of different sources and in a variety
of genomic contexts (26), and it is important to note that gene-cassettes, integrons, Tns

and plasmids are often nested within one another (32), as visualised in Figure 2.6.
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Figure 2.6 — A schematic representation of the archetypal composite and nested structure of

the multidrug resistance plasmid R10 (32)
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2.3.5 Integrative mobilisable elements and Salmonella genomic island 1

Integrative mobilizable elements (IMEs) are a diverse, widespread and somewhat poorly
understood class of MGEs that are thought to play important roles in lateral gene
transfer. These elements carry genes encoding cellular machinery for their own excision
and integration and hijack the conjugative machinery of other co-resident MGEs to
facilitate IME spread via LGT (33). Many IMEs also carry AMR genes and some carry
multiple, with the most clinically significant AMR-associated IME being those of

Salmonella genomic island 1 (SGI1) and SGI1-related elements (SGI1-REs) (33).

Salmonella genomic island 1 was first identified in the epidemic multidrug resistant
lineage of Salmonella enterica Typhimurium DT104 (S. Typhimurium DT104) (34).
Constituting a 43 kb IME, SGI1 houses a complex class 1 integron conferring resistance
to five different classes of antimicrobials (beta-lactams, amphenicols, aminoglycosides,
sulphonamides and tetracyclines). Strains of S. Typhimurium DT104 were first isolated
from wild birds in the 1980s, subsequently became epidemic in cattle in Britain and also
common within other food-animal operations (35). Outbreaks of S. Typhimurium DT104
infection in both humans and food-animals have been documented internationally and
SGI1 and SGI1-REs have now been reported in other serovars of Salmonella enterica,
other species of Salmonella and subsequently in other genera, including other human
pathogens such as Proteus, Enterobacter, Morganella, Acinetobacter and Providencia

(35-39).

Evidence also indicates that SGI1 has the potential to integrate into many other genera,
some of which constitute major human pathogens, including the clinically important
ESKAPE pathogens Klebsiella pneumoniae and Pseudomonas aeruginosa, by virtue of
SGI1-REs integration site being part of the highly conserved GTPase trmE (40, 41). This
IME, and elements related to it, are increasingly appearing within clinical and
agricultural environments and some recent variants have been reported to have
acquired genes conferring resistance to critically important antimicrobials (CIAs) used as
last-line treatments for infectious diseases, such as blanom-1, blaves-s and blacrx-m-15 (42-
44). Notably, 1S26 is proximal to these CIA resistance conferring genes in two of these

three examples, and reported to cause rearrangements in SGI1-RE structures more
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broadly (45), highlighting the important role of IS elements such as IS26 in the evolution
of SGI1-REs.

Evidence has indicated that SGI1 is stably maintained in the host chromosome for 351
successive generations even in absence of selection pressure (46), and it has been
proposed that this characteristic is likely shared by other IMEs including SGI1-REs (33).
This has important implications as it demonstrates that once an SGI1-RE is acquired by
a particular lineage it can be expected to persist chromosomally, evolve, and potentially
expand via processes of vertical and lateral gene transfer. The spread of SGl1-related
elements and other IMEs is potentially of major clinical significance and an area

requiring further investigation given the evidence surrounding their broad host range.

2.4 Escherichia coli as a One Health organism

E. coli is found in the gastrointestinal tract of most vertebrates as well as in terrestrial
and aquatic environments; natural and man-made (47). It is produced en-masse in food-
animal production systems wherein these bacteria are routinely exposed to
antimicrobials including antibiotics and heavy metals, which have historically been used
as food additives to prevent the occurrence of animal disease and as a nutritional
supplement, respectively (31). While the usage of antibiotics for growth promotion is
banned within Australia and many countries abroad, some studies suggest that AMR
populations of bacteria may persist even in the absence of continued exposure to
antibiotics (48). This arises because compensatory mutations that ameliorate the fitness

impost posed by carrying MGE enable bacteria to carry them (48).

Food-animal associated E. coli are frequently MDR, particularly in countries where
regulations regarding antimicrobial usage are lax and stewardship practices are poorly
enforced (49, 50). AMR and potentially pathogenic E. coli have been isolated from
animal food-products and outbreaks of infectious disease caused by E. coli have been
attributed to the consumption of meat, eggs and dairy (47). However, due to fertilisation
of food crops with food-animal litter being commonplace, fresh produce has been
demonstrated to be contaminated with virulent and AMR E. coli (51). Shiga-toxin
producing E. coli (STEC) outbreaks in many countries have been linked to the

consumption of contaminated vegetables, for example, with a single outbreak of STEC
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in the United States traced to contaminated romaine lettuce causing 167 cases of illness

and 85 hospitalisations across 27 states (52).

Similarly, E. coli inhabit the gastrointestinal tracts of humans, and therefore clinical and
community environments are commonly contaminated with these bacteria. Both raw
and treated sewage have been shown to have higher prevalence of AMR bacteria than
normal surface waters, and while wastewater treatment plants are known to be
effective in reducing the overall load of AMR bacteria within sewage effluent they have
been noted as hotspots wherein AMR may emerge (53, 54). Similarly, agricultural runoff
has been shown to contaminate waterways with E. coli, MGEs and antimicrobials (55-
57). Particular lineages of E. coli have been shown to persist within environmental
reservoirs, highlighting that evolution of AMR traits continues to take place in natural

environments (58).

The flow of E. coli and AMR-associated MGEs between natural, agricultural and clinical
environments is of concern as it is thought that the pangenome of environmental
bacteria, particularly those associated with the soil microbiome, play an important role
as a source of AMR conferring genes and also other genetic elements involved in AMR
evolution (59). Here via lateral gene transfer they can acquire novel AMR genes from
the environmental resistome, a process hastened by the presence of antimicrobial
contaminants that are common in environmental settings (31). Subsequently they can

be mobilised by the movement of water, migratory animals and other forces.

It is estimated that by 2050 AMR E. coli will cause approximately 3 million human deaths
per annum and be responsible for a cumulative economic impact of approximately $40
trillion USD (7). Their ubiquity, combined with their role as a major human and animal
pathogen and their propensity to acquire and disseminate AMR-associated MGEs,

makes E. coli an ideal organism to study within a One Health framework.

2.4.1 Phylogenetic classifications of E. coli

Many approaches have been developed for the phylogenetic classification of organisms
in all kingdoms of life, including E. coli. Such classifications facilitate the comparisons of
members of the species, as certain lineages of E. coli have a tendency to be associated

with particular niches and differ in their capacity to cause various pathologies (47). Prior
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to the discussion of the nuances of E. coli pathotypes and niche-associations, some of

the phylogenetic classification schemes used to classify E. coli will be outlined.

2.4.2 Serotyping

Serotyping of bacteria involves characterisation based on the presence of particular cell
surface antigens. Traditionally performed in vitro using antisera, serotype
determinations can now be performed in silico using WGS data. In E. coli, serotyping can
be used to classify the O (lipopolysaccharide; usually present), H (flagellar; usually
present) and K (capsule; variably present) antigens. Currently there are upwards of 186
known O-types, at least 53 known H-types (60) and 80 or more known K types (61),
however K-typing is less commonly performed than O- and H-typing. The most well-
known serotype of E. coliis 0157:H7, a lineage commonly attributed to STEC infections
that can result in bloody diarrhoea and haemolytic uremic syndrome (47). Notably, not
all 0157:H7 strains cause STEC infections, and not all STEC infections are caused by
0157:H7 strains (47). Serotype-pathology associations are therefore non-absolute. STEC
are prevalent in the faeces of cattle and sheep and other ruminant species in Australia
and internationally (62-64). It should also be noted that there is some capacity for

serotype to be transferred laterally, particularly in the case of O-type genes (65).

2.4.3 Phylogrouping

Phylogrouping of is a scheme of phylogenetic classification of E. coli that is based on the
presence or absence of genes and gene fragments in a given strain. While the original
scheme consisted of four phylogroups, A, B1, B2 and D (66), there have been several
modifications to the scheme whereby additional groups have been added (67). This
thesis employed the original Clermont scheme with just four classifications as it is widely
utilised; please note that all subsequent mentions of phylogroups within this thesis are

referred to in the context of this particular scheme.

Traditionally, as with serotyping, phylogrouping was performed using a polymerase
chain reaction in combination with gel electrophoresis, based on the presence or
absence of amplicons of the conserved genes chuA and yjaA and the conserved
nucleotide sequence referred to as TspE4.C2 (66). However, phylogroup determination

can now also be performed computationally. The literature suggests that phylogroups A
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and B1 are primarily associated with commensal strains and IPEC, while phylogroups B2,

and to a lesser extent D, are more commonly attributed to EXPEC infections (68).

2.4.4 Multilocus sequence typing

Multilocus sequence typing (MLST) is a moderately high-resolution scheme of
phylogenetic classification in which strains are grouped into sequence types (STs) based
on sequence variation in seven highly conserved genes. Sequence types that exhibit a
difference in one of these alleles are said to be of the same clonal complex (CC). Some
STs have been shown to have associations with pathological and environmental niches.
In some cases, the fitness traits of a given ST that make it successful in a particular
environment are better understood. For example, research has indicated that the
success of ST131, a pandemic ST associated with multidrug resistant EXPEC infections,
may be attributable to several primary genetic underpinnings. These include reduced
uptake of antimicrobials through OmpC-mediated porin downregulation (69), enhanced
biofilm formation compared with non-ST131 strains (70), and resistance to
fluoroquinolones and extended spectrum beta-lactamase through acquisition of single
nucleotide polymorphisms (in gyrA and parC) and the ESBL gene blacrx-m-15 (71). While
the reasons for the global dominance of ST131 as an epidemic ExPEC lineage are not
completely understood, research has shed light on some factors potentially involved.
For other STs with particular niche associations, the reasons for this success are yet to
be explored. Such is the case for ST117 and ST95, and their strong association with

poultry (72-74).

2.4.5 Core-genome multi-locus sequence typing

While the concept of core-genome multi-locus sequence typing (cgMLST) is similar to
that of MLST, the former provides much greater phylogenetic resolution than traditional
MLST approaches as it defines sequence types based on 2513 conserved genes, rather
than the seven genes used in MLST (75). Similarly, with closely related MLSTs being
clustered into clonal complexes, Hierarchical Clustering of cgMLST (HierCC) is a system
by which strains can be clustered into groups of greater or lesser relatedness. A

hierarchical cluster (HC) of 0 indicates that strains within this cluster carry identical
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alleles across all core genes within the cgMLST scheme for this species, while an HC of

50 indicates that no more than fifty alleles in this cluster vary between strains.

2.5 Pathotypes of E. coli — varieties and genetic underpinnings

There are three major phenotypic classifications of E. coli, including commensal strains,
intestinal pathogenic E. col (IPEC) and Extraintestinal pathogenic E. coli (ExPEC).
Pangenomic modelling has indicated that the E. coli pangenome may consist of more
than 18,000 families of orthologous genes; genomic diversity reflective of the spectrum
of ecological niches this species inhabits (76). It is thought that the accessory genome of
E. coli determines its ability to occupy particular pathogenic niches, and that carriage of
particular virulence-associated genes indicate the ability of a given strain to cause
disease. For example, intestinal pathogenic E. coli lineages can typically be designated

as such genotypically by the presence of particular toxin genes (47).

However, differentiating commensal and ExPEC strains is more difficult, with no single
genes or gene combinations necessarily determinant of ExPEC status (77). This is
particularly true for human ExPEC, yet there have been some successful attempts made
to identify the minimal genetic predictors of a subset of EXPEC that infect poultry
animals (78). This latter group are referred to as avian pathogenic E. coli (APEC) and will
be discussed in greater detail. Given that hybrid pathotypes, strains that carry hallmarks
of both IPEC and EXPEC lineages, are increasingly reported in the literature, the

shortcomings of genotypic classification of E. coli should be noted.

2.5.1 Intestinal pathogenic E. coli

Intestinal Pathogenic E. coli (IPEC) are a major cause of gastrointestinal illness within
both humans and animals and are typically associated with diarrhoeal diseases. Many
different varieties of IPEC exist, however shiga-toxigenic E. coli (STEC) are perhaps the
most clinically significant. While STEC are phylogenetically diverse there are a cluster of
major STEC serotypes 0157:H7 (ST11) and six non-O157 STEC including 0111, 0103,
0145, 026, 0121 and 045, which cause diarrhoeal illness and in severe cases multiple
organ failure (64). These STEC are considered part of the normal flora in the hindgut of
ruminants and are frequently shed in faeces (47). Within the agricultural sector, IPEC

lineages also cause severe disease burden, particularly within piggeries where they
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cause post-weaning diarrhoea in piglets which causes significant reductions in the

productivity of these operations (79).

2.5.2 Extraintestinal pathogenic E. coli

Aside from gastrointestinal illnesses, many lineages of E. coli are capable of causing
extraintestinal infections and are therefore known as Extraintestinal Pathogenic E. coli
(EXPEC). Evidence indicates that the primary reservoir of human EXPEC is in the human
gut (77). Among human populations, EXPEC cause urinary tract infections (UTIs), sepsis
or blood stream infection (BSI) and neonatal meningitis, however a diverse array of soft
tissue infections and other pathologies are also commonly attributed to E. coli (77).
While there is not yet sufficient evidence to suggest that these groups are necessarily
distinct from one another at a genotypic or phylogenetic level, the terms uropathogenic
E. coli (UPEC), Human sepsis-associated E. coli (SEPEC) and Neonatal meningitis-
associated E. coli (NMEC) are used to describe strains attributed to cases of UTI, sepsis

and neonatal meningitis, respectively.

Urinary tract infections are the most common community-acquired infection caused by
Gram-negative bacteria, the leading cause of bacteraemia in adults and the second most
prevalent cause of neonatal meningitis (80). One in two women will contract a UTl in
their lifetime, with female, immunocompromised, elderly and catheterised individuals
at greater risk (81). While the prevalence of E. coli as causative agents of UTIs varies
between studies, the species is thought to be the most prevalent cause of such
infections (82, 83). Urinary tract infections have been found to be increasingly resistant
to antimicrobials (84). In the absence of effective treatment EXPEC can ascend the
urinary tract, access the kidneys causing pyelonephritis and subsequently enter the

blood, a process known as urosepsis (47).

Cases of sepsis require urgent treatment as septic shock and death can result in a matter
of hours or days, with the disease burden of the condition reflected by its rank as the
single most costly healthcare problem in the United States (85). It is important to note
that sepsis can occur via means of infection other than urosepsis, with other common
sources of infection including bacterial contamination of the blood following penetrative
traumas, catheterisation or invasive surgery. Regardless, the blood is a hostile

environment for bacteria and colonisation of the blood by E. coli is thought to be
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mediated in part by the production of protectins such as those encoded by iss (increased

serum survival) and ompT (outer membrane protein) (86, 87).

Free iron is severely limited in extraintestinal sites to prevent the growth of pathogens
therein, and iron acquisition serves as a major challenge to the growth of E. coli in such
sites. It is therefore unsurprising that ExPEC frequently carry genes involved in iron
acquisition pathways, including aerobactin and yersiniabactin operons iro and iut/iuC,
respectively (74, 88, 89). Similarly, factors such as carriage of ibeA (encoding invasion of
brain endothelium) and capsular antigens have been shown to be characteristic of
NMEC and shown to have a greater capacity to form biofilms than those isolated from
the guts of healthy individuals (90-92). Notably, there is evidence that NMEC, UPEC and
SEPEC share genotypic and evolutionary relatedness with other members of the species

— those associated with poultry (91, 92).
2.5.3 Avian pathogenic E. coli

Avian pathogenic E. coli are a subtype of EXPEC which are associated with extraintestinal
infection in avian hosts, especially poultry. Manifestations of APEC pathologies are
diverse and the mechanisms of pathogenesis are numerous, but are broadly referred to
as colibacillosis (93). Primarily, APEC are attributed to systemic infections of poultry
following the inhalation of airborne faecal particles wherein a subset of this faecal flora
has a capacity to survive and reproduce, particularly in immunocompromised birds
afflicted with other viral respiratory pathogens (93). Invasins facilitate epithelial cell
invasion compromising the integrity of the host lung tissue and subsequently allowing
access to the cardiovasculature, with the resultant sepsis often proving fatal or
warranting animal culling (93). Colibacillosis is thought to be the most important
bacterial disease of poultry and results in extensive condemnation of broiler carcasses,
reduced productivity of laying hens and is frequently attributed to the death of chicks
(94).

The genomic underpinnings of the APEC phenotype are relatively well studied and it is
generally agreed upon that a defining characteristic of APEC is the carriage of large
virulence plasmids of incompatibility group F (78, 95). These plasmids are typically
categorised based on their carriage of colicins, with ColV plasmids and ColBM plasmids

being among the most common types identified within APEC lineages (96). These
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plasmids typically host extensive virulence associated gene cargo that plays a critical role
in pathogenesis. This cargo includes iron-acquisition genes (iut/iuc, iro, ets, eit, sit, irp2),
protectins (iss, traT) and the toxin chaperone hlyF (Figure 2.7) (25, 95). Some of these
genes also occur in chromosomal genomic contexts in association with pathogenicity
islands, however, and there is evidence of strains of E. coli capable of causing
extraintestinal infections in poultry which do not appear to carry these large virulence

plasmids (78, 86).

Research has indicated that many APEC VAGs are also present in human ExPEC strains,
leading to speculation that APEC may be zoonotic pathogens (73, 97, 98). This conjecture
is supported by the observation that there is also phylogenetic overlap between E. coli
causing human and avian extraintestinal infections, as is the case with sequence types

ST117 and ST95 (73, 74, 99, 100).

Furthermore, human ExPEC frequently carry many of the same iron-acquisition genes
and protectins, and some human EXPEC that carry ColV plasmids have also been

identified (91, 101, 102). This data suggests that APEC may not only constitute zoonotic

pAPEC-02-ColV

180 kb

Figure 2.7 — Schematic representation of a large IncF ColV plasmid (122). Yellow — virulence
genes; blue - plasmid transfer and maintenance genes; red — plasmid replication genes; grey —
genes of unknown function; black - mobile genetic elements
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potential but may also have a capacity to serve as donors of plasmids which can enhance
the virulence potential of otherwise commensal E. coli. A recent study reported on a
commensally-associated lineage of E. coli ST58 causing urosepsis which was found to
carry a ColV virulence plasmid, with the authors hypothesising this plasmid acquisition
event may have played an important role in conferring its ExPEC potential (101). While
this is speculative, experimental evidence lends credit to this hypothesis, with a recent
study demonstrating ColV plasmid acquisition by a commensal E. coli enhanced its
growth in human urine, human complement resistance and colonisation of the murine
kidney (103). Furthermore, acquisition of ColV by Salmonella enterica serovar Kentucky
was considered a defining event during recent outbreaks of disease caused by this

organism (104).

Additional insight into the APEC and their associated MGEs is an area requiring urgent
investigation, and genomic data on Australian APEC is particularly lacking. Garnering a
greater understanding of the movement of bacteria between poultry reservoirs and
those associated with other human, agricultural and natural environments is an
important part of developing One Health models of infectious diseases and AMR. This is
particularly urgent given that poultry production is set to double between 2005 and
2050 (105), and while the growth of this sector will likely result in increased cost of APEC
infections for the poultry sector it is important that other potential threats can be

identified and if necessary, mitigated.
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Chapter 3: Methodological Overview

3.1 Study Design

Please note that much of the information in the following sections relate primarily to
Chapter 4 and 5 of this thesis, as these chapters were developed using sequence data
generated in-house, whilst the sequence data utilised in Chapter 6 was sourced from

publicly available genome sequence databases.

3.1.1 APEC collection under investigation

The primary collection under study consisted of 95 strains of APEC originating from at
least twelve different commercial poultry operations from around Australia (Victoria,
New South Wales, Queensland and Western Australia). The collection spans a nine-year
period between 2007 and 2015 and was sourced primarily from broiler and layer

chickens with some strains also sourced from turkeys and ducks.

Only int/1-positive strains were chosen for whole genome sequencing and analysis, as
intl1 has been shown to be a reliable proxy for multidrug resistance (31). These strains
were sourced from a larger collection (n=256) of shared origin, of which 50% of strains
(n=123/256) were found to carry a class 1 integrase (int/l1) by PCR. Following DNA
isolation, preparation, sequencing, quality control and removal of contaminated and

duplicate strains, 95 strains remained for in-silico analysis.

3.1.2 Whole genome sequencing as a methodology for genomic epidemiology

The widespread deployment of genomic epidemiological investigations is a critical
undertaking in the fight against AMR and infectious diseases. It is only through a greater
understanding of the interplay between human, animal and environmental health, in
regard to AMR and infectious agents, that strategies can be designed to mitigate these

threats.

Whole genome sequencing is a suitable approach to this end. It has many advantages
over more traditional molecular biology techniques such as polymerase chain reactions
(PCRs). Firstly, the identification of novel emerging AMR genes and MGEs responsible

for the dissemination is an ongoing process. Utilisation of WGS allows for rapid back
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screening of genomic datasets for novel DNA sequences of interest. Additionally, WGS
is highly scalable. While multiplex PCRs can be designed for the screening for several
genes in a single assay, it is commonplace to screen thousands of WGS datasets for
thousands of genes of interest (75). For example, the tool BIGSI allows for the screening
of 455,632 bacterial genomic datasets for a sequence of interest, and return within less
than a minute the strains in which this sequence has been identified as well as their
probable genus and species (106). High resolution phylogenetic analysis are also
facilitated by analysis of WGS data and increasingly relied upon to provide insight into

the epidemiology of disease outbreaks (107-109).

While reproducibility of research has been highlighted as an issue across scientific
domains, the reproducibility of in silico analyses has also received a lot of scrutiny (110,
111). Usage of different versions of software and databases can lead to discrepancies in
results in the output of analytical pipelines. Similarly, manual curation of large datasets
is inherently irreproducible in absence of detailed curation of all changes made and the
justification for them. Worsening matters, scrutiny of metadata associated with strains
uploaded in public databases reveals the sources of many strains are misappropriated,
compromising the trustworthiness of analysis attempting to resolve the associations of
particular microbial communities with environmental settings. Significant
advancements have been made in recent years in regard to development of software
that facilitates reproducibility in bioinformatic analyses (111), however, and public WGS
databases still serve as powerful tools in genomic epidemiological investigations. It is,
after all, the collaborative power of WGS data which is perhaps its greatest advantage
over traditional molecular approaches to epidemiological investigations and AMR

surveillance.

3.2 Methodological Overview

Note: As comprehensive methodologies are provided within each results chapter, the
following is a brief overview of the methodology utilised in this thesis.

3.2.1 DNA isolation, whole genome sequencing and genome assembly

Glycerol stocks previously generated from pure cultures of APEC were used to inoculate

LB broth. Following overnight growth, the cells were pelleted and lysed, and the
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liberated DNA was then extracted, sequenced and assembled via different approaches

for short- and long-read sequencing data.
Short-read — lllumina platform

Short-read WGS using lllumina requires relatively little DNA (~1 nanogram) and
therefore a brief protocol involving an off-the-shelf kit is suitable for extraction of the
required quantity and quality of DNA. This project utilised the Bioline™ ISOLATE I
Genomic DNA Kit for this purpose. Short-read sequencing was performed using an
[llumina HiSeq 2500 and genomes were assembled (de novo). Chapter 4 utilised the
assembly pipeline A5, however in Chapter 6 short-read sequence data was assembled
using Shovill (a SPADES assembly pipeline) as it is more widely utilised by researchers
due to its performance and ease of use. Short-read WGS and assembly typically results
in genomes with relatively low contiguity, preventing the linkage of particular genomic
loci with chromosomal or episomal contexts (112). To circumvent this issue, long-read

sequencing was employed.
Long-read - Oxford Nanopore platform

Long-read sequencing using the Oxford Nanopore platform requires several micrograms
of concentrated, pure and high molecular weight DNA. Therefore, DNA for use in this
latter application was isolated using a slightly modified phenol-chloroform extraction,
involving xanthogenate-SDS buffer to lyse cells (113) and a subsequent bead-based
clean up. Long-read sequencing was performed using an Oxford Nanopore MinlON,
whilst hybrid (de novo) assemblies, used to generate more complete assemblies for
more detailed analysis of particular genomic structures of interest (Chapter 5),
combined short-read and long-read sequence data through the use of the tool Unicycler.
Unicycler is a hybrid assembler which performs a short-read assembly, subsequently
bridges assembly gaps through alignment of long-reads and performs a polishing step
whereby short-reads are reemployed to improve the accuracy of the base-calls across

the assembly.
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3.2.2 Phylogenetic analysis
Multilocus sequence typing (MLST)

Multilocus sequence typing (MLST) allows classification of E. coli into sequence types
(STs) based on sequence variation within seven conserved genes. Carriage of particular
alleles of these seven genes results in an allelic profile corresponding to a specific ST.
While another scheme of sequence typing exists for E. coli, it is less widely utilised than

the Achtman scheme (114), which was utilised throughout this thesis.
Phylosift

Phylosift is a tool originally designed for the analysis of metagenomic sequence data but
has been demonstrated to be a robust tool for inferring the phylogenetic relatedness of
diverse strains of E. coli (Chapter 4). It is useful as its ability to approximate the
phylogenetic distances between different strains under analysis is independent of the
biases associated with reference based phylogenetic analyses and also those
encountered when analysing particularly large and diverse collections of bacteria (there
is an inverse relationship between the phylogenetic diversity of a collection and the size
of the core genome shared by these organisms). Evolutionary distance between isolates
is calculated based on differences in the amino-acid sequences corresponding to the

coding sequences of thirty-seven highly conserved genetic loci.
Single-nucleotide polymorphism based phylogenetic analysis

While Phylosift is useful for determining the phylogenetic relatedness of diverse strains
of E. coli, it is of too low phylogenetic resolution to allow the comparison of closely
related strains that are of the same sequence type or, especially, potential clonal
outbreaks. For such comparisons, SNP analysis is often much more informative and can
allow quantification and location of the SNPs that strains share or those by which strains
differ. While several tools exist for performing SNP analysis on bacterial genomes,
Snippy was utilised due to its widespread usage within bacterial phylogenetic analysis.
As E. coli genomes are known to be frequently subjected to recombination events,
recombination filtering using Gubbins serves to filter out particularly high density
regions of SNPs that are usually artefacts of homologous recombination events rather

than SNPs that serve as proxies of evolutionary divergence that have accumulated as a
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result of random mutations. The phylogenetic trees used to generate Figures 4.2 and

4.3 and 6.2, respectively, were generated using Snippy and Gubbins.

Generation and visualisation of phylogenetic trees using FastTree2, ggtree and the

Interactive Tree of Life (iTOL)

FastTree2 was utilised to generate phylogenetic trees from the alignment files
generated by Phylosift and Snippy/Gubbins using a generalised time-reversible model.
These tree files were then visualised using ggtree (Figures 4.2, 4.3 and 6.2) or iTOL
(Figure 4.1), the former is an R package used for the visualisation and annotation of
phylogenetic trees and the latter is a web-based graphical-user-interface tool with the
same purpose. Both tools were utilised as iTOL lends itself better to trees in circular
format than ggtree does, however ggtree generates figures in a more customisable and

more easily reproducible fashion than iTOL.
Genotypic analysis

Genomic datasets generated by short-read sequencing were interrogated using the tool
Antibiotic Resistance Identification by Assembly (ARIBA) for their carriage of genes
associated with virulence, AMR, plasmid carriage, phylogroup classification and
serotypes as well as other genes of interest. The specific versions of these databases are

available at https://github.com/CJIREID/custom DBs.

Genomic annotation and schematisation

Annotation of SGl1-related elements in Chapters 5 and 6 were performed using a
combination of BLASTn (command-line) and MegaBLAST (available at

https://blast.ncbi.nlm.nih.gov/). This analysis was used to identify and locate the precise

genomic coordinates of genetic loci associated with previously published variants of
SGI1-REs. Where the identities of particular genetic loci could not be resolved through
comparative analysis with published SGI1-RE sequences, these loci were screened
against the NCBI nucleotide database using MegaBLAST or against the ISfinder database

(https://isfinder.biotoul.fr/blast.php).

Once the identities of these genetic loci were determined, the schematics of the

structures, as well as their associated GenBank files used for uploading these sequences
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to sequence repositories, were generated using the proprietary software Snapgene (GSL

Biotech).

In cases where nucleotide identity maps were required to visualise the relatedness of
SGI1-REs (such as in Figure 6.1 and 6.3), EasyFig was used to compare the GenBank files
generated through manual annotation in Snapgene. Subsequent colouring and other
cosmetic changes were performed using the image editing software Adobe Photoshop

to facilitate the generation of publication quality figures.
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4.2.1 Abstract

Avian pathogenic Escherichia coli (APEC) cause widespread economic losses in poultry
production and are potential zoonotic pathogens. Genome sequences of 95 APEC from
commercial poultry operations in four Australian states that carried the class 1 integrase
gene intl1, a proxy for multiple drug resistance (MDR), were characterized. Sequence
types ST117 (22/95), ST350 (10/95), ST429 and ST57 (each 9/95), ST95 (8/95) and ST973
(7/95) dominated, while 24 STs were represented by one or two strains. Fll and FIB repA
genes were the predominant (each 93/95, 98 %) plasmid incompatibility groups
identified, but those of B/O/K/Z (25/95, 26 %) and 11 (24/95, 25 %) were also identified
frequently. Virulence-associated genes (VAGs) carried by ColV and ColBM virulence
plasmids, including those encoding protectins [iss (91/95, 96 %), ompT (91/95, 96 %) and
traT (90/95, 95 %)], iron-acquisition systems [sitA (88/95, 93 %), etsA (87/95, 92 %), iroN
(84/95, 89 %) and iucD/iutA (84/95, 89 %)] and the putative avian haemolysin hylF
(91/95, 96 %), featured prominently. Notably, mobile resistance genes conferring
resistance to fluoroquinolones, colistin, extended-spectrum PB-lactams (ESBLs) and
carbapenems were not detected in the genomes of these 95 APEC but carriage of the
sulphonamide resistance gene, sull (59/95, 63 %), the trimethoprim resistance gene
cassettes dfrA5 (48/95, 50 %) and dfrA1 (25/95, 27 %), the tetracycline resistance
determinant tet(A) (51/95, 55 %) and the ampicillin resistance genes blarem-1a/8/c (48/95,
52 %) was common. 1S26 (77/95, 81 %), an insertion element known to capture and
mobilize a wide spectrum of antimicrobial resistance genes, was also frequently
identified. These studies provide a baseline snapshot of drug-resistant APEC in Australia

and their role in the carriage of ColV-like virulence plasmids.

4.2.2 Data summary

1. Ninety-five pairs of short-read data of avian pathogenic E. coli sequenced for this
study have been deposited in the NCBI Short Read Archive under Study ID 479542.
Additionally, draft genome assemblies have also been uploaded and are accessible

under this same study

ID. Individual sample accession numbers can be found in Table S1 (Additional file 4.1)

(also available at the online version of this article).
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https://www.ncbi.nlm.nih.gov/bioproject/PRJINA479542

4.2.3 Impact Statement

Avian pathogenic Escherichia coli (APEC) are known to carry an impressive arsenal of
virulence-associated genes (VAGs), several of which are known to facilitate invasion of
epithelial cells and survival in poultry, presumably enabling APEC to disseminate from
their initial site of colonization in the respiratory tract to multiple organ sites. This is the
first study that describes the genetic composition of drug-resistant APEC in Australia. It
indicates that Australian APEC belong to sequence types (STs) that carry a diverse array
of VAGs, many of which are highly related to extraintestinal pathogenic E. coli recovered
from human patients with a variety of associated diseases. VAGs encoding iron
acquisition systems, toxins and factors that promote survival in human urine and blood
co-residing on ColV-like IncF virulence plasmids were identified in our study. Notably,
we identified high carriage rates of 1IS26, an insertion element that is thought to play an
important role in the evolution of antimicrobial resistance regions. Further studies are
needed to determine the role played by IS26 in the assembly of complex resistance

regions on ColV-like and other APEC plasmids.

4.2.4 Introduction

Escherichia coli are considered the most frequently isolated Gram-negative pathogen
affecting human health (80). Over the past 20 years, extraintestinal pathogenic E. coli
(EXPEC) have risen to prominence. EXPEC colonize the gut asymptomatically, but carry
virulence-associated genes (VAGs) that enable them to colonize extraintestinal sites and
cause disease. Most ExPEC infections localize to the urinary tract and are known as
uropathogenic E. coli (UPEC). UPEC can progress from the bladder to cause more serious

disease, including pyelonephritis and sepsis (uroseptic E. coli).

Another subset of EXPEC, neonatal meningitis-causing E. coli (NMEC), can produce
severe neurological disease, particularly in infants. ExPEC also cause disease in diverse,
agriculturally important, food animal species, particularly poultry (avian pathogenic E.
coli ; APEC), but also in swine and dairy cattle (93, 115-117). Infections caused by
multiple drug resistant (MDR) ExPEC are increasing in frequency and are a major cause

for concern (118).
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APEC carry large conjugative plasmids containing combinations of iron acquisition
genes, including the iucABCD/iutA (aerobactin uptake) and iroBCDEN (salmochelin
uptake) operons, as well as other heavy metal transporters sitABCD and etsABC, and the
serum resistance gene iss. The carriage of these VAGs has been linked to the capacity of
APEC to cause disease, but their presence is not essential for extraintestinal infection in
an avian host (95, 119-123). APEC are genetically heterogenous and carry diverse
combinations of VAGs involved in iron acquisition, cytotoxicity, adhesion, invasion and
immune evasion. Many of the putative virulence genes found in APEC are also found in
human ExPEC. APEC can grow in human urine, resist mammalian complement and

invade human epithelial cells (124-127).

Moreover, APEC and human ExPEC share serotypes, sequence types (STs) and pulse-
field gel electrophoresis profiles (128-130). Collectively, these and other observations
underpin the hypothesis that poultry-associated E. coli pose a zoonotic threat (91, 117,
126, 130-132), although the zoonotic potential of APEC has yet to be quantified (74,
133). While animal models seeking to determine the zoonotic potential of APEC have
been informative, they have not been definitive. Reverse zoonotic episodes where MDR
pathogens carried by humans are transferred to poultry and other food animals also

pose a significant biosecurity threat (134).

APEC are found in the intestinal flora of healthy commercial bird species, can cause
disease at various anatomical sites, and are a leading cause of mortality and morbidity
in poultry of all ages (93, 135). APEC infect the trachea and air sacs, as well as the
oviduct, pleura, peritoneum and pericardium, liver, blood, yolk sac, growth plates and
joints (136). Many systemic infections caused by APEC are initiated by colonization of
the respiratory tract after inhalation of faecally contaminated dust, with subsequent
dissemination to more distant sites. However, the factors that precipitate invasion are

not well understood (91, 92, 136-138).

The introduction of APEC plasmids into avian commensal E. coli has been shown to
confer virulence in animal models of ExPEC disease (102). APEC are often resistant to a
range of antimicrobial agents, including tetracyclines, chloramphenicol, sulphonamides,
aminoglycosides, fluoroquinolones and B-lactams (97) and the corresponding resistance

genes are often plasmid-associated. The introduction of MDR plasmids from poultry via
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food into the human gut is a potential threat to human health. Whole genome
sequencing (WGS) approaches will help to provide insights into the zoonotic potential
of APEC and into the role of mobile DNA in pathogen evolution and assembly and the
spread of antimicrobial resistance genes (139, 140), although WGS studies of APEC are

in their infancy (72), particularly within Australia.

Here, we used WGS to characterize 95 geographically diverse APEC strains that had been
determined by PCR to carry a class 1 integrase (int/1) gene, a reliable proxy for MDR (31),
which here is defined as carriage of three or more genes associated with resistance to
different classes of antibiotic. The genome sequences were interrogated for the
Clermont phylogroup, e-serotype, multi-locus sequence type (MLST) and VAGs, to seek
novel insights into the genetic characteristics of Australian APEC carrying multiple

antimicrobial resistance genes.

4.2.5 Methods
Sample origins and associated metadata

The APEC that were investigated had diverse origins. They were obtained between 2007
and 2015 from at least 12 Australian agricultural poultry operations across four states
(Victoria and New South Wales, Queensland and Western Australia), although as the
geographical origins of some isolates were unclear, the exact number of sources cannot
be determined. The APEC originated predominantly from broiler and layer chickens, and
to a lesser extent from turkeys and ducks (Table S1 [Additional File 4.1]). Data on any
antimicrobial therapy administered to these animals are limited, but in Australia
relatively few antimicrobials are approved for commercial poultry and the
administration of several active ingredients (e.g. gentamicin, fluoroquinolones and
chloramphenicol) is not permitted and therefore extremely unlikely to have been used
in the flocks. Samples identified to have originated from the same geographical site at
the same time and that shared identical phylogenetic classifications and genotypes were

considered duplicate isolates and removed from the analysis.
Isolate collection

Swabs were collected from multiple anatomical sites by a team of experienced

veterinarians from the University of Melbourne from deceased or culled birds with signs
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of an APEC infection. Anatomical sampling sites varied between birds, but in most cases
samples were taken from internal organs. E. coli were cultured on sheep blood and
MacConkey agar and a routine PCR (78) was used to determine whether the E. coli
carried the typical repertoire of APEC VAGs. The isolates were stored at -80°C in 20%

glycerol or on Protect (Thermo-Fisher) beads.
Determination of intl1 carriage by PCR

Single APEC colonies were picked from LB agar plates and inoculated in 5 ml of LB
medium to prepare glycerol stocks and crude DNA templates for PCR (28). Primers
HS915/HS916, which span a 371 bp region of intl1, were used to identify isolates
carrying a class 1 integron, as previously described (141). Isolates that yielded a band of

371 bp amplicon indicative of the int/1 gene were selected for WGS.

DNA extraction, WGS and assembly

Genomic DNA was extracted using the ISOLATE Il Genomic DNA Kit (Bioline) following
the manufacturer’s instructions for bacterial cells and stored at -20°C. Library
preparation was undertaken using Nextera DNA Library Preparation kits generating 150
bp paired end reads from 0.5 ng of template DNA. WGS of strains was performed using
an Illlumina HiSeq 2500. Sequence read quality was assessed using FastQC version 0.11.5

(http://www.bioinformatics.babraham.ac.uk/projects/fastac/) before Illlumina raw

reads passing quality control were assembled into draft genome sequences using the A5
assembly pipeline version A5-miseq 20150522 (142). Genomes with an average read
depth of 220, and that also assembled to 600 or fewer scaffolds, were retained for
further phylogenetic analysis using Phylosift. Draft genome assemblies were deposited

in NCBI; individual accession numbers can be found in Table S1 (Additional file 4.1).
Genotyping and phylogenetic classification

Publicly available databases such as PlasmidFinder, ResFinder, VirulenceFinder

(http://www.genomicepidemiology.org/) and ISfinder (143) were used to source

reference sequences for genotyping, with additional sequences of interest not present
within these databases collected from the NCBI nucleotide database and the Virulence
Factor Database (144). Genotyping, including for the purposes of phylogroup (66) and

e-serotype classification (145), and MLST (http://mlist.warwick.ac.uk/mlst/) were
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performed using the read-mapping tool ARIBA (146) before the processing of such data

with a bespoke script accessible on GitHub (https://github.com/maxlcummins/APEC-

MGEN-2018).

Single nucleotide polymorphism analyses

Phylogenetic SNP analysis and identification of SNPs in gyrA and parC conferring
fluoroquinolone resistance (gyrA : Ser-83-Leu, Asp-87-Asn; parC : Ser-80-lle, Glu-84-Gly)
(147) was performed using Snippy version 3.2 (148), with a K12 strain used as a
reference (accession no. KU00096.3), and manually curated through use of

AliView(149).
Phylogenetic analyses

Maximum-likelihood phylogenetic tree analyses were performed under a generalized
time-reversible model using the PhyloSift pipeline version 1.0.1 (150) and FastTree
version 2.1.8 (151), altered to resolve short branches as previously described (152), and
visualized in iTOL (153). Phylogenetic SNP trees were generated using Snippy, with the
resulting full core genome alignment filtered for recombination with Gubbins

(https://sanger-pathogens.github.io/gubbins/). SNP-sites v2.4.0

(https://github.com/sangerpathogens/snp-sites) was then used to create an alignment

consisting of 1539 variable sites before tree generation with FastTree, also using a
generalized time-reversible model. This tree was visualized using the R package ggtree

(154). SNPs were counted using snpiphy (https://github.com/bogemad/snpiphy).

Additional details are available at https://github.com/maxlcummins/APEC-MGEN-2018.

Inference of ColV-like virulence plasmid carriage

Short reads from each sample were mapped to the reference plasmid pCERC4 (accession
no. KU578032) using the Burrows—Wheeler Aligner (BWA) 0.7.17 (155) and converted
to a BAM file format using SAMtools 0.1.18 (156). Through use of a bespoke Python
script each BAM file was then used to produce a histogram of read-depth as a function
of reference coordinate, clustered based on their euclidean distances, and used to
generate a heatmap. A schematic of pCERC4 was then generated using SnapGene

(https://www.snapgene.com/) and overlaid above the heatmap to facilitate

visualization of the relative genetic loci where sample reads were mapped. The scripts
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and commands used are accessible on GitHub (https://github.com/maxlcummins/APEC-

MGEN-2018).

4.2.6 Results and Discussion

ST117 and ST350 are predominant lineages

Out of 256 APEC isolates, 123 were predicted by PCR to carry a class 1 integron and
were sequenced. Twenty-six isolates failed to be sequenced and/or assembled to a
guality that met our aforementioned assembly criteria, while an additional two isolates
were considered duplicates and removed from further analysis. Assembly statistics of
samples analysed are shown in Table S1 (Additional file 4.1). Based on comparisons of
37 core protein sequences from PhyloSift, these remaining 95 APEC clustered into five
clades and were heterogeneous in nature (Figure 4.1). Genomes sharing the same ST
and e-serotype clustered, as expected. Analysis revealed that phylogroup D (58/95) and,
to a lesser extent, B2 (21/95) were dominant in Australian int/1-positive APEC
populations, cumulatively representing 82% (79/95) of the collection. The distribution
of APEC between phylogroups appears to vary in different countries. While APEC within
phylogroups B2 and D (72, 157) usually predominate, some APEC populations can also
contain high proportions of members of phylogroup A (88). The increased frequency of
typically commensal phylogroups A and B1 among ExPEC and APEC (72) suggests that
pathogenic E. coli continue to evolve rapidly via mechanisms underpinned by lateral

gene transfer.

Thirty STs were identified among the 95 APEC. There were several dominant lineages,
including ST117, clonal complex 350 (CC350) (ST350, ST57), ST95, ST429 and ST973,
which cumulatively represented 64 of the 95 APEC. Notably, ST117 was the most
frequent ST (22/95) in the collection. ST117 is a major cause of extraintestinal infections
in poultry, is considered an emerging human pathogen globally (73, 99), and is noted for
its carriage of genes encoding extended-spectrum B-lactamases (158). APEC-associated
ST117 isolates are serotypically diverse, but most have H4 flagella (72, 159, 160). Among
our 23 CC117 isolates (ST117, 22 isolates; ST4045, one isolate), seven serotypes were
identified, but serotypes 078:H4 and 0111:H4 predominated. These serotypes have also
been identified in studies of APEC in Brazil and several Nordic countries (99, 161-163),

suggesting that they may represent globally disseminated subclones.
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Although the genotypic profiles of the 23 CC117 isolates were variable, all were rich in
VAG content, particularly those in serogroups 078 and 0111 (Figure 4.2). All CC117
isolates carried etsA, iucD /iutA and sitA, while ireA (22/23, 96 %), iroN (21/23, 91 %) and
fyuA (20/23, 87 %) were also common. The protectin-associated genes iss and ompT
were also ubiquitous in these isolates, and 91% (21/23) also carried traT. Genes thought
to be involved in host-cell adhesion were also common (irp2 and tia, 9/23, 83 %; papGlI,
17/23, 74 %). Plasmid replicon types within this CC were quite diverse, with repA genes
associated with nine different incompatibility groups represented. The most common
were FIB (23/23, 100 %), Fll (22/23, 96 %) and HI2 (4/23, 17 %). IncN (2/23, 9 %), Incl1
(2/23,9 %), Incl2 (1/23, 4 %) and IncY (1/23, 4 %) were also detected.

The mean and median SNP counts across all CC117 isolates, relative to 2009-3133, were
277 and 348, respectively, with 57% (13/23) of the isolates having 50 or fewer SNPs
when compared to one or more CC117 isolates within the collection. While some of the
CC117 isolates of the same serotype exhibited low SNP counts across their core genome,
there were also examples of serotypically homogenous isolates that had high SNP
counts (Figure 4.3; Table S2 [Additional file 4.2]). For example, isolates AVC77 and
AVC222 were both serotype 0111:H4 but differed from each other by only 23 SNPs,
even though AVC77 was isolated from a bird from Western Australia in 2008 and AVC222
was isolated from a bird from Victoria in 2012; these are states separated by more than
1000 km. In contrast, two other isolates with the same serotype, 078:H4 (AVC96 and
AV(C29), were collected from these same states just one year apart and yet differed by

497 SNPs.

Apart from the 23 isolates of CC117, other prevalent lineages were ST57 (9/95; 9.5 %)
and ST350 (10/95; 10.5 %), which belong to the same CC (CC350). The 19 members of
this CC all carried ompT, iucD /iutA, iss, iroN and hylF. Other VAGs identified within this
population included the pap operon, found in 37% (7/19) of samples, and the adhesin
tsh, which was found in 79% (14/19) of isolates. APEC belonging to CC350 are frequently
isolated from poultry in Australia and in other countries (157, 164, 165), are associated
with extraintestinal infections including urinary tract infections (UTIs) and sepsis (165,
166), and may constitute a potential poultry-associated zoonotic agent. Two ST57

isolates from the collection under investigation were each found to carry a total of nine
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AMR genes, which, in combination with their extensive VAG profiles, highlighted them

as a potential emerging pathogen.

Our APEC collection included 8/95 isolates belonging to ST95 and there were three
different serotype profiles among them. These isolates had the highest level of carriage
of extraintestinal VAGs; all carried iroN , iss , kpsMT(ll), iucD , ompT, papGll , neuC and
usp, while the gene encoding the vacuolated autotransporter toxin Vat and gimB, a
marker of the genetic island linked to neonatal meningitis E. coli (91) and a capacity to
invade cells (167), were carried by 6/8 of these isolates. ST95 is well documented in the
literature as an APEC lineage that also frequently appears as a causative agent of UTls

and blood sepsis in humans (157, 168, 169).

The antimicrobial resistance (AMR) gene profiles of the eight ST95 isolates were
variable, with one isolate carrying six AMR genes and the remaining isolates carrying
only one or two. The ST95 lineage is unusual in that isolates are reported to have a lower
level of acquired resistance than other pandemic lineages (169). Fully assembled
genomes of MDR ST95 contain resistance genes linked to large IncFIB/IncFll plasmids
(170). Plasmids with IncFIl and IncFIB repA genes predominated in our collection and all
eight ST95 isolates carried these markers. These data suggest that ST95 APEC of
Australian origin, despite being variable in their AMR profiles, carry a significant
reservoir of VAGs associated with human ExPEC infections, including UTls, septicaemia

and neonatal meningitis, and may have zoonotic potential.

intl1-positive Australian APEC do not carry antimicrobial resistance genes of major

clinical significance

We purposely targeted APEC that carried a class 1 integrase for WGS to maximize the
likelihood of characterizing MDR strains. The most frequently identified AMR genes in
the collection were sull (59/95, 62 %), tet(A) (51/95, 54 %), blatem-1a/8/c (48/95, 51 %),
dfrA5 (48/95, 51 %), strAB (36/95, 38 %), aadA1 (32/95, 34 %), sul2 (31/95, 33 %), dfrA1
(25/ 95, 26 %), tet(C) (18/95, 19 %), tet(B) (12/95, 13 %) and aadA2 (4/95, 4 %) (Figure
4.2).

The AMR genotypic profiles of these APEC isolates reflect the antimicrobial stewardship

practices used widely in Australian poultry production systems. The most common
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phenotypic antimicrobial resistances reported in Australian APEC are to tetracycline,
trimethoprim/sulfamethoxazole, streptomycin and ampicillin, at prevalences of 75, 38,
22 and 9%, respectively (171). Our findings are largely consistent with these phenotypic
resistance data, although we would have expected higher rates of resistance to
ampicillin in the literature given the carriage rates of blarem-1 in the APEC sequenced

here.

Only one isolate, AVC111-ST354-ONT:H34, was found to have SNPs in gyrA/parC
associated with fluoroquinolone resistance (FQR). This sample is of an ST which was
reported in a study on FQR E. coli from canine faeces and cases of human ExPEC infection
as a dominant lineage between both such sources (172), and therefore these gyrA/parC
mutations are probably clonal. Additionally, analysis of APEC and Avian faecal E. coli
(AFEC) in Australia identified strains of ST354 with FQR (173). Otherwise, the APEC in
our collection did not carry genes conferring resistance to antimicrobials important in
the treatment of human disease, including cephalosporins, fluoroquinolones,
carbapenems and colistin, an observation in stark contrast to those made on APEC
isolated in many other countries. Studies in China and Egypt have reported that 75 and
23% of APEC carry blacrx-m genes and blasyy genes (174, 175), respectively, while several
studies on APEC from South Africa, China, Egypt and Vietnam have also identified APEC

isolates carrying mcr-1 (176-179).

We also failed to find any evidence of the carriage of genes encoding resistance to
cephalosporins, fluoroquinolones, carbapenems or colistin among the genome
sequences of porcine commensal E. coli that carry class 1 integrons (28). This highlights
the benefits of enforcing legislation to control use of critically important antimicrobials
in food animals, as colistin, gentamicin, fluoroquinolones and amphenicol antimicrobials
are not registered for use in food production animals in Australia (although restricted
use of cephalosporins is allowed (180)). On a cautionary note, we detected 1S26 at a high
prevalence in our APEC collection. IS26 is an insertion element that forms composite
transposons carrying a wide variety of antimicrobial resistance genes (15, 181),
promotes cointegrated plasmid formation (182) and enhances plasmid fitness (183).
IS26 can also recognize existing copies of 1S26 (184, 185) and promote formation of

complex resistance gene regions (186, 187). Therefore, long read sequencing would be
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useful in the investigation of the genetic context of the AMR genes detected, and other

regions that abut insertion sequences such as 1S26.
Carriage of virulence-associated genes in APEC

Carriage of VAGs among Australian int/1-positive APEC isolates is shown in Figure 4.2.
Genes encoding iron capture systems were frequently represented. Specifically, jutA
and iucD (aerobactin operon), iroN (salmochelin operon) and sitA (sit operon) were
often detected (84/95, 88 %; 84/95, 88 %; 84/95, 88 %; and 88/95, 93 %, respectively),
while carriage of ireA, irp2 and fyuA (Yersiniabactin operon) was less common (56/95,
59 %; 41/95, 43 %; 42/95, 44 %, respectively). The prevalence of these VAGs in Australian
APEC is similar to that seen in APEC from other countries (78, 188-190). Iron is tightly
held in mammalian tissues and is a major factor limiting the growth of pathogens. APEC
have evolved complex strategies, including the expression of specialized siderophores

and iron chaperones, to recover iron from their host (135).

VAGs mediating protection against complement resistance are thought to be essential
for the ability of APEC to disseminate to extrapulmonary sites. Almost all 95 APEC carried
the increased serum survival gene iss (91/95, 96 %), ompT (91/95, 96 %) and traT (90/95,
95 %), genes that have been epidemiologically associated with or determined
experimentally to confer serum resistance in EXPEC (87, 191-193). A recent study on 50
Australian APEC reported identical carriage rates of iss and ompT (173). The importance
of the iss gene as a marker of APEC is reinforced by its inclusion in a diagnostic pentaplex
PCR (78). Moreover, the Iss protein has been trialled as a heterotypically protective
antigen in an experimental APEC vaccine (194). More than a third (36/95) of the APEC
isolates carried a variant of kpsM, the product of which is known to mediate
complement resistance, a key characteristic of APEC. Group Il variants of kpsMT are
frequently detected among human ExPEC but are less commonly detected in APEC
globally. This locus was detected only within APEC in phylogroups B2 and D, which are
historically associated with extraintestinal disease, with the notable exception of one

ST93 isolate within phylogroup B1.

Many APEC-associated adhesins have been described, but their presence is not exclusive
to APEC, so adhesin genes are poor diagnostic markers for APEC (95, 130). All APEC in
this study carried the fimbrial adhesin gene fimH, while 43% (41/95) carried the putative
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adhesin tsh and 34% (33/ 95) of the APEC isolates in this study carried papGll
(pyelonephritis-associated pilus tip adhesin gene). Pap is thought to play a role in
systemic extraintestinal infections of poultry and colonization of the kidneys in humans

and the reproductive tract of dogs (195-199).
Australian APEC frequently carry IncFIB and IncFll

Carriage of at least one plasmid repA gene was common in the Australian APEC studied
here (Figure 4.2). The most common repA genes belonged to Inc-types Fll and FIB, which
were each present in 98% (93/95) of our APEC collection. Inc Fll and FIB are commonly
found in APEC globally (176) and are associated with large conjugative virulence
plasmids that are a feature of the APEC phenotype (177). IncB/O/K/Z and Incll
incompatibility marker genes were also detected frequently (25/95, 26 %; 24/95, 25%;
respectively). An investigation by Johnson et al. in 2007 (200) found IncB/O/K/Z
replicons at a similar prevalence (24 %) among a collection of 422 APEC and detected
Incll at a slightly higher prevalence of 41%. IncHI2, Incl2 and IncN repA genes were
detected in 8% (8/95), 7% (7/95) and 4% (4/95) of our Australian APEC isolates,

respectively.
Prevalence of ColV-like virulence plasmids

A preliminary analysis of the frequency of virulence plasmid-associated VAGs in our
collection suggested that ColV-like plasmids were a feature of these Australian APEC. To
examine this further we used a recently published ColV plasmid sequence (KU578032)
as a reference to map Illumina short-reads derived from our 95 APEC genome
sequences. A bespoke python script was used to construct a visualization of the
coverage of mapped APEC reads (Figure 4.4). The utility of this approach is
demonstrated by the observation that all 11 APEC isolates that did not carry iutA and
iucD, as determined by ARIBA (e.g. isolates AVC51 and AVC207), lacked reads mapping
to the corresponding region of the reference plasmid pCERC4, as shown in Figure 4.4.
Our analyses also showed that genomes belonging to the same ST and e-serotype shared
high similarity in their read mapping profiles and therefore commonly clustered

together, suggesting they may carry closely related plasmids.
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Along with the high carriage of virulence plasmid-associated VAGs and IncFIB/IncFIl repA
genes, our data suggest that ColV/ColBM-like plasmids are common in int/1-positive
Australian APEC, an observation that mirrors studies elsewhere (200). However, while
Figure 4.4 strongly suggests that the VAGs are within a plasmid, the analysis allows
mapped reads to be recruited from any part of the genome and does not confirm the

co-localization of the VAGs on a ColV-like plasmid backbone.

Notably, reads from samples AVC103, AVC171 and AVC173 all mapped extensively
across the reference sequence pCERC4, which is sourced from a human commensal ST95
strain (201). All such samples were also identified as ST95; this ST is well documented in
associations with poultry meats, poultry disease and human extraintestinal infections
(169). Therefore, it is possible that this strain and/or plasmid may be closely related to
those of the ST95 APEC samples under study. Long read sequencing of these samples
and other Australian APEC would assist in the determination of VAG and AMR gene
context and allow for comparative genomic investigations that may infer the movement
of microbial populations and/or their plasmid content between different environmental

contexts.

It is important to note two limitations of the study: sampling was inconsistent by state,
and our collection is biased through selection based on carriage of int/1. Despite these
limitations our study suggests: (i) that while int/1-positive Australian APEC are
phylogenetically and serotypically diverse, particular lineages, such as CC117 and CC350,
appear to constitute the primary health burden in the poultry sector; and (ii) these APEC
carry large virulence plasmids which may also harbour genetic elements conferring
resistance to antibiotics used to treat UTls, such as trimethoprim and sulfamethoxazole,
as well as genes encoding resistance to a wide array of first-generation antibiotics.
Further work is required to investigate the genetic context of the AMR genes described
here, and regions that abut insertion sequences such as 1S26, because many AMR genes
are mobilized by 1S26 (13, 202). While many of the APEC isolates under investigation
were determined to be genotypically MDR, none carried genes conferring resistances to
critically important antibiotics such as colistin, extended spectrum B-lactams or
fluoroquinolones, except one sample that carried SNPs linked with resistance to

fluoroquinolones. A subset of APEC, such as ST117 and ST95, are phylogenetically and
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genotypically similar to E. coli that cause human extraintestinal infections, highlighting
a potential zoonotic risk. Efforts are needed to ensure poultry are restricted in their
capacity to be a reservoir of pathogenic E. coli, particularly those that may pose a
zoonotic risk and carry broad-host conjugative plasmids containing VAGs and AMR

genes.
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Figure 4.1 - Phylogenetic relatedness of the APEC isolates and nine reference strains (accession
numbers: 1, CP006830; 2, CP007442; 3, NC_008563; 4, CP013048; 5, CP004009; 6, AE014075; 7,
CP006784; 8, UD0096; 9, CP007275), as determined by PhyloSift in combination with FastTree. The
tree is midpoint rooted. Red tip labels indicate isolates from the present study, while those shown in
black are the reference strains. The STs and e-serotypes of isolates have been appended to their
names (e.g. A5_ST117_0111:H4). The coloured bands encircling sections of the tree indicate the
phylogroups into which isolates were categorized. Asterisks in sample names indicate low read depth
at one or more loci for a given MLST/O-type/H-type (see
https://www.github.com/maxlcummins/ARIBAlord for more information).
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Figure 4.2 - Genotypic profiles of APEC isolates, clustered on the basis of the PhyloSift tree in Figure 4.1,
with the tip labels indicating the ST and e-serotype (in text) and phylogroup (indicated by text colour,
where Ais red, B1 is green, B2 is purple and D is mustard). Carriage of mobile genetic element-
associated genes (teal), AMR genes (purple), VAGs (red) and plasmid repA genes (blue) are shown
adjacent to the tree in a hit-table, with a white square indicating the absence of a specific gene.
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shown adjacent to the tree in a hit-table, with a white square indicating the absence of a specific gene.
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Figure 4.4 - Mapping of short-reads indicating the presence of ColV-like virulence plasmids. Purple
colour indicates a median depth of 10 or greater at a given 250 bp bin, whereas white space
indicates the inverse. Clustering of rows on this heatmap is based on similarity between the
coverage profiles of the isolates, while a schematic of pCERC4 is shown above the heatmap to
provide an overview of the genetic elements that were present or absent based on this analysis.
Key: repA1”, IncFll repAl gene; repAl*, IncFIB repAl gene.
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5.2 Salmonella Genomic Island 1B Variant Found in a Sequence Type 117 Avian
Pathogenic Escherichia coli Isolate

Please note that this chapter is relatively short as it was published as an ‘observation’
format and therefore has a combined introduction, results and discussion. It addresses

Aims 1 and 2 of the thesis. Please note that figure numbers have been changed to
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maintain consistency with the thesis as a whole. Methodology is provided as an
appendix (File S5.1) as it was provided as Supplementary material for publication. Figure

6.1 is better viewed via the additional files submitted with this thesis.

5.2.1 Abstract

Salmonella genomic island 1 (SGI1) is an integrative genetic island first described in
Salmonella enterica serovars Typhimurium DT104 and Agona in 2000. Variants of it have
since been described in multiple serovars of S. enterica, as well as in Proteus mirabilis,
Acinetobacter baumannii, Morganella morganii, and several other genera. The island
typically confers resistance to older, first-generation antimicrobials; however, some
variants carry blanowm-1, blaves-s, and blactx-m-15 genes that encode resistance to frontline,
clinically important antibiotics, including third-generation cephalosporins. Genome
sequencing studies of avian pathogenic Escherichia coli (APEC) identified a sequence
type 117 (ST117) isolate (AVC96) with genetic features found in SGI1. The complete
genome sequence of AVC96 was assembled from a combination of Illumina and single-
molecule real-time (SMRT) sequence data. Analysis of the AVC96 chromosome
identified a variant of SGI1-B located 18 bp from the 3" end of trmE, also known as the
attB site, a known hot spot for the integration of genomic islands. This is the first report
of SGI1 in wild-type E. coli. The variant, here named SGI1-B-Ecl, was otherwise

unremarkable, apart from the identification of ISEc43 in open reading frame (ORF) S023.

5.2.2 Importance

SGI1 and variants of it carry a variety of antimicrobial resistance genes, including those
conferring resistance to extended-spectrum B-lactams and carbapenems, and have
been found in diverse S. enterica serovars, Acinetobacter baumannii, and other
members of the Enterobacteriaceae. SGI1 integrates into Gram-negative pathogenic
bacteria by targeting a conserved site 18 bp from the 3" end of trmE. For the first time,
we describe a novel variant of SGI1 in an avian pathogenic Escherichia coli isolate. The
presence of SGI1 in E. coli is significant because it represents yet another lateral gene
transfer mechanism to enhancing the capacity of E. coli to acquire and propagate
antimicrobial resistance and putative virulence genes. This finding underscores the

importance of whole-genome sequencing (WGS) to microbial genomic epidemiology,
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particularly within a One Health context. Further studies are needed to determine how

widespread SGI1 and variants of it may be in Australia.

5.2.3 Data availability

Long-read whole-genome sequence data and short-read whole-genome sequence data
are available in the SRA under accession no. SRR8671292 and SRR7469869, respectively,
while the nucleotide sequence of SGI1-B-Ecl is available on the NCBI nucleotide

database under accession no. MK599281.

5.2.4 Introduction, Results and Discussion

Salmonella genomic island 1 (SGI1) is a site-specific, integrative genetic element that
uses a tyrosine recombinase encoded by intsgin to target the terminal 18 nucleotides
(attB) of the trmE (formerly thdF) gene, which encodes a highly conserved GTPase (34).
A toxin-antitoxin system (sigAT) encoded within SGI1 plays a critical role in its stable
maintenance in the host chromosome (46), and while the island can excise as a
circularized form via a process that requires intsgi1(34), the frequency at which this
occurs in the wild is thought to be very low and is not well understood (203). The
transcriptional regulator complex AcaCD encoded by genes on IncA/C plasmids is
sufficient to trigger excision and mobilization of SGI1 (34, 204), yet IncA/C plasmids are
not known to coexist in the same host as SGI1, suggesting that an active exclusion
mechanism limits opportunities for transposition. These observations in part explain
why SGI1 is stably maintained in the chromosome, the difficulties encountered in
assaying for circular forms of SGI1 (low abundance), and the apparent low transposition
frequency of the island (34, 205). SGI1 comprises a backbone of 27.4 kb and a complex
class 1 integron (In104) of 15 kb that resides in resG (open reading frame [ORF] S027).
In104 is flanked by a 5-bp duplication consistent with transposition into resG. Variations
in the size of In104 arise depending on the resistance gene cargo it carries, homologous
recombination events between shared sequences within the integron, the presence of

other mobile elements, and the action of IS elements (36), particularly IS26.

The introduction of 1S26 in SGI1 creates further opportunities for the acquisition of
diverse antibiotic resistance genes and the rapid evolution of these elements. Notable

in this regard is SGI1-L2, which carries an I1S26-flanked composite transposon containing
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multiple antibiotic resistance genes in S024 (206). IS elements such as ISVch4 (1S1359)
are associated with deletions in the SGI1 backbone, and these events contribute to the
ongoing evolution of the element. SGI1 and variants of it may be able to integrate into
a wide variety of Gram-negative bacteria because the sequence of the terminal 18
nucleotides of trmE (attB) is well conserved (40). Experiments performed in vitro have
demonstrated that SGI1 is able to integrate into Klebsiella pneumoniae and Escherichia
coli (207), but evidence of the presence of the island in these species in natural
environments has been lacking. Since the identification of SGI1 in Salmonella enterica
serovar Typhimurium DT104 almost 20 years ago, homologous recombination events,
as well as insertion sequence-mediated indels, have led to the emergence of more than
30 SGI1 variants, some of which carry antimicrobial resistance genes that are of major
clinical significance (208). SGI1 and variants of it have been detected in diverse serovars
of S. enterica and other Gram-negative pathogens (36, 37, 209-211). For example,
Proteus genomic island 1 (PGI1), identified in Proteus mirabilis, carries extended-
spectrum B-lactamase and/or metallo-B-lactamases (211, 212), and SGI variants have
been reported in Morganella morganii subsp. morganii (208), Acinetobacter baumannii

(38), Enterobacter hormaechei subsp. oharae (213), and Providencia stuartii (214).

While performing an in silico analysis of whole-genome sequencing (WGS) data from 95
Australian avian pathogenic E. coli (APEC) isolates (215), one isolate (AVC96) from a
diseased 26-week-old broiler chicken was found to carry genetic signatures typically
found in SGI1 (GenBank accession no. AF261825). Details of the materials and methods
used for analysis of the isolate are given in Text S1 in the supplemental material
(Appendix, Supplementary File 5.1). Sequence analysis identified AVC96 as an APEC
isolate with sequence type 117 (ST117), a lineage associated with extraintestinal
infections in humans and poultry (133). A hybrid assembly using the program Unicycler,
which combined lllumina short reads and single-molecule real-time (SMRT) sequences
derived from a Pacific Biosystems RSIl sequencer, resolved the structure of the SGI1
variant in isolate AVC96 and placed it a single 4,886,273-bp chromosomal contig. The
SGI1 variant was inserted in the terminal 18 bp of trmE. The variant of SGI1 was here
named SGI1-B-Ecl. Comparative analysis with published SGI1 reference sequences

revealed that the structure of SGI1-B-Ecl in isolate AVC96 is related to SGI-1B (accession
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no. KU987430), as seen in Figure 5.1. A homologous recombination event between the
copies of intl1 resulted in the loss of the intervening DNA, a feature of this variant. SGI1-
B-Ecl differs from SGI1-B and other SGI1 variants via the insertion of ISEc43 in S023.
ISEc43 is flanked by an 8-bp direct repeat, suggesting its integration is a recent event.
The location of ISEc43 in S023 has not been previously described, and it may serve as a
unique epidemiological marker for tracking isolates that carry SGI1-B-Ec1 in Australia.
SGI1-BEc1 also carries a unique single nucleotide polymorphism within gacEA1 (228 bp).
In E. coli, trmE sits proximal to tnaC, which encodes a tryptophanase. In the case of
AV(C96, SGI1-B-Ec1 sits between these ORFs. An analysis of 455,632 bacterial whole-
genome sequence data sets in the short-read archive (216) indicated that none of the
approximately 38,000 E. coli genomes available therein carry an SGI1 variant at this
locus. BLASTn analysis of the publicly available nucleotide database yielded one entry
(GenBank accession no. KU842063.1) that spanned from base 31 of S044 to base 153 of
tnaA. This sequence was the derived from an in vitro experiment that sought to
determine the ability of SGI1 to integrate into E. coli (207). Therefore, our findings
support the contention that AVC96 is the first description of the occurrence of a variant
of SGI1 in wild-type E. coli. It is notable that variants of SGI1 carrying blanom-1 (44), blaves-
6 and gnrA1(43), and blactx-m-15 (42) have been identified in multiple drug-resistant
Proteus mirabilis and Salmonella enterica isolates. This discovery should prompt
investigations on the prevalence of SGI1-B-Ec1l in Australia and how it might evolve to

capture a broader selection of antimicrobial resistance genes.
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5.2.6 Figures
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Figure 5.1 - Schematic showing the structural homology between SGI1-B-Ec1 (top) and SGI1-B (bottom). Left and right direct
repeats (DR-L and DR-R, respectively) are shown flanking either element. Integron-associated elements are shown with a
crosshatched pattern, while other elements of the SGI-1 backbone are shown in dark gray. Genetic elements downstream of
SGI1-B-Ec1 are shown in black, while those downstream of SGI1-B are shown in white. ORFs and inverted repeats of IS element
ISEc43, unique to SGI1-B, are shown with a dotted pattern near the center of the element. “tnpA*” and “tnpB*” are ISEc43
associated, and “tnpA~” is IS6100 associated. Note that genomic coordinates are not to scale and are only approximate. See the
GenBank entry for SGI1-B-Ec1 (accession no. MK599281) for precise feature coordinates.
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6.2.1 Abstract

Salmonella genomic island 1 (SGI1) is an integrative mobilisable element that plays an
important role in the capture and spread of multiple drug resistance. To date, SGI1 has
been found in clinical isolates of Salmonella enterica serovars, Proteus mirabilis,
Morganella morganii, Acinetobacter baumannii, Providencia stuartii, Enterobacter spp.
and recently in Escherichia coli. SGI1 preferentially targets the 3-end of trmE, a
conserved gene found in the Enterobacteriaceae and among members of the
Gammaproteobacteria. It is therefore hypothesised that SGI1 and SGll-related
elements (SGI1-REs) may have been acquired by diverse bacterial genera. Here, Bitsliced
Genomic Signature Indexes (BIGSI) was used to screen the NCBI Sequence Read Archive
(SRA) for putative SGI1-REs in Gammaproteobacteria. Novel SGI-REs were identified in
diverse genera including Cronobacter spp., Klebsiella spp. and Vibrio spp. and in two
additional isolates of Escherichia coli. An extensively drug resistant human clonal lineage
of Klebsiella pneumoniae carrying an SGI1-RE in the United Kingdom and an SGI1-RE that
lacks a class 1 integron were also identified. These findings provide insight into the
origins of this diverse family of clinically important genomic islands and expand the

knowledge of the potential host range of SGI1-REs within the Gammaproteobacteria.

6.2.2 Introduction

Salmonella genomic island 1 (SGI1) is an integrative mobilisable element that carries
diverse antibiotic resistance genes, often conferring multidrug resistance (217). SGI1
was shown to be associated with globally dispersed Salmonella enterica serovar
Typhimurium DT104 that rose to prominence in the 1980s. Since then, variants of SGI1
including some that carry genes encoding resistance to critically important
antimicrobials have been identified within diverse serovars of Salmonella enterica and
other Gammaproteobacteria including Proteus, Acinetobacter, Morganella, Providencia,
Enterobacter and Escherichia (38, 39, 218-220), all of which are known human and/or
animal pathogens. While experimental integration of SGI1 into genera such as Vibrio and
Klebsiella has been described (41), there are no detailed reports of an SGl1-related
element (SGI1-RE) in wild type strains belonging to these genera. Numerous Gram-
negative genera carry the trmE gene, the integration site for SGI1 (40), suggesting that

SGI1 may be dispersed more broadly in Gammaproteobacteria than is reported in the
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literature. Here, we aimed to explore the SRA to garner a greater understanding of inter-

genera distribution of this clinically important integrative genomic element.

6.2.3 Materials and Methods
Preliminary screening of SRA for SGI1-REs and subsequent genome assembly

BIGSI (216) allows for ultra-fast searching of bacterial and viral genomic data for
nucleotide sequences of interest, providing access to the 457,000 whole genome
sequence (WGS) datasets uploaded to SRA prior to December, 2017. These whole
genome sequence datasets were screened for forty-four coding sequences sourced
from SGI1 (GenBank accession No. AF261825), constituting all coding sequences from
SGI1 other than those downstream of its 3" end, using the BIGSI web tool

(http://www.bigsi.io/) in combination with a custom-built script available at

https://github.com/maxlcummins/SGI1-REs. Retrieved accession numbers and their
putative genera classifications, as designated by BIGSI via integrated Kraken (221) and
Bracken (222) based analyses, were filtered to remove strains identified as Salmonella,
Proteus and Acinetobacter; genera that have been reported previously to carry SGI1-
REs. Kraken and Bracken were also used to identify genomes that were contaminated
with non-host DNA. Genomic data sets were then downloaded using parallel-fastqg-

dump version 0.6.3 (https://github.com/rvalieris/parallel-fastg-dump) and were

assembled with Shovill version 1.0.4 (https://github.com/tseeman/shovill) using default

settings.
Putative identification and clustering of SGI1-RE variants

A non-redundant nucleotide database consisting of genes sourced from various SGI1-

REs, available at https://github.com/maxlcummins/SGI1-REs, was generated using CD-

hit version 4.8.1. Assemblies were screened for the carriage of these genes using BLASTn
with a nucleotide identity threshold and coverage threshold of 90%. Strains with
identical genotypic profiles, relative to these screened genes, were preliminarily
considered to carry the same SGI1-RE. This analysis also informed the particular

scaffolds on which genes from the backbones of SGI1-RE were localised.
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Annotation and comparative analysis of SGI1-REs

For each respective strain found to carry a putative SGI1-RE, BLASTn was used to
determine the location of the trmE and S044 genes, the former of which contains the 5'
DR-L (terminal 18 bp of the trmE gene) and the latter of which is typically seen adjacent
to the 3' DR-R (imperfect direct repeat of DR-R). This region of sequence, inclusive of the
DR-R and DR-L, was then isolated and screened against publicly available SGI1 sequences
deposited in the NCBI nucleotide collection using MEGABLAST. Following identification
of closely related SGI1-RE sequences on NCBI, genome annotation was performed

manually using Snapgene (https://www.snapgene.com) version 4.1.9.

Phylogenomic analysis and genotypic characterization of clonal subpopulations

Cases where multiple strains of the same predicted genera were found to carry identical
SGI1-RE genotypes (see above) were interrogated to determine the phylogenetic and
genotypic relatedness of such strains. Phylogenetic analysis was undertaken using
Snippy (https://github.com/tseeman/snippy) and Gubbins (223) as previously described
(224). Phylogenetic trees were generated using FastTree2 version 2.1.10 (151).
Genotyping was undertaken using Abricate (https://github.com/tseeman/snippy)
version 0.9.3. Trees were visualised and annotated using R version 3.6.0 with a custom

script available at https://github.com/maxlcummins/SGI1-REs.

Data availability

Genomic data sets can be retrieved from National Centre for Biotechnology
Information’s (NCBI) Sequence Read Archive (SRA) via the following Sequence-Read
Archive Accession numbers: Cronobacter sazakii: SRR1619558; Escherichia coli:
ERR1617816, ERR1622475, SRR3987521, SRR4786187; Klebsiella pneumoniae:
ERR314398, ERR314418, ERR314466, ERR314533, ERR314534, ERR314541, ERR314542,
ERR314543, ERR314544, ERR314545, ERR314546, ERR486792; Vibrio cholerae:
ERR117476, ERR180912, ERR386635, ERR386714, ERR386735, ERR386756, ERR572602,
ERR572603, ERR572604, ERR572741, ERR579067, ERR579915.

Please note that we are not the submitters for these specific genomic data sets. Short

read sequences utilised in this investigation are all publicly available on the Sequence
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Read Archive (SRA). For specific SRA accession numbers please see Supplementary Table

1 (Additional file 6.1).

The nucleotide accession numbers pertaining to SGI1-REs identified during this
investigation for KGl, PGI2-Ec-2, SGI1-Vc2CHAMA and VGI are MN708012, MN708013,
MN708014 and MN708015, respectively.

6.2.4 Results and Discussion

Thirty strains belonging to the genera Vibrio (n=12/30), Klebsiella (n=12/30), Escherichia
(n=5/30) and Cronobacter (n=1/30) were found to carry at least one open reading frame
associated with the backbone of SGI1 (Supplementary Table 1 [Additional file 6.1]).
These 30 sequences were identified after Kraken and Bracken analyses were used to
exclude contaminated sequences and filtering of samples belonging to genera with
multiple reports of SGI1-RE carriage (i.e. Salmonella, Proteus and Acinetobacter).
Preliminary BLAST analysis using a non-redundant nucleotide database of SGI1-RE
coding sequences indicated that 12 different SGI1-RE variants were present within the
30 isolates (data not shown). Of these, four variants could be localised to a single
scaffold, while the remaining seven assembled from multiple scaffolds. Strain metadata
and their associated SGI1-RE variants are listed in Supplementary Table 1 (Additional file
6.1).

Potential discovery of an ancestral variant of Salmonella genomic island 1

A schematic diagram of the SGI1-RE from Vibrio strain 2710-CN (SRA Accession No.
ERR579067) that was isolated in China in 1986 is depicted in Figure 6.1A. Our analysis
shows that 2710-CN carries an SGI1-RE sharing 99.97% sequence identity with the
backbone of SGI1 (GenBank Accession No. AF261825). To our knowledge, this structure
represents the earliest known example of an SGI1-RE. The SGI1 variant, here named VGI
(Accession No. MN708015), does not harbour a class 1 integron and, given the extensive
sequence identity shared with SGI1, may constitute an ancestral structure from which
SGI1 and potentially other SGI1-REs may have evolved.

A recent investigation reported the identification of an SGI1-RE, SGIO (NCBI Accession
No. MG201402.1), which also lacks a class 1 integron (225). Notably, however VGl is
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more closely related to both SGI1 and SGI2 than SGIO. SGI0 and VGI differ by 972 single
nucleotide polymorphisms (SNPs), whereas VGI and the SGI1 backbone differ by just 6
SNPs and VGI and SGI2 backbones differ by only 136 nucleotides. It is therefore more
likely that SGI1 and SGI2 are descendants of a VGI-like element than they are

descendants of SGIO.

Identification of a clonal outbreak of extensively drug resistant Klebsiella pneumoniae

carrying a novel SGI1-RE

Klebsiella pneumoniae strain 2485STDY5477984 (SRA Accession No. ERR314534) was
found to carry a novel and complex SGI1-RE backbone (Figure 6.1B). This structure,
referred to as KGI (Accession No. MN708012), can be classified into two distinct regions
(R1 and R2) based on the SGI1-REs with which it shares extensive sequence identity.
Spanning from DR-L to base 5984, R1 is most closely related to PGI2 (Accession No.
MG201402). Secondly, R2 constitutes a region from base 6969 to 27,754, corresponding
to an intragenic region of SO05 and an intergenic region between res and S044,
respectively. This portion of KGI is most closely related to SGI1-PmCA11 (Accession No.
MH990673), with which it shares 99.25% nucleotide identity. It is notable that R1 and
R2 are separated by a 985 bp region within SO05 which shares low nucleotide identity
with the corresponding region in SGI1 and PGI2. Analysis using BLASTn indicates that
this region matches part of the traN gene of PGI1 (Accession No. KJ411925) with 87%
nucleotide identity, despite an alignment of the full traNpc1 and traNxe coding
sequences revealing a shared nucleotide identity of just 77% and a coverage of just 81%.
KGI also features an S044 gene with relatively low nucleotide identity to SGI1 and PGI2
(82% and 83%, respectively), which instead best matches S044pci1 — a gene with which it
shares 99% sequence identity. This data indicates that KGI likely has a complex
evolutionary history and has a mosaic structure resulting from homologous
recombination events involving different SGI1-REs.

It is notable that a further 10 strains from the same Bioproject (PRJEB1271), several of
which were listed as being sourced from humans in the United Kingdom (226), also
carried an element identical to KGI. Subsequent analysis determined that these strains
are also genotypically extensively drug resistant (XDR), exhibited nearly identical

genotypic resistance profiles (two samples did not carry aphA1) and differed from one
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another by between zero and five SNPs (Figure 6.2). These strains, therefore, appear to
constitute a clonal outbreak of an SGI1-RE carrying XDR species that are a frequent cause

of nosocomial infections.

Novel variants and hosts of SGl1-related elements

A second SGI1-RE, here named Vc2CHAMA, was identified in Vibrio cholerae strain 59-
sc-2011-11-25T13:51:247-1311470 (SRA Accession No. ERR117476). Vc2CHAMA shares
99.99% sequence identity with SGI1 Pm2CHAMA (Accession No. MF372716.1) and
carries a single In4-type integron (Figure 6.3A). Both structures carry a dfrA15 gene
cassette and include a unique 34 bp deletion at the start of S044 caused by 1S6100 — a
deletion not otherwise detected by MegaBLAST in the NCBI nucleotide database and
one that indicates that SGI1 Pm2CHAMA and Vc2CHAMA share a recent common
ancestor. SGI1 Pm2CHAMA and SGI1 Vc2CHAMA differ however in that the former
carries a complex resistance region containing two integrons, multiple copies of IS
elements, including 1S26, and an additional five antimicrobial resistance genes (aadAl,
aphla, strA, strB and blacars-a). It is possible that SGI1 Vc2CHAMA may have arisen from
a homologous recombination event between the two integron integrase genes in
Pm2CHAMA. Alternatively, Pm2CHAMA arose from a Vc2CHAMA-like structure via
homologous recombination event or via an 1S26-mediated event introducing the

upstream integron and other associated elements of the complex resistance locus.

Additionally, a PGI2 variant, here named PGI2-Ec-1 was identified in Escherichia coli
strain SCP17-71-2 (SRA accession No. ERR1617816). This strain was identified in a study
investigating  the  phylogenetic  relatedness of 1,798  ESBL-producing
Enterobacteriaeceae from a single hospital in the Netherlands (227). PGI2-Ec-1 exhibits
99.28% sequence identity (99% sequence coverage) following BLASTn alignment with
PGI2 (Accession No. MG201402) (Figure 6.3B). PGI2-Ec-2 carries a single In4 type
integron containing dfrA5. In contrast, PGI2 carries a complex and mosaic resistance
locus featuring two integrons, numerous copies of IS26 and other insertion sequences.
Similarly, with SGI1-Vc2CHAMA, PGI2 and PGI2-Ec-1 could have evolved in either
direction via integron integrase associated homologous recombination events or by
IS26-mediated insertion. While a recent study of ours reported the first identification of

an SGI1 variant within E. coli, PGI2-Ec-2 constitutes, to our knowledge, the first report
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of a PGI2 variant within the Escherichia genus. This sequence type is known to cause
extraintestinal infections in both humans and animals and coincidently, is also the same

sequence type of the strain harbouring SGI1-B-Ec1 that we recently reported (220).

Additionally, a portion of the backbone of an SGI1-RE within a strain of Cronobacter
called CFSAN019572 was identified by our analyses. However, a scaffold break thought
to be caused by the insertion of an IS21 family element into rep prevented assembly of
the complete sequence. The specific aforementioned IS element could not be
determined, however, as it was not assembled to a single scaffold. Notably, the integron
associated inverted repeats IRi and IRt are not flanked by 5 bp direct repeats, indicating
that this locus is unlikely to have resulted from an integration event (228, 229) and may
instead be a remnant of an earlier homologous recombination event. Preliminary
analysis revealed that the structure is flanked by a DR-L and DR-R and appears to have
integrated into the terminal 18 bp of the trmE gene. It was also noted that the int/1 gene
in this region differed from that of SGI1/PGI2 by 18 SNPs. Only 1 hit within the NCBI
nucleotide database (Accession No. LT629801) contained an int/1 sequence with 100%
sequence homology — a strain of Pseudomonas rhodesiae which also carried the same
chlorine dismutase, tniC and tniQ genes as the Cronobacter integron under analysis,
indicating that they share a common origin. An additional six SGI1-RE variants were also
identified (Supplementary Table 1 [Additional file 6.1])), however they will not be
described in detail due to an inability to determine their complete sequences. Further
investigation into these strains, perhaps using long-read sequencing or PCR linkage of

SGI1-RE associated scaffolds, would likely reveal novel SGI1-RE variants.

In conclusion, these findings provide insight into the potential evolutionary origins of
SGI1 and provide evidence for a greater SGI1 host range than previously recognised.
They also highlight that SGI1 and SGI1-REs are part of a large and diverse family of
integrative genomic elements whose structures are shaped by a wide range of events
including insertion, deletion and homologous recombination. Once these islands are
captured by members of the Gammaproteobacteriaceae, they may come under
selection in environments affected by anthropogenic pollutants including
antimicrobials, heavy metals and pharmaceutical residues. As such it is unsurprising that

SGI1-RE can readily acquire multiple antibiotic resistance genes, including genes
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encoding resistance to clinically important extended-spectrum beta-lactams (218).
These SGI1-REs carrying AMR gene cargo can then disseminate more broadly as they
provide their host a fitness advantage in the presence of antimicrobials. Further
investigations into the host range of SGI1-REs and more directed searches of these
elements within clinically relevant Gram-negative species are needed. More research is
also needed to elucidate the phylogenetic relatedness of SGI1-REs. Comparative
genomic analysis between SGI1-REs lacking resistance regions, such as those presented
in this research and those identified within Shewanella, would likely prove informative

in this regard (230).

To date, the focus has largely been on the characterisation of SGI1 and SGI1-REs in
pathogens. Our studies suggest that further efforts are needed to determine the
presence of SGI1-REs in commensal flora circulating in humans, food animals and the
environment more broadly. Additionally, screening for SGI1-RE backbones, rather than
phenotypes associated with SGI1-REs, can provide valuable insight into the spread of
these elements within Gammaproteobacteriaceae. While the subset of isolates analysed
comprises 456,000 genomic datasets uploaded prior to 2017, there are more than
900,000 genomic datasets that are currently available in the SRA. This, however, would
require a reindexing of SRA by the tool’s developers. Nonetheless, screening of these
additional datasets will likely identify new SGI-REs, enhancing our understanding of the
spread of these diverse and clinically significant genomic islands throughout parts of the

bacterial Kingdom.
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6.2.10 Figures
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Figure 6.1 - Schematic representation of SGI1-REs identified in this investigation that are void of integrons. Scale is approximate. Closely related SGI1-REs from public databases are shown

atop and below to allow visualization of the nucleotide identity across the novel elements and the references. Nucleotide identities of trmE genes (not shown) did not exceed greater than

75% for VGI or KGI in comparison with the trmE genes of other sequences represented in this schematic. (A) — A comparison of SGI1 (Accession No: AF261825) shown atop VGI (Accession No.

MN708015). Identities and locations of single nucleotide polymorphisms are indicated atop vertical lines at the top and bottom of either element, while nucleotide insertions are indicated in

the same fashion but denoted with a plus symbol (+). Genetic context inferred from S. Typhimurium DT104 (GenBank accession number HF937208). (B) A comparison of KGI (Accession No.

MN708012), PGI2 (Accession No. MG201402) and SGI1-PmCA11 (Accession No. MH990673). Due to the lower nucleotide identity matching between these structures the locations and

identities of mismatches and indels are not indicated for ease of interpretation. SGI1-PmCA11*: genetic context inferred from Xiao et al (2019).

77



----------------------------------- K. pneumoniae (ERR314534)

................................... K. pneumoniae (ERR314533)

------------------------ K. pneumoniae (Reference)

e e R R PR PP PR K. pneumoniae (ERR314545)

...................................... K. pneumoniae (ERR314544)
.................................................. K. pneumoniae (ERR314546)
.................................................. K. pneumoniae (ERR314543)
-------------------------------------------------- K. pneumoniae (ERR314542)
-------------------------------------------------- K. pneumoniae (ERR314541)

IK. pneumoniae (ERR314466)

|K. pneumoniae (ERR314418)

.................................... K. pneumonfae (ERR314398)

Figure 6.2 - Phylogenetic analysis of Klebsiella strains found to carry KGI. The tree is unrooted and the

11/11 (100%)
11411 (100%)

9/11 (82%)

aadA2 n=11/11 (100%)
acrA n=11/11 (100%)

aphA1n

I N /s

11/11 (100%)

11/11 (100%)

11/11 (100%)

mphA n=11/11 (100%)

ompK37 n

FosA5 n=11/11 (100%)

kpnE n=11/11 (100%)

kpnF n
ogxA n=11/11 (100%)

dfrA12 n
kpnG n:

=11/11 (100%)
(100%)
(100%)

11111 (100%)

11/11 (100%)

n

sul2 n=11/11 (100%)

ogxB n
blagy,.;
strB n
sulfn

reference strain utilised corresponds to an assembly of Klebsiella pneumoniae strain 2485STDY5477984

(SRA Accession No. ERR314534)

78



A

SGIT Pm2CHAMA

CTGTATCGGGAAGTAA TCTGTATIGGGAAGTAA . .
[rereTarecceaarid Proteus mirabilis strain

. putative exonuclease PmM2CHAMA chromosomal DNA
putative helicase

putative integrase

S—
trmE

y T N
. putative helicase
putative intagrase putative exonuclease

[TTCTGTATTGGGAAGTAA|

SGI1 Vc2CHAMA

Vibrio cholerae chromosomal DNA

TCTGTATTGGGAAATAG|

B

PGI2

TIGGGAAGTAN
) putative integrase 0% proteus mirabilis BC-1124

chromosomal DNA

hypothetical
protein

PGI2-Ec-1  FamET

putative integrase T oRR

_ Escherichia coli SCP17-71-2
chromasomal DNA
T | j Toxin/antitoxi : i
cl genes » C transfer genes foxin/antitoxin gene DNA metabolism genes Resistanice locus insertion point Length (base pairs)
# Hypothetical proteins B Integrase ’ Resolvase

0 1000 2000 3000 4000 5000
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comparison with the trmE genes of other sequences represented in this schematic. (A) — A comparison of SGI1 Pm2CHAMA (Accession No: MF372716) shown
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Chapter 7: General Discussion and Future Directions

Please note: Given that each individual chapter of this thesis discusses the implications
of their respective results, this section will provide a brief discussion of the findings
presented throughout this thesis, their limitations and the future directions of this
research. It will then close with some final thoughts on future One Health approaches to

genomic investigations.

7.1.1 APEC as a potential source of AMR, zoonoses and virulence plasmids

Data presented in Chapter 4 indicates that Australian poultry are not commonly
colonised by ClA-resistant microorganisms, and this trend is also seen in Australian
piggeries (28, 215). In many countries the same cannot be said (176-178), and the
success of Australia in this regard is likely attributable to our geographical isolation, strict
biosecurity programs and prudent agricultural usage of CIAs. However, should CIA-
resistant microorganisms become established and spread within Australian food-animal
production systems the results could be devastating, highlighting the need for

widespread and ongoing AMR surveillance programs.

For example, the increased prevalence in colistin resistance documented in clinical
settings in China, Italy and Spain (6, 231, 232) is likely attributable to historic usage of
colistin in food-animal systems in these countries. China’s 2016 colistin consumption as
agricultural growth promoters was 8000 tonnes, compared to less than 500 tonnes used
across the entirety of the European Union (EU) in 2013 (233). Notably, Italy and Spain
reported higher use of colistin per food-producing animal than many other EU countries
combined (234), and there are several reports of high carriage rates of mcr-1 in food-
animal operations in these countries. Overseas, poultry operations have also been

shown to house colistin resistant E. coli (176-178).

Aside from serving as a source of AMR, the risk posed by APEC, and poultry-associated
E. coli more broadly, is yet to be fully characterised. Given that there is evidence APEC
may threaten human health their populations warrant further scrutiny and monitoring.
Phylogenetic overlap has been observed between APEC and pandemic lineages of
EXPEC, in particular ST95, one of the most frequent STs of E. coli recovered from cases

of blood sepsis globally (169). Recent studies have highlighted the similarities between
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infectious ST95 strains from both poultry and humans (235, 236), however the between-
source phylogenomic and genomic similarities of members of this lineage requires
further investigation. Such investigations should utilise high resolution phylogenetic
approaches involving combinations of pangenomic, SNP-based and core-genome MLST
methodologies. Detection of clonal overlap between strains of poultry-associated E. coli
and human ExPEC may indicate transfer events between these two reservoirs and would
support the need for an expanded screening regime of avian faecal E. coli, APEC, retail
poultry meat-associated E. coli, human commensal E. coli and human ExPEC to further
elucidate the zoonotic potential of poultry-associated E. coli, especially APEC. The
impact of the use of poultry manure on the contamination of fresh produce has not been
investigated using WGS, however studies in Germany (51) suggest that animal waste is

an underestimated and important source of MDR Enterobacteriaceae in fresh produce.

Even if links to human health were to be discounted, APEC will continue to be a major
burden on poultry operations at home and abroad and similarly require genomic
surveillance to ensure their sustainability. Evidence indicates that particular lineages of
E. coli are disproportionately associated with APEC infections, such as ST117. Research
is required to elucidate the genetic underpinnings of their success within this niche to
try to reduce their disease burden on poultry operations. It is probable that this
sequence type has characteristics that enhance its ability to colonise the poultry gut,
leading to its high prevalence in these environments. It is also known that some of the
fitness factors involved in gastrointestinal colonisation are linked to extraintestinal
infections in both poultry and in humans (77, 138). While there is some evidence of some
protective effect of one commercially available APEC vaccine, other efforts for APEC and
human ExPEC vaccines have been largely unsuccessful(80, 194, 197, 237). Genome wide
association studies may prove useful in identifying previously unknown VAGs common
that underpin APEC and ExPEC pathogenesis that may hold value as potential vaccine

targets for human and/or animal populations.

Analysis of Australian MDR APEC identified a variety of repA genes, providing evidence
that these populations carry a diverse array of plasmids. Most prevalent among this
APEC population, however, were plasmid replicons of incompatibility type F that are

often associated with ColV and ColV-like virulence plasmids. Given the high prevalence
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of these plasmids within APEC populations and the known associations of their genetic
cargo with virulence in both avian and human hosts, their abundance within poultry
reservoirs is problematic. Screening of the poultry gut microbiome will be important in
this regard as it is thought to be the primary reservoir of APEC and therefore also a
reservoir of ColV-like plasmids (93). Addressing this issue may reap significant benefits
in animal health and economic productivity of food-animal production through reducing
the disease burden on poultry operations. This could be achieved through the usage of
a probiotic and/or prebiotic formula to attempt to shift the poultry microbiome to one
with lower VAG carriage, though this may be made difficult by the inherent commensal

fitness attributes also thought to be associated with these genes.

The impact of E. coli that carry ColV plasmids on human health also warrants more
attention, as no large scale studies have investigated the carriage of ColV-like virulence
plasmids among human ExPEC strains, nor on E. coli from other sources. Small scale
analysis of E. coli causing UTls and BSI from Enterobase suggest that between 6-12% of
E. coli carry ColV and closely related plasmids (data unpublished), according to the Liu
criteria of carriage of ColV-like plasmids (238). An expansion of such analysis is critical
for complete assessment of the potential threat of ColV-like virulence plasmids. This is
particularly important given there are increasing reports of hybrid virulence-resistance
ColV and ColV-like plasmids being reported in the literature (101, 239), the transfer of
which can potentially confer both extraintestinal virulence and AMR to an otherwise

avirulent and antimicrobial susceptible strain of E. coli.

7.1.2 SGI1-REs and their potential spread within Australian poultry

As reported in Chapter 5 we identified a strain of E. coli carrying a variant of SGI1. This
novel finding demonstrates the diversity of MGEs present within poultry environments
and highlights the need for more extensive analysis of poultry-associated E. coli and the
poultry microbiome more broadly. Future investigations should involve widespread
screening of poultry-associated flora for SGI1-REs, particularly those that might house

genes conferring resistance to ClAs.

The strain housing SGI1-B-Ec1 was ST117 — a globally disseminated APEC lineage, and
emerging human ExPEC, which seems exceptionally fit within the poultry gut, being

routinely associated with poultry meats, poultry faeces and poultry pathogens (73, 74,
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99, 161). Should a strain of E. coli carrying a CIA resistance associated SGI1-RE also be a
member of a ‘poultry adept’ ST, particularly if it entered into higher tiers of the poultry
breeding pyramid, it could rapidly disseminate throughout poultry operations around
Australia and make its way into human populations and other environments via a range
of mechanisms. In such a scenario, the most important pathways are likely to include

consumption of poultry products and widespread application of poultry manure.

7.2 Limitations

7.2.1 Aim1
Determine the phylogenetic characteristics, virulence and AMR associated gene content

of a geographically-diverse collection of Australian APEC

Aim 1 of the thesis was addressed in Chapter 4, which investigated a collection of 95

Australian APEC which were sampled based on the carriage of int/1, a proxy for MDR.
Some of the primary findings of this chapter were that Australian MDR APEC are:

e Not a major reservoir of genes conferring resistance to ClAs
e Rich in EXPEC/APEC virulence gene content

e Phylogenetically diverse but most frequently of ST117 and CC350

As Chapter 4 has already discussed the implications of these findings, this section will

instead address the limitations of the study.

Firstly, the collection of APEC was not produced using a stringent sampling protocol.
Hosts from which the strains were isolated consist primarily of diseased chickens, but
some strains were isolated from turkeys and ducks (Additional file 4.1). While not yet
conclusively demonstrated, evidence suggests that some lineages of E. coli have a
degree of host-specificity, and therefore the phylogenetic characteristics of the APEC
collection are likely to partially reflection the hosts from which they originate (240, 241).
For example, one of the primary STs identified within the collection was identified
exclusively within turkeys, ST429. It is possible that ST429 may have an enhanced
capacity to cause APEC infections in turkeys and may be a lineage of concern for those

in this part of the poultry industry. As reported in Chapter 4 and elsewhere, ST429 is
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known to be associated with turkeys and carries a high number of VAGs (215, 242).
Splitting the collection into subpopulations based on host species may have been useful,
however this was not undertaken due to the low representation of particular host-types
within the collection. Ideally, such an investigation would span multiple poultry
operations from diverse geographic locations and perform WGS with many hundreds or

thousands of isolates.

Metadata pertaining to the historic usage of antimicrobials at each poultry operation,
perhaps through a standardised questionnaire, would have been useful for the purposes
of this investigation. Differences in usage of antimicrobials at particular farms may have
influenced the resistance phenotypes observed within the collection. For example
certain antimicrobials used in broiler chickens such as cannot be used in layer chickens
as these antimicrobials contaminate egg products (243), however the number of APEC
sourced layer chickens within the collection prevented statistically useful comparisons

of APEC from different types of farms.

One advantage of the collection was that it covered a broad geographical area,
consisting of strains sourced from four different states around Australia. However, these
states were not equally represented within the collection, with Victoria and New South
Wales (NSW) contributing the majority of strains. This is in large part attributable to the
veterinary practice responsible for composing the collection being located in Victoria

and predominantly servicing clients in Victoria and NSW.

Regardless of the shortcomings of the composition of the APEC collection under
investigation in Chapter 4, prior to the publishing of the data presented in this thesis
there was very little known about Australian APEC populations at a genomic level. The
genomic datasets generated during this investigation are therefore of value in One
Health investigations comparing APEC and other populations of E. coli, such as human
EXPEC, and to provide insight into the virulence and AMR characteristics of Australian

MDR APEC.
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7.2.2 Aim2

Characterise mobile genetic elements associated with Australian MDR APEC

Knowledge on the dominant and potentially emerging MGEs present within a given
environment is necessary to assess the threat a given environment may pose in relation
to AMR and infectious diseases. This former point was primarily addressed in Chapter 4,

while the latter point was addressed in Chapter 5.

Within Chapter 4 we provided evidence that Australian MDR APEC are rich in VAGs
associated with ColV-like plasmids and frequently carried repA genes that also indicate
the presence of such plasmids. This was bolstered by the read mapping approach
demonstrated in Figure 4.4, which bolsters the evidence for the presence of such
plasmids within the majority of APEC strains under investigation. It should be noted,

however, that there are limitations to this approach.

Assembly of short-read sequence data inherently produces fragmented genomes,
particularly in MDR bacteria as AMR genes tend to be associated with carriage of IS
elements. This is due to multiple copy number and their length being longer than that
of lllumina short-reads, all of which serve to decrease assembly contiguity and therefore
reduce the linkage of genomic loci (112). While some APEC/EXPEC VAGs are commonly
seen on ColV-like virulence plasmids, some of these same VAGs are also known to exist
in chromosomal contexts (86). In short, we are unable to conclusively demonstrate the
linkage of the ColV-associated VAGs to a ColV-like plasmid with short-read sequence
data alone. However, based on previous genomic characterisation of ColV and ColV-like
plasmids and the known association of APEC with such plasmid types, it is highly likely

that these VAGs do indeed reside in such a genomic context.

In contrast, identification of an SGI1-RE within AVC96 during the analysis of the
collection reported in Chapter 5 provided an opportunity to undertake long-read
sequence analysis on one of these Australian MDR APEC strains. While short-read
sequencing alone was unable to accurately determine the genomic context of SGI1-B-
Ecl, hybrid assembly with long-reads revealed its complete nucleotide sequence as well

as its chromosomal context.
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Given that Chapter 5 is observational in nature there are fewer limitations of the study
that can be raised than for other chapters. However, we reported that its potential
spread within Australian food-production systems is a point of concern, particularly if
such SGI1-REs confer MDR and, worse still, carry genes conferring resistance to ClAs.
Future studies should undertake widespread screening of food-animal associated flora
to determine the potential presence of SGI1-REs, particularly within major human
pathogenic genera such as Salmonella, Escherichia and Proteus. It would also be
insightful to determine the in-trans conjugative capacity of SGI1-B-Ec1 and the biological

consequences of the interruption of S023 by the integration of ISEc43.

7.2.3 Aim3

Assess the spread of Salmonella Genomic Island 1 and SGI1-related elements throughout

publicly available genomic datasets

In Chapter 5 we reported on the first identification of an SGI1-RE within an E. coli strain,
AVC96. Subsequently, as reported in Chapter 5, we were interested in further

elucidating the spread of SGI1-REs within Gammaproteobacteriaceae.
The primary findings of Chapter 6 were as follows:

e Cronobacter, Klebsiella and Vibrio species carry SGI1-REs

e Aclonal outbreak of XDR Klebsiella pneumoniae carrying a complex and likely hybrid
SGI1-RE may have taken place in the United Kingdom between around 2011

e A strain of Vibrio cholerae from the 1980s houses an SGI1-RE that resembles an

ancestral variant of SGI1

While this study provided further insight into the spread and potential evolutionary
history of SGI1 and SGI1-REs, it has several limitations. Firstly, online sequence
databases tend to be heavily biased towards clinically important microorganisms (244),
such as those that exhibit AMR and pathogenicity. For example, ST131 constitutes a
global pandemic lineage of EXPEC that frequently carries genes conferring resistance to
ESBLs and SNPs conferring fluoroquinolone resistance (71). Enterobase is a large online
genome sequence database and analysis pipeline that can be leveraged for the use in

genomic epidemiological investigations (75). At time of writing, it contains
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approximately 130,000 strains of E. coli, and 8,446 of constitute ST131 strains. ST11
(typically reported to be serotype 0157:H7/H-), which is commonly associated with
shiga-toxin production and is regularly responsible for outbreaks of diarrhoeal disease,
is also likely over-represented, with 12,757 strains of this sequence type present in
enterobase. Together, these two STs therefore constitute more than 15% of the
Enterobase collection. This trend is likely a feature of other sequence databases as well,
as researchers chasing impactful scientific narratives have a greater incentive to study
microorganisms of clinical significance rather than those associated with commensal
and environmental niches. In short, a greater diversity of SGI1-REs are likely present
within a wider number of genera than can otherwise be gleaned from public databases

due to their inherent biases.

Another limitation is present in BIGSI, the tool used to screen the Sequence Read Archive
for SGI1-REs, as it is only indexed to December 2016 (216). Costs of WGS have dropped
by many orders of magnitude in recent decades and there is an inverse relationship
between the cost of sequencing and the number of genomes submitted to public
databases. For example, within the NCBI nucleotide database the number of whole
genome sequence datasets has tripled since December 2016. It is therefore likely that
many additional SGI1-RE carrying genera will be identified within this newer volume of
sequence data. The authors of BIGSI are reportedly reindexing the SRA database such
that all sequence data generated from December 2016 onwards will be accessible via
the BIGSI interface (Personal correspondence). It is highly likely that undertaking the
same analytical approach upon the completion of these changes identifies many more
novel SGI1-REs in a broad array of host genera that have yet to be reported to carry such

structures.

7.4 Future directions

One of the most important approaches to minimising the impacts of infectious diseases
and AMR will involve the undertaking of massive One Health genomic epidemiological
investigations. Such investigations should involve sampling of diverse bacterial

populations from a variety of sources across time and space.
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Efforts should be made to minimise sampling biases incurred by screening for particular
resistance phenotypes and genotypes. For example, all but three SGI1-REs reported in
the literature carry AMR gene cargo (225). There is little evidence for ancestral variants
of SGI1-REs from which more recent AMR-associated elements have evolved, limiting
our understanding of their evolution and also their spread throughout
Gammaproteobacteriaceae. A better understanding of the distribution and evolutionary
history of mobile genetic elements may provide valuable insights that shape our

response to the global AMR crisis.

Similarly, there is an overrepresentation in the literature of strains resistant to ClAs, such
as is the case for E. coli ST131 in studies on human ExPEC. These biases obscure the
ability of genomic epidemiologists to detect emerging pathogens and misappropriates
disease burden to particular lineages (89). While it is true that strains with particular
resistance genotypes and/or phenotypes may be of greater clinical significance and
prevalence than others, comparisons of collections that were composed using different
AMR selection criteria greatly reduces the conclusions that can be drawn from these
studies. Collecting metadata on sampling protocols associated with genomic datasets

may be useful in this regard.

There is also an overrepresentation of pathogenic strains in public databases. Ideally,
future genomic epidemiological investigations will involve analysis not only of E. coli but
also other pathogens of clinical significance (such as ESKAPE pathogens) and also other
bacteria able to share genetic material with these pathogens. Whole genome
sequencing studies of commensal E. coli populations is also severely lacking;
antimicrobial resistance is not restricted to pathogens, and determination of carriage
rates of genes encoding ClA-resistance in commensal E. coli from healthy individuals is
urgently needed. Indeed, studies indicate travellers returning from travel to many Asian
and South American countries become colonised — sometimes for periods up to 1 year -

with E. coli carrying genes encoding resistance to ClAs (245-247).

In absence of a capacity to definitively classify E. coli pathotypes genotypically, isolation
of individual strains will remain a critical to research identifying potential reservoirs of
zoonotic bacteria. Despite the cost of DNA sequencing falling rapidly, the scale of

sequencing required to interrogate multiple genera across numerous environments
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throughout time and space may be cost-prohibitive. Therefore, given the widespread
presence of E. coli in human, food-animal and natural environments, its tendency to
house broad-host AMR conferring plasmids, and its prominence as a human and animal

pathogen, E. coli makes for a suitable candidate for such a One Health investigation.

However, metagenomic sequencing and assembly serve as an increasingly promising
technological platform for One Health investigations. It is important to note, though,
that as it involves extensive shearing of DNA, and the inherent complexity of
metagenomic samples, its ability to associate specific mobile genetic elements with
particular host species is limited. This is of consequence as plasmids and their associated
gene cargo are a primary means of dissemination of AMR and also, in the case of EXPEC,
a primary means of dissemination of VAGs. In this way, the future of infectious diseases
and AMR will be increasingly shaped by the role of plasmids. Other technologies such as
Hi-C may prove fruitful in this regard. Hi-C is a method that, cross-links proximal genomic
structures prior to their sequencing, allowing plasmids and other MGEs to be assigned
to hosts in complex bacterial communities. An alternative strategy may involve focusing
on so called “metaplasmidomic” analyses whereby researchers may attempt to isolate,
purify and sequence the plasmids from a mixed microbial community. In terms of
tracking and monitoring of elements important in AMR evolution and dissemination,
metagenomic and metaplasmidomic approaches cast a much wider net than those
involving the WGS of single strains. Metagenomic sequencing and assembly platforms
are improving rapidly and will likely play increasingly important roles in genomic

epidemiology in years to come.

Ultimately, transfer of microorganisms between agricultural, clinical and natural
environments is a major threat to both human and animal health, as a subset of these
microbial consortia: i) have a capacity to cause anthropozoonotic (animal to human),
zooanthroponotic (human to animal) or sapronotic (environment to human) infections,
and ii) house virulence or AMR associated genetic cargo which can be shared with other
microbes to enhance their ability to cause disease and/or resist antimicrobial
therapeutics. Rapid and global expansion of large scale One Health genomic

epidemiological investigations, along with collaborative data sharing and analysis, will
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likely prove critical in our efforts to predict and respond to the emergence and spread

of AMR and infectious diseases.
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Appendix

Supplementary File 5.1 - Materials and Methods
Sample collection

AVC96 was collected in 2009 from a 26-week old diseased commercial chicken that
suffered from a presumptive avian pathogenic E. coli infection. The sample was cultured
on sheep blood and MacConkey agar as well as subjected to a routine PCR (78) to enable
its identification as putative APEC. It was subsequently store at -80°C in 20% glycerol or
on Protect (Thermo-Fisher) beads.

DNA isolation and lllumina short-read sequencing

After overnight culturing in 5 mL of Lysogeny broth (LB), genomic DNA was extracted
using the ISOLATE Il Genomic DNA Kit (Bioline) following the manufacturer’s instructions
and stored at -20°C. Nextera® DNA Library Preparation kits were used to generate 150-
bp paired end reads from 0.5ng of template DNA before whole genome sequencing
using an lllumina HiSeq® 2500. FastQC version 0.11.5 was used to quality assess read
quality.

High molecular weight DNA isolation for long read sequencing

Genomic DNA for use long read sequencing was isolated using a custom protocol
combining the protocols of Tillett and Neilan (113) and the QIAGEN® Blood and cell
culture DNA Midi kit.

Firstly, LB was inoculated and cultured overnight. A 6 mL aliquot was then pelleted at
8000rpm for 6 mins before cells were resuspended in 50 uL TER (TE buffer with
200ug/mL RNAse A). 1 mL of xanthogenate-SDS buffer (113) was added to the
resuspended cells which were incubated at 50°C for 2 hours or until complete lysis was
observed.

Tubes were vortexed for 10 seconds before being put on ice for 30 minutes and spun at
4°C at 14000rpm for 10 minutes before the supernatant was transferred to a new tube.
The DNA was then precipitated with a 1:1 ratio of room temperature isopropanol with
gentle agitation. Tubes were then spun at 4°C at 14000rpm for 10 minutes before
pouring off of isopropanol, pellets were washed in 1 mL of 70% ethanol and the
centrifugation was repeated. Ethanol was then poured off and the tubes were allowed
to air dry in a laminar flow hood. The pellet was then resuspended in 500uL buffer B1
from the QIAGEN®O kit and left at 50°C overnight.

The next morning tube contents (including any remaining pellet) were transferred to a
15 mL falcon tube and an additional 3 mL of buffer B1 was added. The protocol was
subsequently carried out from step five in the Qiagen Genomic Manual, however note
that here QIAGEN®© Proteinase K was added but RNAse A, typically required by the
protocol, was not included as they were added during the lysis step.
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Single Molecule Real-Time (SMRT) cell long-read sequencing

Long read sequencing was undertaken at the Ramaciotti Centre for Genomics using a
Pacific Biosciences RSIl sequencer with P6-C4 chemistry on a SMRT Cell.

Long-read sequence pre-processing and assembly

Long reads were filtered using filtlong with the following command:

filtlong -1 AVC96_R1.fastq.gz -2 AVC96_R2.fastq.gz --min_length 1000 --
keep_percent 90 --target_bases 500000000 A96_NovemberPacBio.fastq.gz |
gzip > AVC96_filtered.fastq.gz

Subsequently, filtered short reads and long reads were combined in a hybrid assembly
using Unicycler as follows:

unicycler -1 AVC96_R1.fastq.gz -2 AVC96_R2.fastq.gz - AVCI6_filtered.fastq.gz -o
AV(C96_hybrid

EasyFig

The coordinates of the SGI1-B-Ecl structure from the hybrid assembly of AVC96
sequence reads were identified using ISfinder (https://isfinder.biotoul.fr) and Megablast
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) with SGI1B (Accession No.:KU987430) as a
reference sequence. The 35,728 kb sequence of SGI1-B-EC1 (bases 4,299,832-4,335,559)
was extracted from a 4,886,273 bp long scaffold from the assembly saved as a separate
fasta file using Snapgene (www.snapgene.com).

This resulting fasta file was fed into Easyfig to produce a bitmap image of the homology
between SGI1-B-Ec1 and SGI1B:

Easyfig.py -o figure.bmp SGI1-B-EC1.fasta SGI1B.fasta

Read-mapping

Short reads were mapped to the SGI1-B-EC1 sequence produced above to check for read
depth across the element with Burrows-Wheeler Aligner using the following commands:

bwa mem -t16 -MY SGI1-B-EC1.fasta AVC96_R1.fastq.gz AVC96_R2.fastq.gz | samtools
view -ubS -F 0x904 - | samtools sort -@8 -T SGI1-B-EC1.fasta - -0 AVC96_SGI1-B-EC1.bam

samtools depth AVC96_SGI1-B-EC1.bam > AVC96_SGI1-B-EC1_short-read_depth.txt
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To facilitate visualization of the read alignment, the following command was used before
loading the bam and associated reference sequence in Tablet to confirm the bridging of
the SGI1-B-Ec1 structure to the chromosomal context by sequencing reads.

samtools index AVC96_SGI1-B-EC1.bam

Long reads were mapped to the same SGI1-B-Ec1 sequence using minimap2 to check for
the depth across the structure. This was done using the following commands:

minimap2 -ax map-pb SGI1-B-EC1.fa AVC96_filtered.fastq.gz > SGI1-B-EC1.sam

samtools view -hF 0x904 SGI1-B-EC1.sam | samtools sort -@8 -T SGI1-B-EC1.fa - -0 SGI1-
B-EC1.sam

samtools depth SGI1-B-EC1.sam > SGI1-B-EC1_long-read_depth.txt

Again, Tablet was used to confirm that PacBio reads bridged the junctions between the
SGI1-B-Ecl element and the chromosome of AVC96, however due to a difference in
minimap2 output format the alignment file had to be indexed using tabix after zipping
the file with bgzip.

bgzip SGI1-B-EC1.sam; tabix -p sam SGI1-B-EC1.sam.gz

Snapgene and SGI1-B-Ecl schematic annotation

Snapgene annotations for SGI1-B were created using a GenBank file as a template before
custom colouring and labelling of ORFs. Snapgene annotations for SGI1-B-Ecl were
created through the importation of annotated features from a GenBank file of SGI1B
before subsequent confirmation using Megablast with SGI1B (Accession No.: KU987430)
as a reference sequence. ISEc43, the insertion sequence inserted into S023, was
identified using ISfinder (https://isfinder.biotoul.fr/). These annotations were used to
make schematics of SGI1-B-Ec1l and SGI1-B which were added atop and below the
EasyFig bitmap image, respectively, using image editing software.
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Program sources and versions

Manuscript
Program Version URL
Reference
Minimap2 | 2.12-r827 https://github.com/Ih3/minimap2 (248)
BWA 0.7.17- https://github.com/Ih3/bwa (155)
r1188
Samtools 1.9 http://samtools.sourceforge.net/ (156)
EasyFig 2.2.3 http://mijsull.github.io/Easyfig/ (249)
Tablet 1.17.08.17 https://ics.hutton.ac.uk/tablet/ (250)
Unicycler V0.3.0b https://github.com/rrwick/unicycler (251)
Filtlong v0.2.0 https://github.com/rrwick/Filtlong N/A
Snapgene 4.1.9 http://www.snapgene.com/ N/A
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