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Abstract

There is a high risk of acquiring extended-spectrum beta-lactamase-producing
Enterobacteriaceae (ESBL-E), predominantly Escherichia coli, among international
travellers visiting antimicrobial resistance hotspots. Although factors that drastically
perturb the gut microbiome — e.g. antibiotic use and travellers’ diarrhoea — have been
shown to influence the risk of ESBL-E acquisition, it remains largely unknown whether
successful colonisation of ESBL-E during travel is associated with the composition,
functional capacity and resilience of the traveller’s microbiome. Strains of E. coli often
vary by geography and pathogenicity and it is unknown how their inter- and
intra-species interactions associate with the acquisition of ESBL-E. The research in this
thesis aims to address these problems by determining how involved the entire gut
microbiome is in resisting colonisation from invading ESBL-E, or if species interactions
are more important. Faecal samples from before travel and immediately upon return
from Africa or Asia of 179 Dutch travellers had previously been collected and whole
metagenome shotgun sequenced. Here, the gut microbiome was profiled with a
metagenomics species concept approach and the microbial composition, population
diversity and functional capacity were determined and how these associate with the
acquisition of ESBL-E during travel was calculated. None of the measurements in
pre-travel samples were predictive of risk of acquiring ESBL-E. When compared to
post-travel measurements, there were also no longitudinal changes specific to acquiring

ESBL-E, instead only significantly associating with the onset of travellers’ diarrhoea.
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How individual taxa are associated was then determined, where it was discovered that
the prevalence and abundance of Citrobacter freundii and two members of the genus
Bacteroides increased in those remaining uncolonised by ESBL-E, suggesting that these
taxa may have some capability of outcompeting ESBL-E. This was tested by growing
both commensal and ESBL-producing FE. coli in nutrient broth in the presence of
travel-acquired Clitrobacter, but Citrobacter could not outcompete FE. coli in a direct
manner in nutrient rich media.

As the longitudinal change to FE. coli was not significantly associated with the
acquisition of ESBL-producing E. coli, it was hypothesised that strain replacement was
occurring. Individual strains were assembled into metagenome assembled genomes
(MAGs) and compared to reference genomes that represent the total FE. coli strain
diversity. The population of E. coli strains was drastically altered during travel, but this
was independent from the factors driving the acquisition of ESBL-E (and perturbing the
gut microbiome). The results from this thesis highlight the potential of individual
species to interact with invading ESBL-E, but most importantly focusses future research
towards avenues of altering a person’s colonisation resistance as an intervention strategy

to minimise the spread of multidrug resistant bacteria.
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Chapter One

(zeneral Introduction

1.1 FEscherichia colr

Escherichia coli has become the most widely used model organism in microbiology after
its discovery by Theodor Escherich in the 19th century. FE. coli usually resides as a
commensal member of the gastrointestinal tract of humans, cattle and birds across the
world, but can also be detected in environmental samples. Various pathotypes - groups
of E. coli that display an ability to infect a specific host tissue - exist, and these are split
into two main groups: intestinal pathogenic FE. coli (InPEC) that usually cause
diarrhoea; or extra-intestinal pathogenic E. coli (ExPEC) that usually live in the gut
microbiome as commensals [1] until the opportunity arises to colonise and infect other
sites like the urinary tract or bloodstream [2]. The host range, ability to colonise various
tissues and global prevalence of E. coli has led to a complex genomic structure allowing

adaptation to multiple niches.

E. coli can be split into eight phylogenetic groups (phylogroups; A, B1, B2, C, D,
E, F and G) that are genetically distinct from each other |3, 4]. Additionally, five
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phenotypically indistinct but genetically distinct groups of E. coli designated as ’Cryptic
Clades’ have been discovered [5], although some of these may actually be separate
species of FEscherichia [6]. There is also within-phylogroup divergence of E. coli into
sequence types (STs), lineages that are identified by their unique allelic differences in
eight housekeeping genes [7]. These are commonly distinguished by PCR, but fully in
silico methods focusing on the genes targeted by multilocus sequence typing (MLST)

PCR are now employed to classify strains using sequencing data into STs [8].

The virulence factors expressed by FE. coli are one adaptation for infecting
different types of cells and host environments, and some pathotypes infecting the
intestinal tract can be distinguished by the mechanism of infection they use. The
common intestinal  pathogen  Enteropathogenic FE. coli (EPEC) utilises
attaching/effacing machinery to infect the intestinal epithelial cell layer. After adhering,
the type III secretion system (T3SS) is used to inject effector molecules that induce the
epithelial cell to alter its cytoskeleton and create a projection known as a pedestal,
disrupting host cell function and inducing cell death [9]. Similar to EPEC are
Enterohaemorrhagic E. coli (EHEC), but with a major difference that they produce
shiga toxins that induce apoptosis of cells with shiga toxin receptors, which in humans
are predominantly the Gbs receptor found mainly on the cell surface of epithelial cells of
the intestines and kidneys [10]. Strains of EHEC are typically found in cattle where they
asymptomatically colonise due to cattle lacking these shiga toxin receptors [11].
However, colonisation in humans can lead to haemolytic uraemic syndrome (HUS)
where the kidneys are damaged or inflamed and may cause kidney failure. Another
major intestinal pathotype is Enterotoxigenic FE. coli (ETEC) which is the most
important cause of travellers’ diarrhoea. These E. coli strains utilise colonisation
factors, flagella and other outer membrane proteins for specialised attachment to host

intestinal epithelial cells where they interrupt the cell’s normal function and induce
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diarrhoea in the host via production of a heat labile toxin similar to Cholera toxin [12].

These examples highlight the significance of E. coli within intestinal infections.

Infections in non-intestinal sites are also a major burden to human health.
Uropathogenic E. coli (UPEC) are the cause of the majority of urinary tract infections
(UTIs) as they are adapted to adhering to and entering bladder epithelial cells in order
to avoid clearance during urination. Successful colonisation of the bladder by UPEC can
cause cystitis, but travelling upwards through the ureter can cause kidney infections
[13]. It is from sites like the kidneys that E. coli can access and infect the bloodstream,
causing urosepsis. F. coli is now a leading cause of sepsis, especially in neonates, infants
and the elderly [14]. E. coli is also frequently responsible for neonatal meningitis, second

only behind Group B Streptococci [15].

The ability of E. coli pathotypes to spread to multiple hosts is relevant at a
global scale. The shiga toxin-producing FE. coli O157:H7, usually associated with
contaminated food, was responsible for major outbreaks of HUS across Japan [16], the
United States [17] and Europe [18]. Another famous outbreak is the epidemic strain
0104:H4, another shiga toxin-producing E. coli, that infected thousands of people across
Europe and was traced back to fenugreek sprouts grown in Germany [19]. The most
globally relevant clone of ExPEC is lineage ST131 which is referred to as a pandemic
strain of E. coli. ST131 is a globally disseminated clone of E. coli [20] which is
genetically distinct from other ExPEC and can itself be separated into three clades
(A-C). The most significant subgroup of ST131 was group C which benefited from
evolving fluoroquinolone resistance and acquisition of a plasmid containing extended
spectrum beta lactamase (ESBL) activity from the gene blacrx.m1s [20]. These are just

some of the factors that led to its dominance worldwide and becoming one of the most
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commonly encountered causes of AMR infections [21].

The AMR activity of ST131 group C is largely conferred by a multidrug
resistance (MDR) plasmid acquired via horizontal gene transfer (HGT). HGT is the
process of acquiring new DNA from external sources and can benefit the recipient with
the access to new genetic traits like resistance to antimicrobials. The three most
important mechanisms of HGT are conjugation, transformation and transduction.
Conjugation is the most common method of sharing DNA between bacteria and works
by transferring a copy of plasmid DNA to a neighbouring cell with which it is in direct
contact.  The plasmid being transferred usually self-encodes for the conjugation
machinery that facilitates its transmission [22], but mobile genetic elements that contain
their own conjugation machinery can also be found in the chromosome and are referred
to as integrative and conjugative elements [23|. Antimicrobial resistance genes (ARGs)
can also spread through other HGT mechanisms, like transformation where competent
cells take up free DNA and integrate it into their chromosome through homologous
recombination [24]. The ability to take up free DNA is not a constitutively expressed
mechanism; it may be induced during DNA damage in bacteria that do not have a
sufficient SOS response and this can be triggered by exposure to antibiotics [25].
Bacteriophage-mediated transmission of genetic material, transduction, is the third way
in which organisms acquire foreign DNA and bacteriophages have been detected

containing various ARGs [26].
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1.2 Mechanisms of antimicrobial resistance

For antibiotics to be effective at halting bacterial growth or at killing the organism, they
need to access their target. Bacteria can encode a number of resistance mechanisms that
prevent antibiotics from physically interacting with its cellular components. Porins act
as doors for the movement of molecules and are the entry point for various antibiotics,
so modulating the number or efficiency of porins can reduce the intracellular or
periplasmic concentration of antibiotics and confer resistance [27].  Similarly, the
intracellular concentration of antibiotics can be actively lowered by forcing them out of
the cell via the use of efflux pumps [28]. Efflux pumps are linked to the
plasmid-mediated spread of AMR, as a low intracellular concentration of antibiotics
allows for plasmid DNA to be immediately expressed upon entry [29], of which itself

may contain genes for more efflux pump machinery [30].

Instead of controlling the level of antibiotics accessing the cell components, the
target molecules of antibiotics can be modified to reduce the efficacy at which the two
interact. For example, mutations to the gene encoding DNA gyrase, an enzyme vital to
DNA replication and the target of antibiotics like quinolones, alter the target site of the
antibiotics significantly enough to prevent their bactericidal ability [31]. Targets other
than genes can also be modified to protect the bacterium. For example, the antibiotic
polymyxin kills Gram-negative bacteria by destabilising their lipopolysaccharide (LPS)
layer and causing the intracellular contents to leak into the extracellular matrix [32], but
the LPS can be modified in a way that reduces polymyxin’s affinity to it [33]. This
method of resistance is also mobilisable and can be spread via plasmids [34]. Although
the antibiotic target can be modified, some resistance mechanisms skip the necessity of
this and directly inactivate antibiotics. A widespread example of this are the ability of

aminoglycoside modifying enzymes to catalyse the modification of aminoglycosides and
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reduce their antibiotic properties [35]. Alternatively, antibiotics can be inactivated by
hydrolysis as this completely decomposes the molecule. One of the most significant cases
of this is the deactivation of beta-lactams via a family of enzymes known as

beta-lactamases.

1.3 Beta-lactamase classification

As the cause of some of the most globally relevant resistance traits, beta-lactamases are
a diverse group of enzymes that hydrolyse the beta-lactam ring of various antibiotics.
Originally, beta-lactamases were separated into classes A-D by molecular classification
of their amino acid sequence, but this was improved upon with the addition of
associating each enzyme to their clinical phenotype by including substrate and inhibitor
profiles [36]. This resulted in three broad groups that generally follow the original
structural classification, but with functional classification of the enzymes into subgroups
and better associating clinical isolates with their observed level of resistance. Group 1
beta-lactamases primarily includes cephalosporinase enzymes which most effectively
hydrolyse cephalosporins; group 2 has by far the largest number of unique enzymes that
confer resistance to most beta-lactam antibiotics and are referred to as
extended-spectrum  beta-lactamases  (ESBL); and group 3 contains the
metallo-beta-lactamases which are structurally the most unique enzymes as they require

a zinc ion at their active site [36].

As well as having the most diversity of enzymes and conferring resistance to the
highest number of antibiotics, group 2 ESBLs are also the most common in clinical

infections. The enzymes most responsible for this are TEM, SHV, OXA and CTX-M,;



1.3. Beta-lactamase classification 7

with CTX-M being especially relevant as its variants have seen a drastic expansion

across the globe and are also frequently found in community settings [37].

The ARGs encoding for the CTX-M enzymes (blactx.m) likely originate from the
genus Kluyvera |38] where they were mobilised from the chromosome and into plasmids.
This was so successful that CTX-M enzymes displaced most other ESBL enzymes [39].
Mobilisation of blacrxy seemingly occurred because of insertion sequences (IS)
mediating the rearrangement of genetic material, as evidenced by the ISEcpl being
upstream of both blacrx..14 [40] and blacrxis [41]. ISEcepl is especially efficacious at
spreading ESBL genes, as proven by blactxae14 and blacrxais being the most
prevalent and widely disseminated blacTxw genes [42].  Its success can also be
attributed to it additionally providing a promoter for the resistance gene it is
transferring [43]. The plasmids that harbour the most widespread blactx.m genes are

predominantly F-plasmids which are usually specific to Enterobacteriaceae |44].

There is more to the global dissemination of blacTx.m genes than just a
particularly efficient IS element. Aside from the conjugation of bacterial plasmids like
those that belong to group F, phage-like plasmids have also been observed carrying
blacTx.m genes suggesting that bacteriophages have had a role in transferring these
resistance genes [45]. The previously mentioned E. coli lineage ST131, and therefore the
blacTx1s gene it usually contains, became globally disseminated from several factors
like its fluoroquinolone resistance, large number of virulence factors and efficient
fimbriae [20]. Human-associated factors are also a major driving factor. Antibiotic usage
in animal production led to an expansion of plasmids containing ESBL genes in the
animal reservoir, which increases the chance of transfer to human-host E. coli [46]. The

physical movement of humans during international travel is a significant factor in the
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spread of E. coli harbouring blactx.y genes, especially when visiting regions of Africa
and Asia where there are higher community rates of carriage of ESBL-producing E. coli
[47]. These factors together show how ESBLs have become one of the most common

types of AMR mechanisms and emphasises the importance of E. coli as a driver of this.

1.4 Development of a human gut microbiome

As E. coli and other bacteria containing ESBL genes or other ARGs can reside in the
gut microbiome, it is an important feature to consider when focussing on the spread of
AMR. The human gut microbiome consists of a complex array of interactions between
the host and the trillions of microorganisms residing in the intestinal tract, and is
arguably so important to the host health that it could be classed as an organ [48]. The
development of the gut microbiome begins at birth but is highly dynamic and unstable
as a neonate, eventually stabilising around the age of three years old [49]. The first
contact with microorganisms occurs during childbirth and this is highlighted in vaginally
delivered infants having a gut microbiome that largely resembles the vaginal microbiome
[50].  The gut microbiomes of infants delivered by caesarean instead resemble an
epidermal microbiome from being handled by medical staff. The mode of delivery also
plays a role in the health of the infant via the gut microbiome, as vaginally born infants
contain more members of Bifidobacteria which are seen as vital pioneer species in the
shaping of a normal healthy gut microbiome due to their beneficial immuno-modulatory
effects [51]. A reduction in Bifidobacteria is associated with necrotising enterocolitis in
preterm infants, and the development of chronic inflammatory disorders of the intestinal
tract and atopic dermatitis later in life which emphasises the importance of early

development of the gut microbiome for future health.
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An infant’s diet also plays a large role in shaping the gut microbiome for the
better. Human milk oligosaccharides (HMOs) are one of the largest constituents of
breast milk and protect the infant by modulating the presence and abundance of
bacterial species in the gut microbiome. HMOs promote the growth of beneficial species
like members of Bifidobacteria, as these possess a variety of glycoside hydrolases that
enable HMO metabolism and enables them to dominate the gut microbiome in early life
[52]. On the other hand, some HMOs display antibiotic properties and can suppress the
growth of detrimental species like group B Streptococcus which can cause feverish
infections in infants [53]. Other pathogenic species induce intestinal inflammation
during their pathogenesis, so suppressing this can help protect against infection. HMOs
are able to act as decoy receptors for enteropathogenic species, sequestering them and
preventing adhesion to intestinal epithelial cells and acute diarrhoeal infections [54].
The LPS layer of gram-negative bacteria is able to induce intestinal inflammation but is
modulated by HMOs to reduce its pro-inflammatory efficacy [55]. Ultimately, regulating
the composition of the neonatal gut microbiome is achievable by controlling which
microbiota the infant first comes into contact with, and by feeding them a diet that
appropriately supports beneficial bacteria and inhibits unwanted species. The infant gut
microbiota composition is the most significant predictor for the development of the
autoimmune disease atopic dermatitis or other disorders like asthma and allergies [56]
which emphasises the importance of giving an infant and their microbiome the best start

to life.
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1.5 The healthy adult gut microbiome

Although the gut microbiome starts off dynamic in early life, it reaches a state of
relative stability where it is usually dominated by members of Bacteroidetes and
Firmicutes with lower but equally prevalent levels of Actinobacteria and Proteobacteria
[57]. The stability and diversity of the gut microbiome is generally a marker of gut
microbiome health. A high taxonomic richness and diversity drives a high functional
diversity and a redundancy of core functions that persist regardless of changes to species
colonising the gut [49, 58]. Functional redundancy is vital in preventing niches from
suddenly appearing where unwanted species could occupy, bloom and ultimately cause
disease.  Perturbations significant enough to decrease the bacterial diversity are
frequently linked to disease [59], but the gut microbiome over time will revert to some

semblance of its original stable composition after the perturbation pressure subsides [60].

As the gut microbiomes between healthy individuals can differ greatly, it is this
stability of the gut microbiome that is likely the most important feature of consistent
gut health. Regardless, there are still some factors that drive a difference between
healthy individuals, either due to developmental reasons or behavioural reasons. A
genetic driving factor was discovered when comparing the gut microbiome of twins, as
monozygotic twins have a more similar microbial composition and abundance than
dizygotic twins [61|. Sexual dimorphism is a driver of the gut microbiome composition.
Women tend to have significantly lower levels of Bacteroidetes than men [62] likely due
to hormonal divergence during puberty as these differences are mainly observed
post-puberty [63]. However, differences between the gut microbiomes of individuals is
driven more by behavioural differences like hygiene, diet or the use of antibiotics. Each
component of a diet will influence the microbial composition by providing nutrients to

bacteria able to utilise them as a source of energy [64]. The use of probiotics - beneficial
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bacteria intentionally added to the diet with the aim of regulating intestinal health and
reducing intestinal inflammation - are therefore a way of taking advantage of the effect
that diet has on the gut microbiome [65]. Although the gut microbiome will attempt to
revert to its original composition after perturbation [60], previous use of antibiotics is
likely to cause a permanent alteration to the bacterial composition [66] and explain how
microbiota compositions may differ between individuals. Both behaviours and genetics
often differ by country, so research on the gut microbiome and its role in health is more

relevant than ever with the increase in globalisation and movement of people.

The taxonomic composition of the gut microbiome is an important aspect to
consider, but there is more complexity when considering the functional potential of the
gut microbiome and its impact on host health. There is a balance between the intake of
dietary substrates, the effects this has on the microbial composition and what microbial
substrates are produced. Some of the most significant metabolites to consider in the
health of the host and in beneficially regulating the microbial composition are short
chain fatty acids (SCFAs), bile acid and tryptophan. SCFAs are microbially-derived
fatty acids produced from the fermentation of dietary fibre, are central to the metabolic
profile of the gut microbiome and have a role in the healthy function of multiple organs
[67]. Within the gastrointestinal tract, the intestinal mucosa - the cells lining the
intestines - utilise SCFAs for energy which allows them to maintain their protective
barrier function between the intestinal lumen and the circulating blood system [68].
SCFAs also play a role in modulating the host immune response as well as suppressing
tumourigenesis [68]. On the other hand, the host-derived metabolites known as bile
acids, which are vital for healthy digestion due to aiding with solubilising dietary fats
and cholesterol, are utilised by the intestinal microbiota. The microbiota utilising bile
acids are protective, as their absence leads to a decreased function of the epithelial

barrier function [69] which promotes intestinal inflammation especially in people with
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inflammatory bowel disorders (IBD) [70]. The third major metabolite for a healthy host
and gut microbiome is the amino acid tryptophan which is required for protein
biosynthesis. Humans cannot synthesise tryptophan so rely on it from their dietary
intake but also from its production by the gut microbiota. Tryptophan is a ligand for
aryl hydrocarbon receptors (AhR) and this interaction elicits effects in immune
homeostasis, resistance to pathogens and improved epithelial function [71]. Low levels of
AhR are seen in people with IBD [71] and this increased susceptibility to enteric
pathogens in mice [72]. Modern research is discovering the importance of the gut
microbiome and normal cognitive development |[73] and links between the two in
cognitive conditions like depression, autism, Parkinson’s disease, Alzheimer’s disease and
schizophrenia [74]. There is potential to directly or indirectly affect the brain via a
gut-brain axis, a bidirectional linking of the gut microbiome and the central nervous
system via routes like the neuroendocrine system (hormones), the enteric nervous
system or a physical blood-brain barrier that may permit movement of certain molecules
from the blood and into the brain [75]. In the context of bacterial infections and the
spread of AMR, however, one of the the most interesting aspects of a healthy gut

microbiome is the production of a colonisation resistance to pathogenic bacteria.

1.6 Colonisation resistance

Colonisation resistance was first discovered in the 1950s after antibiotic treated mice
became more susceptible to infection from Salmonella Enteritidis due to a disruption to
the normal gut microbiota [76]. Since then, a number of mechanisms have been
discovered that contribute to the gut microbiome’s ability to resist invasion from

pathogens. This can be a result of a symbiosis between the host and certain bacterial
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species. Firstly, commensal species reducing the availability of nutrients can limit the
nutritionally expensive expansion of invading species. The mouse pathogen Citrobacter
rodentium — used as a model organism to represent EHEC and EPEC infections — was
found to be unable to colonise mice with a functioning, healthy gut microbiome due to a
reduced availability of amino acids needed in its colonisation [77]. This was not the case
in germ-free or antibiotic perturbed mice and was reverted in those fed with a high
protein diet. In another study, a diet consisting of only monosaccharides allowed
Bacteroides thetaiotaomicron to successfully compete with C. rodentium, reduce its
burden of infection and increase survival rate of the mice [78]. However, the addition of
polysaccharides to this diet gave C. rodentium a nutrient it can metabolise, where B.
thetaiotaomicron cannot, which recovered its ability to infect. It is not just metabolites
used for energy that are competed for, as F. coli Nissle has been observed reducing the

intestinal colonisation of Salmonella Typhimurium by competing for iron uptake [79].

Secondary bile acids are produced by the microbiota from the metabolism of
host-derived bile salts and is another mechanism involved in colonisation resistance. Bile
salts are secreted into the small intestine to aid with solubilisation and absorption of fat
but are primarily reabsorbed here if they are not metabolised by the microbiota.
Clostridioides difficile, a gram-positive bacteria notorious for causing severe diarrhoeal
infections, requires bile salts during its infection. Secondary bile acids, however, are
toxic to C. difficile and can inhibit its growth [80]. Antibiotic treatment negatively
impacts the gut microbiome and reduce levels of secondary bile acids being produced
and permits C. difficile infection [80|, emphasising how the microbial metabolism of

host-derived metabolites can be vital in protecting against invasive pathogens.

Instead of utilising host-derived metabolites, some species of bacteria are able to
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produce their own molecules with antibiotic properties. Ribosomally synthesised,
post-translationally modified peptides (RiPPs) are a group of naturally produced
peptides with a diverse range of biological activities, especially acting as antimicrobials.
RiPPs can be separated into classes like lantibiotics, bacteriocins, microcins,
thiazole/oxazole-modified microcins and thiopeptides [81] which can be further split into
subclasses, each with a different range of effects against other species [82]. A notable
class of RiPPs are microcins which are exclusive to Enterobacteriaceae with only a
narrow spectra of action usually against other Enterobacteriaceae [83]. The presence of
RiPPs emphasises how colonisation resistance can be set up by the resident bacteria
without interacting with the host, and microcins show how this may only be a
family-specific interaction likely due to similar species competing for the same nutrients

and space.

The host can also play a role in creating colonisation resistance to invasive
pathogens. The intestinal mucosa produces mucus that lines the inner wall of the
intestinal tract which provides a barrier and physical gap between the luminal bacteria
and the host epithelium [84]. As previously mentioned, SCFAs produced by the gut
microbiota are utilised by the host intestinal cells. A benefit of this is a functioning
epithelial cell layer that provides defense against pathogens colonising the intestinal wall
[85]. This interaction between epithelial cells and the gut microbiota is two-way; some
species like Akkermansia muciniphila are able to use mucus as an energy source without
causing infection and simultaneously provide an additional barrier against invading

bacteria [86].

Functional colonisation resistance is a vital aspect of the healthy gut microbiome

as its loss may permit infection. Fortunately, a loss of colonisation resistance can be
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reconstituted by interventions that add or replace resident bacteria and this approach
has considerable potential in clinical infections. Faecal microbiota transplantation
(FMT) has been established as a successful treatment strategy against recurrent C.
difficile infection [87] so now the focus is on discovering and constructing other consortia

of safe bacteria that can provide a colonisation resistance to each specified pathogen.

1.7 Gut microbiome in disease

As the stable balance of the microbial consortium, its metabolism and functioning
colonisation resistance are strongly associated with health, the inverse is associated with
disease. The disruption of the homeostasis is referred to as dysbiosis, and this can
involve various microbial factors like a drastic shift in keystone taxa; a severe reduction
in species richness or diversity; an increase in pathobionts or the production of harmful
metabolites. The most well known cause of dysbiosis is the use of antibiotics as they can
wipe out key members of the complex network within the microbiome and this differs by

cach type of antibiotic used [88].

Some diseases are associated with a dysbiotic state of the gut microbiome, but it
is harder to determine whether this is due to the disease or as a result of it. One of the
most frequently researched disorders is IBD which is used to describe two conditions:
ulcerative colitis and Crohn’s disease. The gut microbiome of people with IBD greatly
differs from healthy individuals, as people with IBD usually have a reduced bacterial
diversity [89] which is exacerbated further due to antibiotic use [90]. The major
metabolic pathways of the gut microbiome may play a role in this; those with IBD have

a microbiota less able to metabolise tryptophan [91] and therefore fewer protective
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features induced by processing this metabolite. Obesity and type 2 diabetes are also
associated with more intestinal inflammation than healthy individuals [92] and may also
be due to the lower microbial richness and diversity [93]. Inflammation is clearly a
condition that is associated with the gut microbiome in a diseased state and is an

important aspect to consider when aiming to eradicate a disease or minimise its impact.

The niche created by inflammation is filled by microbiota that thrive in the
inflamed environment, and Enterobacteriaceae are the most adapted to this |94, 95]|.
Microbial infection often drives intestinal inflammation as some species use virulence
factors to induce an environment that they can survive and colonise in [97, 96]. There
are various other types of virulence factors used in bacterial pathogenesis: like
mechanisms to avoid the host immune response [98]; cell-surface components known as
adhesins that facilitate adhesion to host cells and permit invasion [99] or effector
molecules and toxins injected into the host to alter cellular processes like inducing
inflammation [100|. Strains that contain a high number of virulence factors are often
associated with infection and disease in humans, like with ExXPEC E. coli [101, 102]. An
inflamed gut produces more nitrate which is utilised for anaerobic respiration by
Enterobacteriaceae [103|, which when combined with the increase in luminal oxygen
from leaky blood vessels [104] allows for facultative anaerobes like Enterobacteriaceae to
thrive over obligate anaerobes. Enterobacteriaceae were confirmed to thrive under these
conditions with blooms detected after small bowel transplantation surgery after the
intestinal lumen is exposed to oxygen [105]. The increase in blood circulation during
inflammation also means that iron is more accessible to bacteria, so bactericidal
enzymes are released by the host to prevent this. However, E. coli have special iron
acquisition enzymes, siderophores, that can inhibit this host defence and bypass the host
immune system [106]. Finally, microcin production is induced by intestinal inflammation

which allows members of Enterobacteriaceae to more aggressively compete with each
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other under these conditions [107].

1.8 Gut resistome

Regardless of whether the gut microbiome is in a healthy, stable state or in a dysbiotic
state, there will be species present that carry ARGs, and the entire collection of these is
termed the gut resistome [108]. Traditionally, ARGs are considered in the context of
pathogenic bacteria and AMR infections, but other resident commensal bacteria are a
major source of ARGs that have the potential to mobilise through HGT. As already
covered, blacrx.m genes originated from an environmental genus Kluyvera [37], but
other non-pathogenic bacteria like Shewanella have been discovered as the origin of
quinolone resistance gnr genes [109] and OXA-48-like beta-lactamase [110]. It is
therefore important not to neglect non-pathogenic bacteria within the gut microbiome
as the potential source of acquired resistance in pathogenic bacteria. The resistome is
especially significant within Enterobacteriaceae because during their
inflammation-induced blooming [94], there is increased contact between individual
bacteria and an increased rate of HGT [111]. HGT typically occurs between members of
the same phylum [112|, and phage-mediated transmission of ARGs contributes to
movement between species [113], including clinically significant ARGs like blargy and
blactxm [114]. The efficiency with which bacteriophages can infect and reproduce is

boosted by antibiotic usage [115], therefore supporting the spread of ARGs.



1.9. Analysis of a gut microbiome 18

1.9 Analysis of a gut microbiome

As the complexity of a system increases, so does the difficulty of analysing it. Major
advancements in DNA sequencing led to the creation of a complete draft of the human
genome [116] and high-throughput approaches for genome-scale research [117|. It
became possible to determine the taxonomic content of a sample by sequencing marker
genes — a library of genes where each gene is unique to one taxon — without the need for
culturing and avoiding the bias of only detecting species through culture-based
approaches [118]. A common technology used is the sequencing of 16S rRNA genes, as
these are highly conserved bacterial genes that can be compared between organisms to
determine evolutionary distance [119]. However, this is not accurate at distinguishing to
a species level [120], so next-generation sequencing is used when determining the entire

genomic content of a sample to a higher level of accuracy.

Two main technologies are used for this, short-read sequencing and long-read
sequencing. Illumina is the main platform for generating short-read sequences which
works by segmenting the genomes into (up to) millions of fragments - the start of a
process termed ’‘shotgun sequencing’ - that are sequenced individually. Fragmented
DNA is hybridised to a flow cell and fluorescently labelled free nucleotides are washed
over the flow cell, after which the fluorescent signal is measured and the DNA sequence
is determined. A drawback of this approach is that in the downstream analysis it is
difficult to assemble short reads in the genomic areas that are abundant in repetitive
DNA [121], so other technologies that produce long-read sequences (5000 - 30000 bp)
were designed to overcome this. The main platforms for long-read sequencing belong to
Oxford Nanopore and Pacific Biosciences (PacBio). Nanopore sequencing functions by
measuring the ionic current changes of each nucleotide as DNA is passed through a pore

[122|, whereas PacBio functions by measuring the real-time addition of fluorescent
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nucleotides to the terminal position of DNA during DNA synthesis [123|. Although
these technologies improve the downstream assembly of sequencing data and are being
employed in clinical research [124], the gain in length is accompanied with a reduction in
the sequencing quality. To overcome this, hybrid assemblies that utilise both short- and
long-read sequences are becoming the gold standard for accurate sequencing of entire

microbiomes as it improves the overall quality and completeness of the genomes

produced [125, 126].

Once the genomic content of a sample has been sequenced, the difficulty lies in
being able to separate reads by the organism they originate from. Reads are first
assembled into contiguous sequences (contigs) which are grouped into ‘bins’ that belong
to putative genomes. This can be achieved by taxonomically assigning a contig to a
reference genome and clustering these with other contigs of the same classification, or by
clustering contigs by features of their structure [127]. The latter approach avoids biases
associated with relying on the quality and completeness of reference databases, and this
method led to the discovery of an immense amount of organisms termed as Candidate
Phyla Radiation and a significant update to the ’tree of life’ [128]. A less
computationally expensive approach is to quantify marker genes specific to each taxon
[129], but this relies on how well characterised the reference catalogue is. Regardless of
the approach, computing the taxonomic content of a microbiome allows for the species
diversity, richness and composition to be calculated, as well as the determination of the
metabolic and functional potential of the microbiome. This is achieved by comparing
predicted amino acid sequences to protein family databases, but this is usually skewed
towards housekeeping genes and highly conserved pathways that are well annotated

[130].
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Microbiome research is more faceted than simply sequencing the DNA content, as
at a fundamental level this is simply showing what genes are present and inferring their
potential. It is possible to detect the expression of genes, the proteins produced from
this, and the metabolites present in the environment with transcriptomics, proteomics
and metabolomics. In transcriptomics analysis, RNA produced during gene expression is
used as a template to create complementary DNA which can be sequenced [131].
Proteomics involves a detailed profiling of proteins present in a sample [132] and
metabolomics uses high-resolution analytics like Nuclear Magnetic Resonance (NMR) or
mass spectrometry (MS) to access the structure and weight of molecules, organic
compounds and proteins. These technologies individually can give some insight into an
aspect of a microbiome, but a multi-omics approach would be the most comprehensive
method of analysing the gut microbiome. Combining technologies could help researchers
fully understand the associations between the gut microbiota and the host, especially in

the context of disease or acquisition of AMR pathogens.

1.10 The gut microbiome, ESBL-producing E. col: and

international travel

ESBL-producing Enterobacteriaceae (ESBL-E) are a highly prevalent pathogen
responsible for extra-intestinal infections across the world. Although rates of gut
colonisation of ESBL-E are low in Europe, carriage is far more common in other regions
like Africa and Asia [133|. Epidemiological studies focussing on ESBL-E identified
international travel as a major contributor to the spread of AMR [47, 134, 135, 136|.
Intestinal colonisation of ESBL-E can endanger a traveller’s health, especially in

immunocompromised people visiting hospital [137, 138|, so the prevention of onwards
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transmission is of high importance. Acquisition of ESBL-E is significantly prevalent in
travellers that develop travellers’ diarrhoea; are exposed to antibiotics [47, 135, 136];
have pre-existing chronic bowel disease or consume food from street vendors [47]. Each
of these represents a likely perturbation to the gut microbiome that is permitting the
colonisation of ESBL-E at an increased rate and highlights an interesting target of
research in preventing this. A highly diverse microbiome may have more capability with
producing metabolites that positively modulate the intestinal health, like SCFAs [68,
67], and supporting beneficial bacteria that minimise intestinal inflammation that the

invading species, like ESBL-E, thrive in [94, 95].

The microbiota profile and microbiome richness have previously been found to
not be associated with the acquisition of MDR Enterobacteriaceae during international
travel [139, 140], whereas its clearance one month after returning was higher in those
that had a higher bacterial diversity and richness before travel [139]. The discrepancy
between the acquisition and clearance shows how the microbiome likely has a role, but
further research is required. This is because recent studies into how the gut microbiome
is involved are limited by sample size or technologies not suited for comprehensive
microbiome research (i.e. 16S rRNA gene amplicon methods), and showcases a
significant gap in the field with regards to understanding the role of the gut microbiome.
Uncovering the mechanisms in which the gut microbiomes of some travellers successfully
compete with invading ESBL-E could therefore be exploited to prophylactically prevent
its acquisition during international travel, and minimise the impact that increased

globalisation is having on the spread of AMR bacteria.

Besides the microbiome structure in its entirety, individual strains and species

can interfere with pathogen colonisation. This is predominantly achieved via
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within-family competition, for example via the use of microcins in FEnterobacteriaceae
[83, 141] or competition for the same niche [142, 143|. There is a large amount of E. coli
strain diversity [3, 4] which varies in prevalence across the globe [144]|, and many of
these strains possess different microcins [145]. However, despite the high diversity in
potential within-F. coli strain competition, there are no large-scale studies into how the
commensal, pre-travel population of F. coli is interacting with the MDR E. coli that are

acquired internationally.

1.11 Aims and hypothesis

Considering the above points, there is clearly a limit to our understanding of the
interplay between AMR bacteria and the gut microbiome during colonisation in
travellers. The aim of this thesis is to answer if there are aspects or structures of the
microbiome that are protecting against invasion, or if the within-Enterobacteriaceae
dynamic is key to countering ESBL-E. We hypothesise that a highly diverse gut
microbiome is providing significant protection against invading ESBL-E; but
also that there is a microbiota or individual taxa that contribute to
establishing a colonisation resistance in travellers that remain uncolonised by

ESBL-E. This was tested by studying three aspects:

1. The features of the entire microbiome that are preventing ESBL-E from colonising
2. The taxa similar to ESBL-E that are competing for the same niches

3. How these species are interacting with each other in vitro

Determining the microbiota composition responsible for interacting with ESBL-E could
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be exploited to intervene with its colonisation. The ability to manipulate the gut
microbiome to create colonisation resistance would be groundbreaking in controlling the
spread of AMR infections across the world, and research of this thesis contributes to the

development of this.

1.12 Research summary

This thesis follows on from the study in [47] and utilises analysis of whole metagenome
sequencing data from faecal samples of travellers before travel and immediately upon
return. The overarching aim of each analysis is to discover ways in which colonisation
resistance to ESBL-E may be formed and explain why some individuals remain
uncolonised. Firstly, the microbiome-level structures were compared between those who
did and did not acquire ESBL-E during travel. The species richness, diversity and
composition - typical measures of a gut microbiome - were calculated to discover if the
pre-travel microbiome could predict the protection against ESBL-E. Next, the
longitudinal changes in gut microbiome measurements and to individual taxa were
calculated and separated by ESBL-E acquisition, to illuminate how some gut
microbiomes are more resilient and to detect which taxa may be contributing to this.
Discovery of a consortia of bacteria inversely associated with ESBL-E acquisition would
be powerful, as prophylactic interventions during international travel could help control
the spread of AMR. However, the results from this approach found no microbiome-wide
dynamics leading to a colonisation resistance, so the resolution of focus was increased to
within- Enterobacteriaceae dynamics.  The longitudinal change in individual taxa
suggests that Citrobacter freundii may be protective, so travel-acquired Citrobacter from
travellers to Laos were competed @n witro against commensal FE. coli and

ESBL-producing E. coli to test this. The viable counts of both Citrobacter and E. coli
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that were incubated together in nutrient-rich media were determined to discover if
Clitrobacter was able to proliferate more than E. coli, especially ESBL-producing E. coli.
The aim of this was to determine if Citrobacter possesses mechanisms that directly
minimise the growth of FE. coli and explain why it may be protective within a
microbiome. However, it was E. coli that outgrew Citrobacter. This therefore requires
further research as Citrobacter may instead have indirect effects on E. coli that are only

mediated through the highly complex interactions within the gut microbiome.

Interestingly, the longitudinal change to E. coli during travel was not associated
with the acquisition of ESBL-E, which were predominantly ESBL-producing E. coli. We
expected those acquiring ESBL-producing E. coli to be more associated with E. coli
than those that remain uncolonised, but the lack of this led to the hypothesis that F.
coli strain replacement is occurring as its overall prevalence and abundance could remain
constant. To test this, only the E. coli DNA was assembled per sample and compared to
an extensive catalogue of reference E. coli genomes for identification. Understanding
how resident populations of E. coli change during travel is epidemiologically important,
as travel may be a significant driver of how commensal populations develop over time

and contribute to the global trends of increasing numbers of AMR infections.
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additional context for SCFA synthesis in the introduction.

2.1 Background

International travel has increased in parallel with globalisation, with pre-SARS-CoV-2
pandemic statistics of over 1 billion tourist arrivals occurring each year [146]. Trafficking
between countries with varying degrees of AMR has resulted in the substantial spread of
multidrug-resistant (MDR) bacteria across the globe [136, 150, 149, 148, 147]. In
particular, travel to destinations in South(eastern) Asia and Northern Africa has been
linked to a high risk of acquisition of MDR bacteria. For example, up to 84% of
travellers to India and 42% of travellers to Morocco have been shown to have acquired
MDR Enterobacteriaceae (MDR-E) in their intestines upon travel return [47].
Considering that the intestinal tract is an open system, which is confronted with a
myriad of bacteria from the environment (e.g. food, water, soil, other humans or
animals), the human intestinal microbiota is considered the most important reservoir

through which travellers acquire and import AMR [151].

Although most travellers will lose the acquired MDR strains within months after
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their return from travel, the acquisition of intestinal MDR bacteria can pose a direct
health threat to the traveller. Especially when hospitalised, most significantly within
intensive care units that frequently use large amounts of antibiotics [137], or when
undergoing specific medical procedures [138], intestinal colonisation by MDR bacteria
substantially increases the risk of MDR infections and consequently mortality.
Enterobacteriaceae are the cause of some of the most common nosocomial MDR
infections [152|, and with the high rates of acquisition of Extended Spectrum Beta
Lactamase-producing Enterobacteriaceae (ESBL-E) during international travel, the
admission of travellers to hospitals is posing a serious health risk. Moreover, the
introduction of MDR bacteria by international travellers also poses a potential risk for
public health, as this permits the transfer of MDR bacteria to household members [153].
Identifying successful intervention strategies to prevent MDR-E acquisition by travellers
would therefore not only directly protect vulnerable groups of travellers that have an
increased risk of infections by (translocation of) intestinal (MDR) bacteria (e.g.,
immunocompromised individuals or patients undergoing surgery) but also reduce the

spread of AMR across the globe.

Besides travel destination, the use of antibiotics during travel [47, 135, 136], and
travellers’ diarrhoea [47, 134, 136, 154, 155], have been repeatedly shown to increase the
risk of MDR-E among travellers. In addition, travellers with pre-existing chronic bowel
disease have a higher risk of acquiring MDR-E [47]. Each of these factors are linked to
major perturbations to the gut microbiome, suggesting that the microbiome might play
a pivotal role in the susceptibility to MDR-E colonisation upon travel. Indeed, the role
of the intestinal microbiome in providing colonisation resistance against incoming
opportunistic pathogens has long been established [76]. Endogenous microbes can
directly or indirectly interfere with pathogen colonisation through a variety of

mechanisms, including the competition for nutrients and the production of small
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antimicrobial peptides (bacteriocins) [156, 157, 158| or immunomodulatory molecules
like short chain fatty acids (SCFAs) [67]. SCFAs are produced by bacteria during
fermentation of dietary fibres and are used to improve host epithelial barrier function,
modulate host immune response and even suppress tumourigenesis [68]. The main
SCFAs found in the gut microbiome are butyrate, propionate and acetate. Butyrate has
multiple beneficial effects on intestinal health, mainly as an energy source for the gut
mucosa and maintenance of correct mucosal functions, and has been increasingly linked
to a reduction in colorectal cancer [159]. Propionate, on the other hand, is linked to
gluconeogenesis in the liver and a reduction in cholesterol [160|. Acetate may be used in
butyrate synthesis but also has links with controlling appetite, lipolysis and uptake of
cholesterol [161]. Together, the modulation of the host intestinal health and immune
system by commensal SCFA-producers may be involved with interfering with pathogen
colonisation [162]. Studies on the role of the microbiome should therefore consider SCFA

synthesis as it is an important proxy for intestinal health.

To uncover the effect of travel on the gut microbiome, a previous study employed
metatranscriptomics on faecal samples from 43 travellers visiting tropical regions [139].
No significant associations between the intestinal microbiota composition before or after
travel and the risk of MDR-E acquisition was found. However, the microbiota profiles
did significantly differ between individuals who cleared MDR-E within one month and
those who were persistently colonised. In another study among 10 international
travellers, profiling of longitudinally collected faecal samples by metagenomic
next-generation sequencing also did not reveal alterations in microbiome diversity and

composition in those acquiring MDR-E [140].

These inconclusive results highlight the need for a larger-scale longitudinal study



2.2. Methods 29

using whole metagenome sequencing (WMGS) to examine if specific microbial taxa and

their functional capacities may protect against MDR-E acquisition during travel.

Here, we performed WMGS on faecal swabs of 190 travellers before travel and
immediately upon return from South Asia, Southeast Asia, North Africa and East
Africa. Metagenome sequences were processed via coabundance gene clustering to create
taxonomic and metabolic profiles. In order to identify taxa and traits associated with a
reduced rate of MDR-E acquisition, the (dynamics in) microbiome community structure,
composition and functional profile were compared between travellers who acquired

MDR-E during travel and those that did not.

2.2 Methods

2.2.1 Study population and design

The present study was embedded within the COMBAT study (ClinicalTrials.gov
identifier: NCT01676974), a longitudinal multicenter study among 2,001 Dutch
international travellers for which the design has been described previously [163|. Briefly,
all travellers provided questionnaire data and faecal swabs before travel, immediately
upon return and one month after return. Faecal swabs (Fecal Swab; Copan, Brescia,
Italy) were incubated in tryptic soy broth supplemented with vancomycin (50 mg/L)
and after overnight culture, subcultured onto chromID ESBL agar plates (bioMerieux,
Marcy I'Etoile, France). All morphologically distinct colonies were identified to the
species level using a matrix-assisted laser desorption/ionisation time-of-flight mass

spectrometry (Bruker Microflex LT, Bruker, London, UK). For all Enterobacteriaceae,
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antibiotic minimum inhibitory concentrations were measured with the automated
susceptibility testing system Vitek 2 (bioMerieux). Phenotypical confirmation of ESBL
production was performed by combination disc diffusion tests, according to current
national Dutch guidelines [164]. Remaining faeces were biobanked at —80°C for future

analyses.

For the present study, we randomly selected paired pre- and post-travel
biobanked faecal samples from 190 travellers who visited South Asia, Southeast Asia,
North Africa or East Africa and who had not used antibiotics in the three months prior
to travel departure. Pre-travel samples of 11 travellers were positive for ESBL-E, and
both pre- and post-travel samples of these travellers were removed from future analyses
in order to study shifts in the microbiome in subjects “at risk” for ESBL-E acquisition.
The metadata for the resulting 179 subjects who were negative for ESBL-E and had not

taken antibiotics within three months prior to travel are displayed in Table 2.1.

Faecal metagenomic DNA was extracted using protocol Q of the International
Microbiome Standards Consortium [165], which includes bead-beating (on a FastPrep
Instrument (MP Biomedicals, Santa Ana (CA), USA) with 0.1 mm zirconium-silica
beads (BioSpec Products, Bartlesville (OK), USA)) followed by purification using
QIAamp DNA Stool Mini kit columns (Qiagen, Hilden, Germany). A Qubit fluorometer
dsDNA HS Assay (Invitrogen) was used to quantify extracted DNA, and this DNA was
stored at —20°C.

Diluted DNA (0.5 ng/ul) was prepared for sequencing with a Nextera Library
Prep kit as described previously [166], purified using the Agencourt AMPure XP system

(Beckman Coulter) and quantified using the Quant-iT PicoGreen dsDNA assay
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Table 2.1: Description of travellers included in this study (N=179) and their travel
associated factors

Median (IQR)

51.6
A (i), (19.65 — 81.68)
23.74
BMI (17.18 — 35.67)
n/N (%)
Sex

Male 75 (41.3%)
Female 104 (58.1%)
Antibiotic Use During Travel*
No 163 (91.1%)
Yes 10 (5.59%)
Region visited during travel
Northern Africa 42 (23.5%)
Eastern Africa 42 (23.5%)
Southern Asia 46 (25.7%)
Southeast Asia 49 (27.4%)
Travellers’ diarrhoea during travel
No
Yes 95 (53.1%)
84 (46.9%)
Acquired ESBL-E during travel
No 76 (42.5%)
Yes 103 (57.5%)
*Numbers do not add up to 179 due to missing values.
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(Invitrogen). 10 nM of DNA from approximately 96 samples was equimolarly pooled
(three independent times), for each sequencing lane. Pools were submitted for
paired-end 2 x 150 base pair sequencing (Illumina NextSeq High-Output platform) with
a targeted sequencing depth of 5 million reads per sample. Raw shotgun metagenomic
reads have been deposited and released to NCBI SRA wunder BioProject 1D
PRJNAG688274.

2.2.2 Construction of the nonredundant gene catalog

Samples were processed using the MOCAT software [167]. Reads were trimmed and
filtered using fastx [168|, with a minimum quality cutoff score of 15 and a minimum
length cutoff of 60 bp. High-quality reads were assembled using Soap 2.04 [169] into

scaftigs of a minimum length of 500 bp.

Scaftigs underwent de novo gene prediction via MetaGeneMark [170]. Predicted
genes were clustered using BLAT by single linkage [171]. Genes were clustered if there
was at least a 95% sequence similarity and at least 90% of the shorter gene was covered.

This created a nonredundant gene catalogue.

High-quality reads were screened against the nonredundant gene catalog with
SOAPaligner from Soap 2.04 and the parameters of a length cutoff of 30 bp, a percent
cutoff of 95% identity, a seed length of 30, a maximum number of mismatches of 5, a
random assignment of multiple matches and the -M 4 flag indicating for it to find the
best hits. Coverage of each gene per sample was calculated using the soap.coverage

script (source code available at [171]), and a gene abundance table was produced.
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2.2.3 Generation of coabundance gene groups and metagenomic

species

The abundance table was analyzed with the canopy clustering algorithm (source code
available at [171]) that groups genes by similar abundance patterns across the samples.
A canopy was created by grouping genes to a randomly selected gene within a distance
of > 0.9 Pearson correlation coefficient and > 0.6 Spearman’s rank correlation
coefficient. Multiple canopies were clustered together if their median abundances had a
distance of > 0.97 Pearson correlation coefficient. Canopies were considered to be of
insufficient quality when containing only 2 genes; at least 90% of their abundance was
made up from only 3 samples or were present in less than 4 samples. Canopies of a high
quality were identified as coabundance gene groups (CAGs) and CAGs with at least 700
genes contained enough information to potentially be classified as metagenomic species

(MGS).

2.2.4 Taxonomic classification and abundance calculation of

MGS

The genes of each MGS were aligned to the blast nucleotide database (blastdb nt v5,
accessed: January 2020) using BLASTN (v2.6.0; [172]) at a percentage identity of >45%
on at least 100 bp and a maximum of 50 hits for each gene were kept. Bacterial taxa
that received fewer than 25 hits were filtered out as noise. An MGS was assigned to a
species if at least 70% of the total hits matched at a sequence similarity of >95% on at
least 100 bp. Parameters were reduced to 60% of hits at >85% similarity to be assigned

to a genus.
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An MGS was quantified by mapping reads at >95% on at least 100 bp to the top
100 most correlated genes; counts were normalised by the total nucleotide length of
these 100 genes and by sequencing depth of the samples. Individual CAG counts were

only calculated for samples where at least three genes of that CAG were present.

2.2.5 Functional profiling

All genes in each MGS were converted into amino acid sequences with Transeq [173].
Amino acid sequences were orthology assigned to the eggNOG v5.0 database [174]
(accessed: January 2020) by eggNOG-mapper [175]. KEGG annotations were selected
from the results, and pathways were grouped into KEGG modules for downstream
analysis. KEGG abundance per sample was calculated as the sum of the MGS

abundances in which the KEGG module was detected.

Additionally, the initial nonredundant gene catalogue was annotated to KEGG
Orthology (KO) and KOs belonging to butyrate, succinate and proprionate production
were selected. Total microbiome abundances were calculated from the gene catalogues’
equalised gene abundance table, and by summing every instance, a KO was annotated

to a gene in each traveller.
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2.2.6 Microbiome richness, diversity and community structure

measurements

Statistical analyses were carried out in R on the entire study population as well as
stratified according to travel destination. Alpha diversity measurements of species
richness, Chaol index and effective Shannon index were calculated using Vegan [176].
The dissimilarity in the microbial community structure (beta diversity) between samples
was calculated by means of the Bray—Curtis dissimilarity index. Associations between
the microbial community structure and metadata were determined using Envfit from the

package Vegan.

To examine changes in microbial richness and diversity over time, the delta in
alpha-diversity (intra-individual change in microbial richness/diversity between pre- and
post-travel samples) was calculated. To examine the (in)stability of the microbial
community structure, the within-subject Bray—Curtis distance between pre- and

post-travel samples was calculated.

Univariate analysis consisted of the t-test or Mann Whitney U-test, depending on
normality as determined by the Shapiro-Wilk normality test, which was applied to
examine associations between ESBL-E acquisition and microbial richness, diversity or
SCFA abundance at baseline, as well as longitudinal changes in richness (observed
species, Chaol), diversity (effective Shannon), SCFA abundance and community
structure (Bray Curtis dissimilarity) measurements. Multivariate analysis consisted of
fitting the data to a linear regression model, with the diversity measurement as the
outcome and ESBL-E acquisition as the main covariate of interest, while adjusting for

the following potential confounding factors: age (years), sex (male/female), BMI,
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travellers’  diarrhoea  (yes/no) and food  consumption at food stalls

(never /sometimes/daily).

2.2.7 Taxonomic and functional statistical analysis

To reduce the number of comparisons, taxa or KEGG modules present in <10% of
samples or in which the relative abundance in the top 10% of samples was below 0.1%

were removed from further taxonomic and functional analysis.

Zero-inflated two-step beta regression (ZIBR) analysis [177] was carried out on all
remaining taxa; except for taxa absent in less than 10 samples as this is a prerequisite of
the zero-inflated aspect of the model. The model was fit using the post-travel CAG as
the dependent variable and its pretravel abundance, ESBL-E acquisition, age, sex, BMI
and travellers’ diarrhoea as covariates for both the logistic and beta components of the
model. The time point variable was set to 1 due to the study containing only two time
points, and the Gaussian quadrature points was set to 30. Analysis was carried out on

all samples collectively and repeated for each travel destination separately.

A negative binomial generalised linear model [178] was used for the remaining
taxa detected in the majority of samples (i.e. absent in fewer than 10 samples).
Post-travel CAG abundance was predicted against ESBL-E acquisition while using
pre-travel CAG abundance, age, sex, BMI and travellers’ diarrhoea as additional
covariates. Negative binomial generalised linear models were also used to study changes

in KEGG module abundance in association with ESBL-E acquisition.
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2.2.8 AMR gene abundance calculation from the entire

metagenome

The abundance of AMR protein families was calculated using ShortBRED [179]. As
setup, the ResFinder DNA sequence database [180] was downloaded (accessed: October
2022) and converted into amino acid sequence with Transeq [173]. The UniRef90
database was also downloaded (accessed: October 2022) from UniProt [181] and
converted into a BLAST-ready database with the BLAST package makeblastdb (version
2.7.1+) [172]. The script shortbred_identify.py was used to collapse ResFinder proteins
of interest into protein families and screen them against the UniProt90 database, then
create markers that distinguish each protein family. The script shortbred quantify.py
was then used to screen each metagenomic sample and quantify the markers. The
output abundance count is normalised to reads per kilobase million (RPKM) but counts

that were created from <10 hits were removed from subsequent analysis.

A generalised liner model was used for statistical analysis comparing counts
across time point or between travellers with and without ESBL-E. Abundance was the

predicted variable with age, sex, BMI and travellers’ diarrhoea as additional covariates.
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2.3 Results

2.3.1 Baseline microbiome is not significantly associated with risk

of acquiring ESBL-E

Faecal culturing revealed that 103 (57.5%) out of the 179 travellers who were negative
for ESBL-E prior to travel acquired ESBL-E during their trip. From the post-travel
faecal samples (T1) of these 103 travellers, a total of 148 morphologically distinct
ESBL-E strains were isolated. The vast majority of strains were identified as E. coli
(136/148, 91.9%), 9 strains (6.1%) were characterised as Klebsiella pneumoniae and the
remaining 3 strains were characterised as Proteus marabilis, Citrobacter freundii and

Klebsiella ornithinolytica.

Faecal swabs were whole metagenome sequenced and processed into coabundance
genomes (CAGs; Section 2.2.3). Upon quality filtering and preprocessing of WMGS
data of the pre- and post-travel samples, 37,381 CAGs were generated of which 144

CAGs contained more than 700 genes and were classified as MGS.

The ability of the baseline microbiome to predict a traveller’s risk of acquiring
ESBL-E was determined by the richness, diversity, community structure and taxonomic
composition of the MGS observed in pre-travel samples of travellers who did or did not
subsequently acquire ESBL-E during travel. The observed number of metagenomic
species was significantly higher (coefficient estimate: 2.85, 95% CI [0.11, 5.59]) in
baseline faecal samples of travellers who acquired ESBL-E than those who did not, as
determined using linear regression analysis (Figure 2.1; Appendix Table A). When

stratifying the analyses according to travel destination, these differences were no longer
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observed (Appendix Table A).
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Fig. 2.1: Baseline observed species richness in association to ESBL-E
acquisition.

Observed species richness in faecal samples collected at pre-travel baseline. Only metagenomic
species (coabundance gene groups with >700 genes) were included in the diversity calculations.
Differences in baseline alpha diversity metrics between individuals that did or did not acquire
ESBL-E were tested using linear regression analyses. To adjust for potential confounding factors,
alpha diversity metrics were treated as dependent variables and ESBL-E acquisition, sex, age,
BMI and travellers’ diarrhoea as independent variables, to produce coefficient estimates, standard
errors and p-values (Appendix Table A).

The estimated number of species was also significantly higher (coefficient
estimate: 2.82, 95% CI [0.09, 5.56|) in baseline faecal samples of travellers who acquired
ESBL-E than those who did not, and this significance was also lost when stratifying to

travel destination (Figure 2.2; Appendix Table A).
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Fig. 2.2: Baseline estimated species richness and in association to ESBL-E
acquisition.

Estimated species richness (Chaol) in faecal samples collected at pre-travel baseline. Only
metagenomic species (coabundance gene groups with >700 genes) were included in the diversity
calculations. Differences in baseline alpha diversity metrics between individuals that did or
did not acquire ESBL-E were tested using linear regression analyses. To adjust for potential
confounding factors, alpha diversity metrics were treated as dependent variables and ESBL-
E acquisition, sex, age, BMI and travellers’ diarrhoea as independent variables, to produce
coefficient estimates, standard errors and p-values (Appendix Table A).

In contrast, the effective number of species as calculated from Shannon diversity
was neither statistically significantly associated with ESBL-E acquisition in the overall
study population (p = 0.235) nor when stratified to travel destination (Figure 2.3;
Appendix Table A).
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Fig. 2.3: Baseline microbial diversity in association to ESBL-E acquisition.

Effective number of species as calculated from Shannon Index in faecal samples collected at pre-
travel baseline. Only metagenomic species (coabundance gene groups with >700 genes) were
included in the diversity calculations. Differences in baseline alpha diversity metrics between
individuals that did or did not acquire ESBL-E were tested using linear regression analyses.
To adjust for potential confounding factors, alpha diversity metrics were treated as dependent
variables and ESBL-E acquisition, sex, age, BMI and travellers’ diarrhoea as independent
variables, to produce coefficient estimates, standard errors and p-values (Appendix Table A).

We subsequently examined whether the overall microbial community structure
prior to travel, as examined by means of the Bray—Curtis dissimilarity, was associated
with ESBL-E acquisition risk. Ordination of pre-travel samples in Principal Coordinates
Analyses (PCoA) did not, however, show any -clustering according to ESBL-E
acquisition. Fitting the ESBL-E acquisition status to the ordination, using envfit,
confirmed the lack of association between the baseline microbial community structure
and the risk of subsequently acquiring ESBL-E during travel (Figure 2.4; p = 0.3;
Appendix Table A). The significance of age, BMI, sex and ESBL-E acquisition in the
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microbial community structure was determined using the envfit function in vegan. The
significance value was determined based on 999 permutations. All P values derived from
envfit ~were adjusted for multiple comparisons using FDR adjustment
(Benjamini-Hochberg procedure) and were not significantly associated with ESBL-E

acquisition (Appendix Table A).
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Fig. 2.4: Baseline microbial community structure (Bray-Curtis) in association
to subsequent ESBL-E acquisition during travel.

Ordination was performed using PCoA based on Bray-Curtis dissimilarity. Only metagenomic
species (co-abundance gene groups with >700 genes) were included in the diversity calculations.
Samples are coloured according to subsequent ESBL-E acquisition during travel.
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2.3.2 Microbiome structure and diversity are altered during
travel, but mainly associated with the development of

travellers’ diarrhoea and not the acquisition of ESBL-E

To examine the association between microbiome stability and the susceptibility to
ESBL-E acquisition, longitudinal analyses were performed. The observed microbial
richness was not associated with ESBL-E acquisition (Figure 2.5). However, a
statistically significant (p = <0.001) decrease in the observed microbial richness
(coefficient estimate: —4.47, 95% CI [—6.82, —2.14]) was associated with the onset of
traveller’s diarrhoea (Appendix Table A). When stratified for travel destination, the lack
of association to ESBL-E acquisition was still observed, and the negative association
with diarrhoea was seen for travellers visiting East Africa (coefficient estimate: —7.1,
95% CI |[-12.62, —1.58], p = 0.0133) and South Asia (coefficient estimate: —6.52, 95%
CI [-12.05, —1], p = 0.0219) (Appendix Table A).
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Fig. 2.5: Change in observed species richness in association to ESBL-E
acquisition.

The change in observed species richness between pre- and post-travel faecal samples was
calculated for each individual. Only metagenomic species (coabundance gene groups with >700
genes) were included in the diversity calculations. Differences in stability of species richness
between individuals who did or did not acquire ESBL-E were tested using linear regression
analysis. To adjust for potential confounding factors, analyses were performed with delta in
alpha diversity metrics as dependent variables and ESBL-E acquisition, sex, age, BMI, travellers’
diarrhoea and consumption of food from street food stalls as independent variables (Appendix
Table A).

The estimated microbial richness was also not associated with ESBL-E
acquisition (Figure 2.6) but had a significant (p = 0.001) decrease (coefficient estimate:
—4.5,95% CI [-6.9, —2.1]) associated with the onset of traveller’s diarrhoea (Appendix
Table A). When stratified for travel destination, the lack of association to ESBL-E
acquisition was still observed, and the negative association with diarrhoea was seen for

travellers visiting East Africa (coefficient estimate: —7.60, 95% CI [—13.36, —1.83], p =
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0.0113) and South Asia (coefficient estimate: —6.31, 95% CI [-11.9, —0.73|, p = 0.0277)
(Appendix Table A).
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Fig. 2.6: Change in estimated species richness in association to ESBL-E
acquisition.

The change in estimated species richness between pre- and post-travel faecal samples was
calculated for each individual. Only metagenomic species (coabundance gene groups with >700
genes) were included in the diversity calculations. Differences in stability of species richness
between individuals who did or did not acquire ESBL-E were tested using linear regression
analysis. To adjust for potential confounding factors, analyses were performed with delta in
alpha diversity metrics as dependent variables and ESBL-E acquisition, sex, age, BMI, travellers’
diarrhoea and consumption of food from street food stalls as independent variables (Appendix
Table A).

The effective number of species as calculated from Shannon Index was not
associated with ESBL-E acquisition (Figure 2.7) but had a significant (p = <0.001)

decrease (coefficient estimate: —5.5, 95% CI [—5.05, —1.9]) associated with the onset of



2.3. Results 46

traveller’s diarrhoea (Appendix Table A). When stratified for travel destination, the lack
of association to ESBL-E acquisition was still observed, and the negative association
with diarrhoea was observed for travellers visiting East Africa (coefficient estimate:
—5.46, 95% CI [-8.11, —2.81|, p = <0.001) and South Asia (coefficient estimate: —4.05,
95% CI [—7.56, —0.54], p = 0.0249) (Appendix Table A).
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Fig. 2.7: Change in effective number of species in association to ESBL-E
acquisition.

The change in effective number of species between pre- and post-travel faecal samples was
calculated for each individual. Only metagenomic species (coabundance gene groups with >700
genes) were included in the diversity calculations. Differences in stability of species richness
between individuals who did or did not acquire ESBL-E were tested using linear regression
analysis. To adjust for potential confounding factors, analyses were performed with delta in
alpha diversity metrics as dependent variables and ESBL-E acquisition, sex, age, BMI, travellers’
diarrhoea and consumption of food from street food stalls as independent variables (Appendix
Table A).
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As for the stability in microbial richness and diversity, the stability in the
microbial community structure was also examined among travellers. The within-subject
Bray—-Curtis distance between pre- and post-travel samples was not significantly different
between travellers who did or did not acquire ESBL-E (Figure 2.8; p = 0.504). Upon

stratification to travel destination, the lack of significance remained (Appendix Table A).

Acquire ESBL-E
B3 No
! B4 Yes

All || East Africa || North Africa || South Asia ||Southeast Asial
ESBL-E Acquisition During Travel

o
o
o

o
o
o

Intra-individual Bray-Curtis Distance

0.25

Fig. 2.8: Stability in the microbial community structure in association with
ESBL-E acquisition.

Intraindividual Bray—Curtis dissimilarity between pre- and post-travel samples. Differences in
stability in the microbial community structure between individuals who did or did not acquire
ESBLs were tested using linear regression analyses. Analyses were performed with intraindividual
Bray—Curtis dissimilarity as the dependent variable and ESBL-E acquisition, sex, age, BMI,
travellers’ diarrhoea and consumption of food from street food stalls as independent variables
(Appendix Table A).

However, the microbial community structure is less stable among travellers who

developed travellers’ diarrhoea as the within-subject Bray—Curtis distance was



2.3. Results 48

significantly larger among travellers that experienced diarrhoea compared to those that
did not (coefficient estimate: 0.074, 95% CI [0.03, 0.12]; p = 0.002; Appendix Table A).
There was also a significantly larger within-subject Bray-Curtis distance between
travellers who ate at local street food stalls daily (Coefficient estimate: 0.176, 95% CI
[0.07, 0.28]; p = 0.001; Appendix Table A). Upon stratification according to travel
destination, this signal remained for travellers eating daily from street food stalls in
Southeast Asia (coefficient estimate: 0.27, 95% CI [0.12, 0.42], p = <0.001; Appendix
Table A)

2.3.3 Changes in the taxonomic and functional composition of

the microbiome

The shifts in prevalence and relative abundance of individual microbial taxa in
association with ESBL-E acquisition were next examined with ZIBR [177]|. Eight MGS
were significantly associated with ESBL-E acquisition during travel (Figure 2.9). Three
belonged to the family Enterobacteriaceae (MGS-003 and MGS-102 were classified as
Citrobacter freundii and MGS-016 as Klebsiella pneumoniae), and three belonged to the
genus Bacteroides (these MGSs did not meet the threshold for species level
classification, i.e., <70% of hits to the same species). The genes within the remaining
two MGS assign to various phyla, and interpretation for the latter two MGS should

therefore be done with caution as these might be potential artifacts.
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Fig. 2.9: Taxonomic composition shift in association with ESBL-E acquisition.
Plot depicting the log2-fold change of abundance, total presence count (prevalence), median
relative abundance in total population and p-value of each taxa that significantly changes during
travel. Only taxa significantly associated with ESBL-E acquisition were selected for visualisation.
Differences in pre-travel to post-travel composition were tested using zero inflated beta regression
with a random effects (ZIBR) statistical model. Analysis was performed with the post-travel
abundances as dependent variables and pre-travel abundances, ESBL-E acquisition, sex, age,
BMI and travellers’ diarrhoea as the covariates for both the logistic and beta components.
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Fig. 2.10: Pre-travel relative abundances of MGS significantly associated with
ESBL-E acquisition.

Violin plots depicting the pre-travel relative abundances of each taxa that is significantly
associated with the acquisition of ESBL-E during travel.

MGS-091, the most abundant Bacteroides MGS (see Figure 2.10 for baseline
relative abundances), had both a 0.42-fold decrease and a 0.33-fold decrease in travellers
who did and did not acquire ESBL-E, respectively. Bacteroides MGS-098 had a
1.47-fold increase in abundance in travellers who did not acquire ESBL-E, but a
0.21-fold decrease in travellers who acquired ESBL-E. Additionally, MGS-115, the most
prevalent Bacteroides, had a 0.69-fold increase in travellers remaining ESBL-E-negative

and a 1.01-fold decrease in travellers who acquire ESBL-E.

The most pronounced shifts were, however, observed for two MGS identified as
Citrobacter freundii. Both C. freundii MGS showed similar longitudinal patterns;

increasing 5.96 and 5.95 fold, respectively, in travellers who did not acquire ESBL-E
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while decreasing 2.23 and 1.45 fold in travellers who did. The abundance of MGS-016,
identified as Klebsiella pneumoniae, has both a 1.28- and 2.02-fold increase in those
subjects who did and did not acquire ESBL-E, respectively. However, the increase in its
prevalence from 8.9% to 31.7% of subjects is larger in travellers who acquire ESBL-E

during travel, compared to 7% to 20.8% of subjects in those who remain negative for

ESBL-E.

MGS-090 had a 0.04-fold decrease in travellers who remained negative for
ESBL-E, but a 0.6-fold decrease in those who acquired ESBL-E. MGS-134 had a 0.94-
and 1.16-fold decrease in travellers who remained negative for ESBL-E and acquired

ESBL-E, respectively.

The metabolic profile of the samples was determined by functionally annotating
each gene of each MGS and clustering by the KEGG module. Samples were
hierarchically clustered by distance to each other, based on the fold changes of each

module, but did not cluster by ESBL-E acquisition (Figure 2.11).
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Fig. 2.11: Metabolic profile shift during travel.

Heatmap depicting the log2-fold changes of each KEGG module per sample during travel. An
increase in KEGG module is coloured orange and decrease in blue. KEGG modules are clustered
into 12 KEGG pathways whose height is weighted by the number of constituent modules detected.
Samples are clustered by dissimilarity distance and are visualised in the dendrogram, with branch
ends coloured as blue for ESBL-negative and red for ESBL-positive during travel.
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As the production of SCFAs is a proxy for good intestinal health, we were
interested to know if more SCFA synthesis protected the gut against ESBL-E
acquisition. We examined the abundances of KEGG Orthology genes involved in
butyrate, succinate and propionate production. Neither the baseline abundances of
these genes nor the abundances in post-travel samples or shifts in abundance between

pre- and post-travel were associated with ESBL-E acquisition (Table 2.2).

Table 2.2: SCFA abundances statistical association to ESBL-E acquisition,
separated into pre-travel, post-travel and change in abundances

Pre-travel  Post-travel ieblljz dance
Abundance Abundance
Change

KEGG FDR FDR FDR

Gene
Orthology p-values p-values p-values

Butyrate production
K00248 bed 0.789134 0.772783 0.9276193
K00634 ptb 0.789134 0.772783 0.9276193
K00929 buk 0.789134 0.8133193 0.9276193
K01034 but 0.966684 0.7933541 0.7454598

Succinate production
K00024 mdh 0.966684 0.9197282 0.9276193
K01676 fumA, fumB 0.966684 0.772783 0.9276193
KO01677 fumA 0.789134 0.772783 0.9276193
K01678 fumB 0.789134 0.772783 0.9276193
K01679 fumC 0.966684 0.772783 0.9276193
K00239 sdhA, frdA 0.8164514 0.772783 0.9276193
K00240 sdhB, frdB 0.966684 0.7933541 0.9276193
K00241 sdhC, frdC 0.966684 0.9197282 0.9276193

Propionate production
K01902 sucD 0.966684 0.772783 0.9276193
K01903 sucC 0.966684 0.772783 0.9276193
K01847 MUT 0.966684 0.939518 0.9276193
K01848 memA1 0.966684 0.772783 0.9965073
K01849 memA2 0.966684 0.9197282 0.9276193
K05606 MCEE, epi 0.9623947 0.772783 0.9276193
K11264 sepB, mmeD 0.966684 0.772783 0.9965073
K01026 pct 0.966684 0.772783 0.9276193
K00932 tdeD 0.966684 0.772783 0.9276193
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2.3.4 International travel increases the number of AMR genes,

especially in those who acquire ESBL-E

The AMR genes from the ResFinder database were collapsed into protein families with
Short BRED, and their abundances were calculated in each metagenomic sample. Low
prevalence (detected in <10% of travellers) AMR families were removed, and the
remaining were visualised in Figure 2.12, with Timepoint, ESBL-E carriage, Diarrhoea
and Subregion added below. There is a cluster of samples with high abundance of AMR
towards the left of the heatmap, and this represents a large portion of the post-travel
samples, especially those who acquired ESBL-E and developed travellers’ diarrhoea.

This pattern, however, is not specific to subregion travelled to.
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Fig. 2.12

with ShortBRED from the ResFinder database. A darker shade represents a higher abundance.

The metadata for Timepoint (blue), ESBL-E carriage (red), Diarrhoea (orange) and Subregion

(Purple + Green) are added below. Samples are clustered by dissimilarity distance and visualised

as a dendrogram.
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To examine this pattern further, the AMR gene richness was calculated and
compared across timepoint (now including low prevalent AMR genes as these are
relevant to each individual). There is a significant increase (coefficient estimate: 2.465,
95% CI [1.52, 3.41]; p = <0.001) in AMR richness during travel. When adjusting for
potential confounding factors, generalised linear modelling reveals that the onset of
travellers’ diarrhoea is a significant driver of this (coefficient estimate: 1.385, 95% CI

[0.33, 2.44]: p = 0.0107).
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Fig. 2.13: AMR gene richness in association to timepoint

AMR gene richness in faecal samples collected both before and after international travel.
Difference in AMR gene richness between pre- and post-travel samples was tested using
generalised linear regression analysis, and a significant difference is visualised with the p-value.
To adjust for potential confounding factors, AMR gene richness was treated as the dependent
variable and age, sex, BMI and diarrhoea before or during travel as independent variables.

To determine the extent at which acquiring ESBL-E during travel affects the
acquisition of other AMR genes, the AMR gene richness was also compared between

travellers who did and did not acquire ESBL-E. This time, however, only post-travel
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samples were included in the analyses. Travellers colonised with ESBL-E have a
significantly higher amount of AMR genes (coefficient estimate: 2.053, 95% CI [0.55,
3.56]; p = 0.008) compared to travellers who remain uncolonised. When adjusting for
potential confounding factors, generalised linear modelling reveals that the onset of
travellers’ diarrhoea is a significant driver of this (coefficient estimate: 1.717, 95% CI

0.25, 3.18]; p — 0.023).
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Fig. 2.14: AMR gene richness in association to ESBL-E carriage

AMR gene richness in faecal samples collected after international travel. The AMR gene richness
of post-travel samples was calculated and the difference between travellers who did and did not
acquire ESBL-E during travel was tested using generalised linear regression analysis, and a
significant difference is visualised with the p-value. To adjust for potential confounding factors,
AMR gene richness was treated as the dependent variable and age, sex, BMI and travellers’
diarrhoea as independent variables.
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2.4 Discussion

The gut microbiome’s role in providing colonisation resistance against invading bacteria
is of particular relevance in people travelling internationally to countries in which MDR
bacteria are endemic. This study aimed to discover which aspects of the microbiome
structure — or consortia of bacteria — contribute to colonisation resistance against MDR
bacteria. Neither the microbial diversity and community structure in pre-travel samples
nor the longitudinal change of these metrics during travel were predictive of the
susceptibility to acquiring ESBL-E. Alternatively, prevalence and abundance changes in
individual microbial taxa belonging to the family FEnterobacteriaceae and genus

Bacteroides were significantly associated with ESBL-E colonisation risk.

Studies focusing on the association between colonisation with MDR bacteria and
the gut microbiota primarily utilise 16S rRNA gene amplicon methods, which have
limitations in their lack of resolution to a species level analysis, and/or cross-sectional
studies, which do not capture the longitudinal microbial changes. ESBL-E acquisition in
travellers has been researched with meta-transcriptomics [139], where reads were
mapped to 16S and 23S rRNA databases for identification, and small-scale WMGS on a
data set of up to 10 travellers [140]. There is therefore a limited scope and depth of
current research into the role of the microbiome in this field, so in this study, the
WMGS of 179 travellers provides a significant contribution to the closure of a major gap

in the literature.

In our study, the diversity and community composition did not differ between
travellers before travel, or within individuals during travel, in relation to ESBL-E

acquisition. Instead, after the development of travellers’ diarrhoea, the diversity is
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significantly reduced and community composition is drastically altered, consistent with
the literature [150, 139, 140|. Travellers’ diarrhoea is known to be associated with an
increase in ESBL-E acquisition [47], but ESBL-E acquisition without travellers’
diarrhoea seemingly has little effect on the microbiome richness and diversity. This is
unlike previous studies that associated increased pathogenic bacteria with a reduced
microbial richness and altered microbiome in hospital patients [182]. However, samples
collected from hospitalised patients are often confounded by antibiotic use, which
reduces the diversity and richness measurements, as well as significantly perturbing even
stable microbiomes. The results here are therefore suggesting that ESBL-E can colonise
a traveller’s microbiome without perturbation and without causing symptoms, but in
those who develop travellers’ diarrhoea, it is difficult to determine if ESBL-E

colonisation precedes the onset of diarrhoea.

In this study, MGS both identified as Citrobacter freundii had a statistically
significant increase in abundance in travellers who did not acquire ESBL-E. Commensal
Enterobacteriaceae, of which Citrobacter is a member, are continuously competing with
other commensal or invading members of the family. This is achieved through various
mechanisms, such as the secretion of antimicrobial proteins [141], the metabolism of
nutrients [142| or competition for oxygen [183]. These mechanisms may change the
host’s susceptibility to colonising species [184], as it must have the necessary pathways
to outcompete. Further studies on the interactions between C. freundit and ESBL-E in
the human gut are required to uncover the mechanisms by which ESBL-E colonisation

might be inhibited by C. freundi.

A statistically significant increase in abundance of two MGS of Bacteroides was

also associated with travellers who remained negative for ESBL-E, whereas a decrease of
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these MGS as well as an additional Bacteroides MGS was observed in travellers who
acquired ESBL-E. The healthy gut microbiome is usually dominated by the strict
anaerobe phyla of Bacteroidetes (of which Bacteroides is a member) and Firmicutes,
whereas the facultative anaerobes of FEnterobacteriaceae populate at a much lower
proportion [185]. Interestingly, in a recent cross-sectional study on the association
between the faecal microbiota and ESBL-E colonisation among 200 healthy volunteers
living in rural Thailand, the most profound difference was detected in the phylum
Bacteroidetes. In particular, the abundance of B. uniformis was significantly lower in

ESBL-E carriers as compared to noncarriers [186].

Various Bacteroides species exhibit immunomodulatory effects that are beneficial
to the host and can increase the colonisation resistance to invading bacteria. A major
mechanism of this is the inhibition of host inflammation via the secretion of
sphingolipids [187], a signalling molecule, or outer-member vesicles containing
polysaccharide A [188], a molecule that induces the production of T cells to suppress
inflammation [189]. Low-grade intestinal inflammation perturbs the gut microbiome and
can enhance the colonisation of E. coli [190], so reducing this is vital to maintain
colonisation resistance to invading bacteria. Bacteroides species may have further
immunomodulatory effects via the improvement of host macrophage’s phagocytic
function [191] or via an increased xylan degradation [192|, which has links to an
enhanced immune system and improved health [193, 194]. Moreover, Bacteroides species
can produce a variety of short-chain fatty acids and organic acids, including acetic acid,
propionic acid, isovaleric acid and succinic acid. Short-chain fatty acids have been
shown to provide colonisation resistance against antibiotic-resistant Enterobacteriaceae,
among others, by triggering intracellular acidification [195]. To reveal a potential
protective role of metabolites, including sphingolipids, xylan breakdown products and

short-chain fatty acids, produced by Bacteroides species or other members of the
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microbiome, future studies on the faecal metabolome are warranted.

We found a significant increase in the diversity of AMR genes during travel,
especially in association with ESBL-E acquisition. Prior research using a different AMR
gene reference database but on the same data cohort also found an increase in the
diversity of AMR genes during travel [196], and hypothesised that travel is a significant
perturbation to the gut resistome. They did, however, also find that the beta-diversity
decreased during travel. When comparing the patterns in AMR diversity with the
taxonomic data of our study, both changes seem to occur often without a perturbation
to the gut microbiome microbial composition. Together, this shows how the microbial
composition is not drastically altered during travel, but the few distinct species that are

acquired have a similar, high number of AMR genes.

A major strength of this study is the use of whole metagenome shotgun
sequencing as a representation of the total microbiome. The longitudinal nature of the
data set additionally strengthens the study as it allows for temporal associations on the
effects of travel on the microbiome, with a large sample size to correct for confounding
factors. However, metagenomics limits the resolution at which to confidently identify
individual strains. Instead, the taxa-specific analysis should be interpreted as where to
focus potential future research. This study has a limitation with the sampling method
employed, as the transport at room temperature and use of Cary—Blair medium on
faecal swabs can increase the microbial richness and diversity [197] and can lead to
increase in abundance of taxa, notably Enterobacteriaceae, that can grow at room
temperature in the presence of oxygen [198]. However, as the samples all experienced
the same conditions, the effects are not likely to differ between samples; instead, the

quantities should not be extrapolated to other sampling methods.
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The observations of this study highlight the likely importance of discrete species
in the dynamics of ESBL-E acquisition, especially within the family Enterobacteriaeceae.
The identification of species associated with ESBL-E acquisition necessitates for higher
resolution research. The current analyses cannot easily detect how the commensal
Enterobacteriaceae population is interacting with the invading ESBL-producing FE. coli,
so it would be of significant interest to perform experimental studies to explore the
competition between various species and strains within this genus and family. The
extent at which each member alters the microbiome’s colonisation resistance could be
discovered.  Alternatively, the knowledge on factors facilitating the elimination of
previously acquired ESBL-E is still limited, so research on samples taken on additional

time points after travel is worthwhile being examined.

This study emphasises how the overall microbiota diversity, community structure
and functional metabolism play little role in the acquisition of ESBL-producing
Enterobacteriaceae, instead highlighting the importance of Bacteroides and other
members of FEnterobacteriaceae.  The discovery of taxa that may contribute to
colonisation resistance will aid in the development of intervention strategies to minimise

the acquisition and spread of MDR bacteria.



Chapter Three

Determining the ability of
travel-acquired Citrobacter to compete
in vitro with extended-spectrum
beta-lactamase producing Escherichia

colr

3.1 Background

Citrobacter is a genus of the family Enterobacteriaceae and is found in the human gut.
Chitrobacter is considered an opportunistic pathogen as it can be responsible for a
number of bloodstream, urinary tract or pulmonary infections, albeit less commonly
than other members of FEnterobacteriaceae like E. coli or Klebsiella. All species of
Citrobacter have been isolated from clinical infections, except C. rodentium which is a

mouse-specific pathogen that is used as a model organism in the study of human

63
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intestinal disease [199]. C. rodentium colonises the gut by attaching to the intestinal
epithelium in a manner similar to both enterohaemmorrhagic and enteropathogenic FE.
coli [200]. Interestingly in kanamycin-treated mice, C. rodentium was displaced from the
colonic musoca and caecum into the caecal lumen where it stabilised, except in mice
with C. amalonaticus already blooming in the caecal lumen as these outcompeted in a
contact-dependent manner [143]. This highlights the potential that species of

Citrobacter could outcompete invading strains of F. coli.

Colonisation resistance to pathogens is a vital characteristic of the gut
microbiome, and previous research in Chapter 2 suggests that C. freundii may provide a
colonisation resistance to invading ESBL-E in travellers. This warranted further research
of this organism and its ability to compete with E. coli. Here, we grew travel-acquired
Citrobacter with both antimicrobial-sensitive and ESBL-producing FE. coli to determine
if Citrobacter has the ability to outcompete E. coli in a contact-dependent manner and

explain how it may be providing a colonisation resistance within travellers.

3.2 Methods

3.2.1 Isolate selection

Commensal FE. coli were isolated from healthy volunteers from the West Midlands,
United Kingdom, courtesy of Professor Peter Hawkey. Volunteer inclusion required no
history of infection or antimicrobial treatment in the prior 12 months. Citrobacter and

ESBL-producing E. coli were selected from [155] during international travel to Laos.
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Isolate sequences were trimmed with Trimmomatic [201] and de novo assemblies
were created with SPAdes [202], both with default settings. The multi-locus sequence
type (MLST) of E. coli was determined with MLST
(https://github.com/tseemann/mlst) with PubMLST database [203|. ESBL-producing
E. coli were selected from isolates with a chromosomally inserted CTX-M gene.
Abricate (https://github.com/tseemann/abricate) was used to determine which contigs
contained a CTX-M gene and contigs larger than 10kb and containing a CTX-M gene
were classified by mlplasmids [204] into chromosomal or plasmid of origin. Four E. coli
isolates, representing various phylogroups and STs, were chosen from both the

commensal and the ESBL-producing FE. coli groups for subsequent competition analysis.

Table 3.1: Description of E. coli used in this study (N=8)

Phenotype Phenotype

Taxon | Phylogroup | ST on UTI on
ChromoSelect | MacConkey
Agar Agar

E. coli | B2 95 | Commensal | Purple Red

E. coli | B2 73 | Commensal | Purple Red

E. coli | A 10 | Commensal | Purple Red

E. coli | D 69 | Commensal | Purple Red

E. coli | Bl 515 | blacrxam1a | Purple Red

E. coli | D 69 | blactx-m-14 | Purple Red

E. coli | A 48 | blacTx-m-14 | Purple Clear

E. coly | D 38 | blacTx-m-15 | Purple Red

28 isolates that initially identified as Clitrobacter in the Laos traveller study were
selected. To taxonomically identify to species level, the core genomes were compared to
publicly available reference Citrobacter genomes. Up to 20 reference sequences, if
available, for each named Citrobacter species were downloaded from NCBI RefSec
([205]; Accessed: 21/01/22). This included 20 isolates from Citrobacter amalonaticus,

Citrobacter braakii, Clitrobacter cronae, Clitrobacter freundii, Citrobacter koseri,
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Citrobacter portucalensis, Citrobacter werkmanii; 17 Citrobacter farmeri; 16 Citrobacter
youngae and less than 10 from each of Clitrobacter arsenatis, Citrobacter europaeus,
Citrobacter gillenii, Citrobacter murliniae, Citrobacter pasteurii, Citrobacter rodentium,
Citrobacter sedlakii, Citrobacter telavivensis and Citrobacter tructae. Additionally, to
determine if the sample was contaminated with other species, the assemblies were
analysed with Kraken2 [206]. Isolates with more than 45% identity to Citrobacter and

less than 10% identity to a single other genus were considered for competition analysis.

To detect E. coli within the travel-acquired Citrobacter sequences, the distance
between the genomes of all reference and traveller Citrobacter, as well as 40 reference FE.
coli genomes, was calculated and visualised as a tree with mashtree [207]. To cluster
genomes by their core genome, Citrobacter assemblies were annotated with Prokka [208|
and the core genomes were calculated and aligned with panaroo [209]|, with settings
"-clean-mode strict" and "-a core". A phylogenetic inference by maximum likelihood
was performed on the core gene alignment by IQ-TREE [210] using the 'GTR +G +I’

substitution model.

All isolates of Citrobacter and FE. coli that were candidates for competition
analysis were grown on UTI ChromoSelect Agar (Sigma-Aldrich) and MacConkey Agar
(Sigma-Adlrich) to see if Citrobacter isolates and E. coli isolates were distinguishable
between each other. If there was no phenotypic difference between the genera then they
were removed from downstream analysis. Four Citrobacter isolates that were
phylogenetically diverse, consisted of a pure culture and were distinguishable (based on
their colony morphology) from E. coli were chosen for subsequent competition analysis.
One ESBL-producing FE. coli could not be distinguished from two of the Citrobacter

isolates with the chromogenic agar used in this study. A total of 12 isolates were



3.2. Methods 67

selected for two sets of competitions; Citrobacter vs commensal E. coli and Citrobacter

vs ESBL-producing F. coli.

Table 3.2: Description of Citrobacter used in this study (N=4)

Phenotype on

Ton | peence | UTI MacCoukey Agar
ChromoSelect Agar

Citrobacter 1 | C. amalonaticus | Turquoise Clear

Citrobacter 2 | C. amalonaticus | Turquoise Clear

Citrobacter 3 | C. amalonaticus | Blue/Purple Clear

Citrobacter 4 | C. amalonaticus | Blue/Purple Clear

3.2.2 Competition Assay

Isolates were stored in 50% glycerol at —80°C until required. Isolates were cultured for
15 hours in a shaking 37°C incubator and the culture was diluted 1:10 six times in
phosphate-buffered saline (PBS). 1 ul of the 10 dilution was added to 99 ul Nutrient
Broth in a flat-bottom 96-well plate, as this is approximately 1000 bacterial cells, and
this was incubated in a Tecan (Tecan) plate reader for 18 hours at 37°C with OD 600
measurements at 30 minute intervals. This was repeated in duplicate. Length of
incubation for the competition experiments was decided as eight hours due to isolates

being approximately in their late log phase of growth.

For the competition experiments, overnight cultures were diluted 1:10 six times.
In triplicate, 20 ul of the 10 dilution was plated onto Luria-Bertani agar and incubated
at 37°C overnight. Equal amounts of 100 pl of the 107 dilutions of the two isolates
being competed were added to 4.8 ml Nutrient Broth and incubated for eight hours at

37°C with aeration. The competed culture was then diluted 1:10 six times in PBS and
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100 ul was plated out, in triplicate, onto either UTIT ChromoSelect agar or MacConkey
Agar, depending on which was needed to distinguish between the two species. The

plates were then incubated overnight at 37°C.

The colonies from both the input culture plates and from the competed culture
plates were counted and the colony forming units (CFU) were calculated using the Miles
and Misra method [211]. A competition index (CI) is calculated as (E. coli output
CFU/ Citrobacter output CFU)/(E. coli input CFU/ Citrobacter input CFU). The entire

experiment was repeated in triplicate for each combination of isolates.

3.3 Results

3.3.1 Choice of Citrobacter isolates from the Laos traveller

dataset to compete with E. coli

The design of the competition analysis was to compete different combinations of four
isolates each of Citrobacter, commensal E. coli and ESBL-producing FE. coli. The four
isolates from each group were selected to consider a variety of phylogroups, sequence

types and phenotypes (Table 3.1 and Table 3.2.1).

28 isolates from the Laos traveller dataset that had previously been considered as
Citrobacter or 'Other’ were taxonomically identified with Kraken2. 13 isolates had more
than 45% identity to Citrobacter at a genus level, and less than 10% to a single other

genus and were considered for downstream analysis. The assemblies of the
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travel-acquired Citrobacter isolates were compared to reference Citrobacter and E. coli
genomes and the resulting tree is represented in Figure 3.1. No travel-acquired isolates
clustered with the reference FE. coli or separately from the reference Citrobacter and

therefore no further isolates were removed as targets of competition analysis.
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Fig. 3.1: Citrobacter and E. coli genomes as clustered by min-hash distances.
Genomes from 208 reference Clitrobacter from 17 species, 40 reference E. coli and 28 travel-
acquired Citrobacter compared with Mashtree. Species of reference isolates are represented as
different colours of the coloured bar, and travel-acquired Citrobacter are represented by red stars.
Tree was visualised with iTOL.

The core genomes of both travel-acquired and reference Citrobacter were
calculated and aligned (2483 genes present in >99% of sequences and an additional 232

genes present in >95% of sequences), and a phylogenetic inference was made
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(Figure 3.2). Considering the taxonomic identity from Kraken, the phenotype on
chromogenic agar and the phylogenetic relatedness to reference Citrobacter, the four
isolates chosen for competition analysis clustered closely to C. amalonaticus, the most

commonly travel-acquired species of Citrobacter in this dataset after C. sedlakii and C.

EUTropacus.
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Fig. 3.2: Travel-acquired and reference Citrobacter phylogeny.
The core genes of 208 reference Citrobacter and 28 travel-acquired Citrobacter were aligned and
a phylogenetic inference was performed with IQ-TREE. Species of Citrobacter are represented

as different colours in the coloured bar, travel-acquired Citrobacter as red stars and the isolates
chosen for competition analysis as blue circles.
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3.4 Growth Kinetics

Clitrobacter and FE. coli isolates were incubated for 18 hours in Nutrient Broth and the
OD was measured every 30 minutes and represented in Figure 3.3. Late logarithmic phase
of growth is at approximately 8 hours after inoculation and was used as length of time

for the competition assay.
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Fig. 3.3: Growth curves of C(litrobacter, commensal E. coli and ESBL-
producing FE. coli at 37°C in Nutrient Broth
Bacterial growth curve for four isolates of each of Citrobacter (green), commensal FE.
coli (magenta) and ESBL-producing E. coli (blue) grown in Nutrient Broth at 37°C. OD
measurements were taken every 30 minutes for 18 hours.
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3.5 Commensal FE. coli outcompete travel-acquired

Citrobacter

All combinations of Citrobacter and commensal E. coli were competed in Nutrient
Broth for 8 hours, plated onto chromogenic agar to differentiate between the two species
and the resulting CFUs were counted. A competition index (CI) was determined as (F.
coli output/Citrobacter output)/(E. coli input/Citrobacter input) so a CI of 1
represents equal competition. As all CIs are above 1, all commensal FE. coli are
outcompeting each isolate of Citrobacter (Figure 3.4). This is higher for Citrobacter

isolates 3 and 4 compared to isolates 1 and 2.
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Fig. 3.4: Competition between commensal E. coli and travel-acquired
Clitrobacter.

An equal number of Citrobacter and E. coli cells were added to Nutrient Broth and incubated for
eight hours. Competed culture was diluted and plated onto chromogenic agar and the number
of isolates of each species was counted. Competiton Index (CI) is E. coli/ Citrobacter and a
CI larger than 1 represents competition in favour of E. coli; individual Cls are illustrated with
shapes and the mean value and standard error are overlaid. Different shapes represent different
E. coli strains (phylogroup, sequence type); square= B2 95, circle= B2 73, triangle= A 10,
diamond= D 69.

3.6 Potential for ESBL-production does not decrease
ability of FE. coli to outcompete travel-acquired
Citrobacter

All combinations of Citrobacter and ESBL-producing E. coli were also competed, except

for one phylogroup A sequence type 48 isolate of E. coli as it was indistinguishable from
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Citrobacter on the chromogenic agar used. Except for one repeat of F. coli ST48 with
Clitrobacter isolate 2, all ESBL-producing FE. coli also outcompete each isolate of

Citrobacter, and is higher for isolates 3 and 4 compared to 1 and 2 (Figure 3.5).
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Fig. 3.5: Competition between ESBL-producing E. coli and travel-acquired
C'itrobacter.

An equal number of Citrobacter and E. coli cells were added to Nutrient Broth and incubated for
eight hours. Competed culture was diluted and plated onto chromogenic agar and the number
of isolates of each species was counted. Competiton Index (CI) is E. coli/ Citrobacter and a
CI larger than 1 represents competition in favour of E. coli; individual Cls are illustrated with
shapes. Different shapes represent different F. coli strains (phylogroup, sequence type); square=
B1 ST515, circle= D 69, triangle= A 48, diamond= D 38. Triangle is missing on Citrobacter
3 and Clitrobacter / due to being indistinguishable on the chromogenic agar used. Error bars
represent standard error.
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3.8 Discussion

Previous results suggested that within- Enterobacteriaceae interactions could be creating
a colonisation resistance against ESBL-E, so this study aimed to test if Citrobacter can
outcompete E. coli in vitro and if this is an F. coli phylogroup dependent manner. The
strains of FE. coli used in this experiment outcompete travel-acquired Citrobacter
amalonaticus. However, the level at which it is outcompeted varies by both Citrobacter

isolate and FE. coli strain.

Travel-acquired FEnterobacteriaceae is often the focus of traveller studies, yet
Chitrobacter is a genus that is still under-researched in this field, usually as it is sampled
from clinical infections. This study provides a unique perspective on travel-acquired
Citrobacter which, as Figure 2.9 in Chapter 2 shows, can be found in nearly 25% of
international travellers returning home. C. amalonaticus, a facultative,
chemoheterotrophic species known for its ability to produce hydrogen [212], was the

most frequently acquired species of Citrobacter when travelling to Laos.

The aim of the isolate selection in this study was to, where possible, ensure strain
variety and diversity among the competitions. As the previous microbiome study in
Chapter 2 used data from travellers, travel-acquired Clitrobacter and travel-acquired
ESBL-producing E. coli were selected so that meaningful comparisons can be made.
Additionally, these were selected from a study of travel to Laos, as Southeast Asia has
high rates of ESBL-E acquisition [47]. Although Figure 2.9 suggests that C. freundii is
the species of interest, there was no C. freundii acquired in the Laos dataset. The
analysis for Figure 2.9 taxonomically identified an MGS by keeping the top 50 hits for

each gene, yet more C. freundii is present in the Blast nucleotide database than any
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other species of Citrobacter, creating a bias towards it. This bias is especially strong in
the 2483 core genes shared across all species of Clitrobacter as they are more frequently
annotated as C. freundii. Regardless, many species within the family Enterobacteriaceae
are known to compete with each other and potentially provide colonisation resistance
[141], so researching any travel-acquired members of Enterobacteriaceae is relevant.
Even though this study focuses solely on C. amalonaticus, it has been observed as
providing a colonisation resistance to C. rodentium in vivo [143|, which shows it has the
capability to outcompete closely related organisms and is a meaningful organism to

study.

A difference in competition index is observed between Citrobacter isolates.
Isolates 1 and 2 were outcompeted to a lower level than isolates 3 and 4 and, as
determined from plating on UTI ChromoSelect agar, isolates 1 and 2 have (-glucosidase
activity whereas isolates 3 and 4 have both [-glucosidase and [-galactosidase activity.
Although the four isolates clustered with reference C. amalonaticus genomes, both
isolates 3 and 4 have some genetic diversity from the rest of the genomes in the species
and do not cluster as closely. Together, subtle differences in phenotype and genotype
could be causing a drastic change to their ability to compete with FE. coli. Notably, the
experiment in this study used media that does not represent the complexity of the gut
microbiome or contain various metabolites available in the gut. For example, some
genera including Citrobacter, Klebsiella or Lactobacillus are able to ferment the highly
prevalent dietary metabolite glycerol [213, 214]. The fermentation of glycerol by these
genera can produce the antimicrobial agent reuterin [215] which has been observed
decreasing the abundance of E. coli in the gut [216]. Citrobacter and E. coli could
therefore be competed against each other in a variety of media to discover if the
presence of growth substrates, in both aerobic and anaerobic conditions, which could

modulate the ability of Citrobacter to compete with E. coli.
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The gut microbiome is orders of magnitudes more complex than just two species
interacting with each other, and an in vitro experiment in a nutrient rich environment is
missing a multitude of host and microbiota factors. Within the gut, there are spatial
niches that the microbiota occupy. For example, C. rodentium, a model organism for
murine enteric infections, was displaced from mice colonic mucosa and caecum into the
caecal lumen after treatment with kanamycin, but only the mice with C. amalonaticus
blooming in the lumen were not recolonised with C. rodentium after treatment of
kanamycin ended [143]. This example highlights the potential of C. amalonaticus to
compete with ESBL-producing E. coli by occupying spatial niches in the gut, but the in
vitro nature of this experiment discovered that E. coli is more adapted at replicating
quicker in nutrient rich media. The interaction between Citrobacter and E. coli could
instead be studied in mouse models to discover if competition occurred in distinct
regions of the digestive tract, and how this changes over time.  Additionally,
metabolomics and transcriptomics of the gut microbiome could then also be performed
to understand further what metabolic changes occur during addition of competing

bacteria.

As Citrobacter colonisation was shown to be associated with a lower prevalence of
ESBL-E acquisition (Figure 2.9), we had predicted that ESBL-producing FE. coli would
be less able to compete with Citrobacter than commensal FE. coli. However, the
ESBL-producing FE. coli chosen for this experiment have chromosomally inserted
CTX-M genes in order to avoid confounding the experiment with maintaining carriage
of a plasmid containing CTX-M genes. In some cases there is a fitness cost to hosting a
plasmid [217|, and this cost may be lost in isolates with chromosomally inserted AMR

genes and explain why there is no decrease in competition index for ESBL-producing FE.
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coli.

This study shows that FE. coli are able to outcompete C. amalonaticus in a
nutrient rich media, and this occurs regardless of the carriage of AMR genes for
ESBL-production. However, there are many interactions within the gut microbiome to
consider that may explain how within- Enterobacteriaceae competition is occurring, and

these were not captured with this in vitro competition assay.



Chapter Four

Phylogenetic analysis of the change in
FEscherichia coli colonising the human

gut during international travel

4.1 Introduction

FEscherichia coli (E. coli) is a commensal member of the human intestinal flora [218| but
also a major contributor to intra- and extra-intestinal infections [219]. Usually, most
people harbour only one or two different strains of E. coli in the gut, though it is
possible to be colonised by various strains [220]. Although commensal E. coli can exist
in the gut without causing harm to the host, there can be a shift from commensalism to
pathogenesis, whether opportunistically or with specialised virulence mechanisms.
Commensal E. coli can also act as a reservoir of antimicrobial resistance (AMR) genes
[221] and are able to transfer these AMR genes and plasmids to other pathogenic species
[222|. Tracking of E. coli populations that exist at an individual, community and global

scale is vital in monitoring for disease and AMR.

79
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The genetic background of E. coli creates differences in diversity of potential
host, pathogenecitiy and virulence. For example, in a commensal population phylogroup
B2 was found to have higher virulence potential than all other phylogroups, based on 20
virulence factors involved in production of adhesins, protectins, toxins and iron
acquisition [223].  Phylogroup B2 is also frequently the lineage containing the
extraintestinal pathogenic E. coli (ExPEC) causing bloodstream and urinary tract
infections in humans [101, 102|. On the other hand, enterotoxigenic E. coli (ETEC), the
causative agent of diarrhoeal diseases that cause 18,700-42,000 deaths per year [224], are
predominantly from phylogroups A and Bl [225|. The within-phylogroup level of
virulence can also vary [223]. As well as virulence and pathogenicity, levels of AMR can
vary between phylogroup, like extended-spectrum beta-lactamase (ESBL)-producing E.
coli most frequently belonging to phylogroups A and D in a healthy German community
[226], or phylogroup B2 in Dutch hospitalised patients [227].

To further emphasise the complexity and fluidity of E. coli populations, lineage
prevalence can vary temporally and by country. In a healthy Parisian population,
phylogroup A drastically decreased in prevalence and was replaced with phylogroup B2
between 1980 and 2010 [223, 228|. Large phylogroup differences are generally seen
between tropical and temperate environments [144|, likely due to a number of factors
such as geographic variations, socioeconomic status and diet [218, 229]. As total
numbers of pre-SARS-CoV-2 pandemic tourists reached an estimated 1 billion [146],
geographic distinction of FE. coli and its varying degree of AMR is of particular
importance in understanding the risk that international travel poses on the spread of

AMR.
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International travel is one of the largest contributors to the spread of AMR
bacteria globally. Up to 84% of travellers to India and 42% of travellers to Morocco
acquired ESBL-producing Enterobacteriaceae (ESBL-E), predominantly FE. coli, whereas
pre-travel levels sit at around 6.2% [47]. As seen in Chapter 2, the diversity and
community structure of the gut microbiome is not associated with the carriage of
ESBL-E or its acquisition during travel. ~However, the change in abundance and
prevalence of discrete species, members of Enterobacteriaceae but not E. coli itself, may

be involved.

It is of note that abundance and prevalence changes of E. coli were not associated
with acquiring ESBL-producing E. coli in Chapter 2, suggesting that commensal F. coli
are replaced with invading E. coli. We hypothesise that displacement of E. coli occurs in
a strain-specific manner as STs with a higher amount of virulence factors will be better
able to colonise the host, and that ESBL-producing E. coli belong to these virulent STs
which drives the previously described high levels of ESBL-E acquisition. Here, we
focused on the FE. coli present in faecal swabs of 179 travellers before travel and
immediately upon return from South Asia, Southeast Asia, North Africa and East
Africa. Metagenome sequences were binned into metagenome assembled genomes
(MAGS), and E. coli MAGs were selected per sample and assigned to phylogroups and
STs. Differences across time point, travel destination, onset of travellers’ diarrhoea or
acquisition of ESBL-E were observed in order to associate factors involved in a change
to the E. coli detected in faecal samples of travellers. We determined if the level of

virulence potential or abundance of AMR genes drives this change in E. coli.
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4.2 Methods

4.2.1 Production of metagenome-assembled genomes (MAGs)

Raw sequencing reads were selected from Section 2.2.1 and trimmed with Trimmomatic
[201] and subsequently assembled with metaSPAdes [230]. Reads were mapped back to
their assemblies in order to calculate contig depth and coverage. Contigs that were too
small or shallow were removed with the script jgi summarize bam contig depths

[231].

Contigs were binned via Metabat 2 (v2.12.1) [231], with a minimum contig size of
2000 bp and parameters minCV 1.0, minCVSum 1.0, maxP 95%, minS 60 and
maxEdges 200. Parameters were decided by checking for contamination and
completeness of bins with dRep [232], which utilises checkM [233]. A default minimum
completeness was used and a maximum contamination of 10% was allowed. Of the 4430

input bins, 1446 (32.6%) passed checkM filtering and these dereplicated into 788 MAGs.

4.2.2 MAG taxonomic identification

MAG DNA sequences were converted into amino acid sequence via prodigal [234]. These
were aligned to DIAMOND database [235] (Accessed: September 2021) for identification
with parameter —max-target-seqs 10. 50 dereplicated MAGs were identified as
Enterobacteriaceae and selected. The bins that contributed to each dereplicated
Enterobacteriaceae MAG were selected from the 1446 non-dereplicated bins that passed

quality measures. A total of 229 bins now represent the FEnterobacteriaceae strain
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variation across all samples.

4.2.3 E. coli identification

In order to identify MAG FE. coli sequence type, the core genome of MAGs was

compared to the core genome of various reference sequence types.

Reference E. coli were downloaded from Enterobase E. coli database [236] with
the Python script EnterobaseGenomeAssemblyDownload [237].  The downloaded
sequences consisted of 20 genomes from 21 STs that represent the diversity of E. coli
lineages found across its phylogeny; ST3, ST10, ST11, ST12, ST14, ST17, ST21, ST28,
ST38, ST69, ST73, ST95, ST117, ST127, ST131, ST141, ST144, ST167, ST372, ST410
and ST648.

MAGs fasta files were annotated into gff format with Prokka [208]. Core genes of
all MAGs and reference E. coli were calculated and aligned with Panaroo [209] with the
flags '—clean-mode strict’ and ’-a core’. A phylogenetic inference by maximum likelihood
was performed on the core gene alignment by IQ-TREE [210] using the 'GTR +G +I’
substitution model. 14 MAGs that grouped distantly from FE. coli references were
determined as a different species and removed from analysis. Metadata was added to the
tree: time point (pre-travel/post-travel), post-travel carriage of ESBL-E (Yes/No); UN
subregion travelled to (East Africa, North Africa, South Asia, Southeast Asia),
diarrhoea within 3 months before travel (pre-travel samples) or developed during travel
(post-travel ~samples, Yes/No), consumption of food from street vendors

(No/Occasionally/Daily).
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ClermontTyping [238] was used with default parameters to assign each MAG and
reference E. coli a phylogroup. A further two MAGs identified as non-FEscherichia were
removed from analysis. Multi-locus sequence type (MLST) of MAGs was identified with
MLST  (https://github.com/tseemann/mlst) with ~PubMLST  database [203].
Antimicrobial resistance genes were identified with Abricate
(https://github.com/tseemann/abricate) using the resfinder database [180]. Virulence
genes were identified with ABRicate using the virulence factor database (VFDB; [239]),
and statistical differences between metadata with only two groups were tested for with a
Mann-Whitney U test [240]. Multiple comparisons of means via Tukey contrasts from R
package multcomp |[241] was performed on metadata of more than two groups and
multiple comparisons was corrected with Holm-Bonferroni method [242]. Longitudinal

change to phylogroup was visualised with R package circlize [243].

The two large clusters of MAGs, positioned near ST10 and phylogroup B1, were
compared to additional reference STs in order to distinguish their identity at a higher

resolution.

For each ST within Enterobase that was annotated to ST complex 10 and had at
least 20 available sequences were selected. 20 genomes from each (40 for ST10) were
downloaded, which consisted of: ST4, ST10, ST34, ST43, ST44, ST48, ST167, ST215,
ST218, ST227, ST378, ST617, ST656, ST685, ST716, ST744, ST746, ST752, ST7H7,
ST761, ST772, ST993, ST1060, ST1091, ST1141, ST1201, ST1284, ST1286, ST1303,
ST1312, ST1415, ST1434, ST1491, ST1585, ST1638, ST1721, ST2223, ST2353, ST2491,
ST2496, ST2690, ST3107, ST3476, ST3489, ST3877 and ST4981.
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The 92 MAGs clustered within phylogroup A were analysed with the reference

genomes as before.

For each ST within Enterobase that had been annotated to phylogroup B1 and
had at least 20 available sequences were selected. 20 genomes from each ST were
downloaded, which consisted of: ST3, ST16, ST17, ST20, ST21, ST23, ST25, ST26,
ST29, ST40, STH6, ST8E, ST99, ST101, ST109, ST120, ST129, ST145, ST148, ST152,
ST155, ST187, ST192, ST200, ST205, ST223, ST243, ST252, ST270, ST311, ST332,
ST388, ST392, ST441, ST442, ST539, ST677, ST678, ST811, ST829, ST1086, ST1125,
ST1147, ST1148, ST1172, ST1246, ST1252, ST1273, ST1304, ST1326, ST1502, ST1611,
ST1623, ST1730, ST1792, ST1992, ST2079, ST2165, ST2328, ST2354, ST2836, ST4213,
ST4748, STH5418, STh475, STH5559, STH891, ST6069, ST6096, ST7375 and ST8405. The
36 MAGs clustered within phylogroup Bl were analysed with the reference genomes as

before.

4.3 Results

179 travellers provided faecal swabs before travel and immediately upon return. These
were whole metagenome sequenced, the reads processed into metagenome assembled
genomes (MAGs) and all MAGs per sample that identified as E. coli were selected. 4430
MAGs were generated from 358 samples and after quality filtering, 213 were identified

as E. coli.
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4.3.1 Commensal E. col: differ from FE. coli acquired during travel

The commensal, pre-travel population of E. coli was dominated by phylogroups B2
(33/90), A (24/90) and D (14/90). Whereas post-travel E. coli belonged mainly to
phylogroups A (60/123) and B1 (29/123) (Figure 4.1).
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Fig. 4.1: E. coli MAG counts by phylogroup and time point.
E. coli MAGs from pre-travel (T0) and post-travel (T1) samples, separated into phylogroups as

annotated by ClermontTyping. MAGs that did not annotate to a phylogroup are labelled as
"Unknown’.

4.3.2 There is a low prevalence of AMR in MAGs

The binning methods used in the production of the MAGs could not accurately cluster

plasmid DNA with chromosomal DNA, so few AMR genes were detected. Most
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pre-travel MAGs contained mdfA, a multidrug transporter gene found ubiquitously in E.

coli, but very few other AMR genes and, as expected, no blactx.m genes (Figure 4.2).
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Fig. 4.2: Presence of AMR genes in pre-travel M AGs.

MAGs from pre-travel samples were screened for AMR genes from the resfinder database with
ABRicate. Orange represents presence, blue represents absence. Samples have been clustered
with mashtree and are represented as a dendrogram.

Post-travel MAGs also had few detected AMR genes, albeit more than pre-travel
MAGs, and a ubiquitous mdfA gene (Figure 4.3). However, five MAGs contained
blacTx.m genes that are likely to be chromosomally inserted due to being successfully

binned into the putative E. coli genomes.
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Fig. 4.3: Presence of AMR genes in post-travel M AGs.

MAGs from post-travel samples were screened for AMR, genes from the resfinder database with
ABRicate. Orange represents presence, blue represents absence. Samples have been clustered
with mashtree and are represented as a dendrogram.

4.3.3 Phylogenetic relatedness of reference and MAG E. col:

The core genome between 213 MAGs and 420 reference genomes consisted of 1677 genes
shared by >99% of genomes and an additional 1402 genes shared by 95% - 99% of
genomes. The core genes were aligned to calculate the similarity distances between all
samples and a corresponding phylogenetic tree was produced, with time point metadata
added (Figure 4.4). Pre-travel MAGs are heavily skewed towards phylogroup B2

whereas post-travel MAGs are predominantly present in phylogroups A and B1.
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Fig. 4.4: E. coli MAG and reference E. coli phylogeny of travellers.

The core genes of 213 E. coli MAGs and 20 genomes each from 21 reference sequence types
were aligned and phylogenetic inference was performed by IQ-TREE. Inner shading surrounding
branches represents E. coli separation by phylogroup, as determined by ClermontTyping; grey
is unknown. Innermost ring represents MAGs (grey) and 21 different reference sequence types
(coloured). Empty black boxes represent pre-travel MAGs; filled black boxes post-travel MAGs.
Tree was visualised with iTOL.

In order to associate additional factors to phylogroup, other than time point, an

identical tree was created. Added to this was phenotypically and PCR confirmed
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carriage of ESBL-E in post-travel sample and the subregion travelled to. Factors that
perturb the microbiome and were significant associated with an increase in ESBL-E
acquisition [47] were also added: diarrhoea and consumption of food from street
vendors. There are comparable amounts of each metadata within each phylogroup and
across ESBL-E acquisition, suggesting that there are no specific E. coli displacement
associated with the countries travelled to (when grouped into subcontinents) or with the

factors that affect the microbiome.
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Fig. 4.5: E. coli MAG and reference E. coli phylogeny of travellers with
various metadata.

The core genes of 213 E. coli MAGs and 20 genomes each from 21 reference sequence types
were aligned and phylogenetic inference was performed by IQ-TREE. Inner shading surrounding
branches represents E. coli separation by phylogroup, as determined by ClermontTyping; grey
is unknown. Innermost ring represents MAGs (grey) and 21 different reference sequence types
(coloured). Empty black boxes represent pre-travel MAGs; filled black boxes post-travel MAGs.
Empty red boxes, only assigned to post-travel MAGs, highlight travellers who remained negative
for ESBL-E during travel, whereas filled red boxes highlight travellers who acquired ESBL-E.
Region travelled to is Northern Africa (light orange), Eastern Africa (dark orange), South Asia
(light blue) and Southeast Asia (dark blue). Diarrhoea within 3 months before travel (pre-travel
MAGS) or the onset of diarrhoea during travel (post-travel MAGs) is represented in brown, no
diarrhoea is represented as empty box. Daily food consumption from street vendors is represented
as purple, occasional represented as pink, and not at all as an empty box. Tree was visualised
with iTOL.

The core genome between 92 MAGs that were identified as phylogroup A and

clustered near ST10, as well as 940 reference genomes belonging to members of ST
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complex 10, consisted of 2453 genes shared by >99% of genomes and an additional 803
genes shared by 95% - 99% of genomes. The core genes were aligned in this subset of
MAGs and additional reference FE. coli in order to further distinguish the large cluster of
MAGs around ST10 in Figure 4.4. A phylogenetic tree was produced (Figure 4.6) with
IQ-TREE.
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Fig. 4.6: Reference ST complex 10 E. coli and phylogroup A M AGs phylogeny
of travellers.

The core genes of 92 MAGs identified as phylogroup A and clustering around ST10 were aligned
with 940 reference sequences - 40 sequences of ST10 and 20 sequences from 45 other STs belonging
to ST complex 10 - and phylogenetic inference was inferred by IQ-TREE. Coloured ring represents
different STs and MAGs (black). Closest related STs to MAGs are labelled with text. Tree was
visualised with iTOL and rooted at midpoint.
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The core genome between 36 MAGs that were identified as phylogroup B1 and
clustered with other members of that group, and 1420 reference FE. coli from 71 STs
within phylogroup Bl were compared. 2739 genes were shared between >99% of
genomes and an additional 461 genes were shared between 95% and 99% of genomes.
The core genes were aligned for all phylogroup B1 MAGs to further distinguish the
closely clustered group of these MAGs in Figure 4.4, and a phylogenetic tree was created
(Figure 4.7).
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Fig. 4.7: Reference phylogroup Bl E. coli and phylogroup Bl MAGs
phylogeny of travellers.

The core genes of 36 MAGs identified as phylogroup B1 and clustering with other members of
phylogroup B1 were aligned with 1420 reference sequences - 20 sequences from 71 other STs
belonging to phylogroup B1 - and phylogenetic inference was inferred by IQ-TREE. Coloured
ring represents different STs and MAGs (black). Closest related STs to MAGs are labelled with
text. Tree was visualised with iTOL.
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For each MAG, the combined results from each set of core gene alignments is
represented in Appendix Table A.2.  The phylogroups and STs as defined by
ClermonTyper and MLST (PubMLST database), respectively, are listed. The
phylogroup and ST of the closest branch of reference E. coli is also listed, as determined
from the (more specific) ST complex 10 and phylogroup B1 trees first then followed by
Figure 4.4. Using this method to assign phylogroups had a mismatch in 18/213 (8.5 %)
of cases, but was able to assign an additional 49 STs in the 90 MAGs that were not
assigned an ST with MLST. The alleles of the seven MLST genes in each MAG are
listed in Appendix Table A.3.

4.3.4 Virulence potential is lower in post-travel MAGs

MAGs were screened for virulence genes using ABRicate and the Virulence Factor
Database (VFDB). When counted, post-travel MAGs have significantly fewer virulence
genes than pre-travel MAGs (p = <0.001; Figure 4.8).
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Fig. 4.8: Number of virulence genes screened for in E. coli M AGs, as separated
by time point.

MAGs were screened against VFDB by ABRicate and the numbers of genes detected were
counted. Data was separated by time point and 90 pre-travel MAGs are represented as blue, 123
post-travel MAGs as red. Significant p-value of <0.05 is indicated with *.

This is likely explained by the number of virulence genes across the phylogroups.
Phylogroups B2 and D have the highest number of virulence genes overall, which is
statistically higher than phylogroups A and B1, (Figure 4.9). As Figure 4.1 shows, B2

and D are most prevalent in pre-travel MAGs.
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Fig. 4.9: Number of virulence genes screened for in E. coli M AGs, as separated
by phylogroup.

MAGs were screened against VFDB by ABRicate and the numbers of genes detected were
counted. Data was separated into phylogroups: 84 MAGs as phylogroup A (red); 36 as Bl
(orange); 38 as B2 (green); 4 as C (yellow); 22 as D (turquoise); 9 as E (blue); 10 as F (pink)
and 4 as G (purple). Significant differences (p <0.05) are represented as *.

To check for other confounding factors that could lead to acquiring different
amounts of virulence genes, further comparisons were made. The region travelled to

does not determine the number of virulence genes in the E. coli acquired as they do not
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significantly differ between groups (Figure 4.10).
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Fig. 4.10: Number of virulence genes screened for in E. coli MAGs, as
separated by travel destination.

Post-travel MAGs were screened against VFDB by ABRicate and the numbers of genes detected
were counted. Data was separated by destination of travel: 30 MAGs from East Africa (blue);
27 from North Africa (red); 31 from South Asia (purple) and 35 from Southeast Asia (green).

Additionally, the post-travel E. coli acquired in those with travellers’ diarrhoea

do not have a significantly different number of virulence genes to those that do not

develop diarrhoea (Figure 4.11).
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Fig. 4.11: Number of virulence genes screened for in E. coli MAGs, as
separated by onset of travellers’ diarrhoea.

Post-travel MAGs were screened against VFDB by ABRicate and the numbers of genes detected
were counted. Data was separated by onset of diarrhoea during travel (Yes/No), and 64 travellers
who did not develop diarrhoea are represented in blue whereas 59 travellers who developed
travellers’ diarrhoea are represented in red.

And finally, the E. coli in people colonised with ESBL-E do not differ in number

of virulence genes compared to those remaining uncolonised by ESBL-E (Figure 4.12).
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Fig. 4.12: Number of virulence genes screened for in E. coli MAGs, as
separated by carriage of ESBL-E.

Post-travel MAGs were screened against VFDB by ABRicate and the numbers of genes detected
were counted. Data was separated into 49 travellers who were not colonised with ESBL-E (blue)
and 74 travellers who were colonised with ESBL-E (red).

4.3.5 Within traveller longitudinal change in E. coli strain

Next, we looked at travellers who had an E. coli MAG present in both their pre- and
post-travel samples. Within these 66 travellers, the most acquired phylogroup was

phylogroup A in 33 travellers of whom, before travel, 10 carried phylogroup A, 10 with
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B2 and 7 with D. Only one or two of the remainder of this group carried phylogroups
B1, E, F and G. The next most acquired phylogroup was Bl in 13 travellers and their
pre-travel phylogroups were spread between phylogroups A, Bl, B2, D and F. No
traveller was colonised during travel by phylogroup B2, except for two travellers already

carrying a phylogroup B2 MAG pre-travel (Figure 4.13).

Fig. 4.13: Change in E. coli MAG phylogroup during travel.

The longitudinal change in phylogroup of the 66 travellers that contained both a pre- and post-
travel F. coli MAG. Detected phylogroups were A, B1l, B2, D, E, F and G; MAGs labelled
"Unknown’ are represented as 'U’. Arrow thickness represents number of MAGs.

Figure 4.13 was separated into travellers who did or did not acquire ESBL-E; to
visualise if there are colonisation specific patterns (Figure 4.14). Of the phylogroups

present in more than 10% of travellers before travel, their prevalence are comparable
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between those who did and those who did not acquire ESBL-E - except for phylogroups
A and F where 13/17 and 6/7, respectively, go on to acquire ESBL-E during travel. On
the other hand, only phylogroups A and B1 were present in more than 10% of travellers
post-travel, and these were comparable between those who did or did not acquire

ESBL-E.

Travellers who did not acquire ESBL-E Travellers who acquired ESBL-E

Fig. 4.14: Longitudinal change in E. coli MAG phylogroup with or without
ESBL-E acquisition.

The longitudinal change in phylogroup of the 66 travellers that contained both pre- and post-
travel E. coli MAGs, separated into travellers who i) did acquire ESBL-E or ii) did not acquire
ESBL-E during travel. Detected phylogroups were A, Bl, B2, D, E, F and G; MAGs labelled
"Unknown’ are represented as "U’. Arrow thickness represents number of MAGs.

4.4 Discussion

The travel-associated effects to E. coli found in the gut are important to understand as
people may travel to countries with drastically different types of E. coli. The levels of

virulence genes or antibiotic resistance genes may differ so tracking the spread of E. coli
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needs to be monitored. The aim of this study was to classify the commensal E. coli
population and how this changes during travel, and if this is associated with the
acquisition of ESBL-E. The pre-travel commensal population was dominated by
phylogroups B2 and A, which was clearly altered during travel where there is a shift to
group Bl and an increase in group A. Neither the destination of travel, nor the

acquisition of ESBL-E, were associated with this shift.

There is a large sampling bias in the literature and in genomic datasets towards
E. coli from clinical infections and fewer studies on commensal populations within
developed countries. Commensal E. coli can be opportunistic pathogens and can act as
a reservoir of AMR genes, so there is definitely a need to focus on this population of
bacteria. Also, the scope of the current literature around travel-associated changes to FE.
coli in the gut is limited as there are no large-scale studies that investigate both pre-
and post-travel E. coli. The use of longitudinal WMGS samples from 179 travellers in

this study therefore largely contributes to the field of research.

In this study, phylogroups B2 and A made up most of the commensal F. coli
population, with phylogroup D being the next most common. These are known to be
globally disseminated and commonly detected in commensal populations [218, 244|. The
samples from our study were collected from 2012-2013 and the proportions of each
phylogroup are consistent with the few studies on commensal E. coli from the same time
[223|. However, an increasing prevalence of phylogroup B2 may become a problem as
the virulence-associated genes carried by its members are largely associated with
ExPEC infections [101, 245]. Here, we see higher amounts of virulence-associated genes
in phylogroups B2 and D than other phylogroups. However, the virulence factor

database is bias towards calling genes associated with long-term colonisation of the gut
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as virulence genes, so these phylogroups may negatively be considered virulent yet just
more adapted to living in the gut. Regardless, the two most common phylogroup B2
STs in this study were ST73 and ST95. Meta-analyses of these STs found higher
proportions in samples (recovered from both stool and sites of infection) in Europe and
North America when compared to Africa and Asia [245]. It was suggested that there is
an overrepresentation due to database bias and isolate selection, yet this study suggests
that there is simply a regional difference. The results here are highlighting that there
may be a high potential for extraintestinal infections in a healthy population from a

developed country.

On the other hand, international travel leads to the replacement of dominant F.
coli in the gut with phylogroups A and B1, and few instances of phylogroups D and E.
This seems to occur independently of whether ESBL-E was acquired during travel, or if
the gut microbiome was perturbed. The loss of phylogroup B2 could be beneficial when
replaced by phylogroup B1, which is largely considered as commensal [144], especially as
there is a reduction of virulence genes after travel. However, it is more complex with
other phylogroups, as phylogroup D is associated with infection and high levels of
virulence factors [246, 247] and phylogroup E has a structure that mimics the entire E.
coli population structure including varying rates of infectious strains and AMR [248]. In
this study, travellers are acquiring new strains of E. coli and experience large scale
displacement of the commensal population. This is consistent with real-time sampling of
travellers that showed an acquisition of new strains replacing the initially acquired
strains [155] and occurs without drastically impacting the gut microbiome.  As
phylogroup A is commonly the cause of diarrhoeal diseases, this may explain why they
are the most commonly acquired lineages during travel, and non-diarrhoeal strains are

largely due to their global prevalence.
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A major strength of this study is the longitudinal nature of the dataset as the
within-host change to the E. coli population can be determined. The large sample size
can correct for confounding factors and as the sample collection was the same for all
travellers, comparisons between four different destinations of travel can be made. The
binning method employed in this study are likely only detecting the most abundant F£.
coli per sample and is losing plasmid DNA information. We therefore cannot claim that
the MAGs and the ESBL-producing E. coli are the same, but within-host E. coli
diversity is usually low and dominated by a single strain [144], so this is likely captured

as a MAG.

International travel could be considered as a factor causing a shift to the E. coli
population, but to understand how permanent the changes are would require more
longitudinal samples. Most ESBL-producing E. coli acquired during travel are lost one
month after return [47], so additional samples over time would confirm if this is a loss of
AMR genes or a change to the E. coli population. Whole genome sequencing of E. coli
isolates would strengthen the conclusions of each ST and aid with confirming which F.

coli are producing ESBLs.

This study shows how international travel causes a drastic shift to the within-host
E. coli population. It is epidemiologically important to further understand commensal E.
coli and how they link to infection causing F. coli, and this study contributes to this by

highlighting the role of international travel.



Chapter Five

General Discussion

The increase in levels of AMR bacteria, infections and mortality across the globe is
concerning. The risk of an AMR infection poses a danger for one’s health, especially in
immunocompromised people or those undergoing surgery [137, 138]. An increase in
globalisation and international travel is driving the spread of AMR between countries
[136, 149|, with the gut microbiome acting as a reservoir through which travellers are
acquiring and importing AMR bacteria [151]. Perturbations to the gut microbiome are
some of the factors most associated with this acquisition [47], but the extent to which
the microbiota is involved is unclear. However, if a change to the gut microbiome is
associated with an increase in ESBL-E acquisition, then this suggests that the
microbiome plays a vital role in creating an effective colonisation resistance to ESBL-E.
In this thesis, we explored whether the gut microbiome and individual taxa help prevent

the acquisition of ESBL-E.
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5.1 How ESBL-E interacts with the gut microbiome as

a whole

As the gut microbiome acts as a reservoir for AMR bacteria, the potential for onwards
transmission of AMR genes to commensal organisms, opportunistic pathogens or other
hosts highlights a concerning problem. In Chapter 2 we showed how the structure of
the microbiome — its bacterial richness and d"iversity — was not correlated to the
acquisition of ESBL-E, as it does not significantly differ between travellers acquiring
ESBL-E and those remaining uncolonised. It did also not differ amongst the pre-travel
microbiomes and travellers who did not go on to acquire ESBL-E did not cluster
separately from those who did, meaning that there is no common microbiome structure

that can preclude the invasion of ESBL-E.

Previous studies on the gut microbiome of travellers also found that the
microbiome is not correlated with the acquisition of MDR Enterobacteriaceae [249, 139,
140], meaning that our results are in concordance with the current literature. However,
these studies are limited either by a small sample size [140], or by using 16S rRNA gene
sequencing [249] or meta-transcriptomics [139] which have a lack of resolution to species
level. These were the main reasons why our WMGS approach on a large data set from
longitudinal samples was required. In Chapter 2, we also analysed the functional
potential of the microbiome and calculated the abundance of genes involved in SCFA
production, which are a proxy of good intestinal health [67]. These results were
consistent with the microbiome structure analysis as we did not find any groups of
metabolic pathways associated with the acquisition of ESBL-E. As we found that
ESBL-E can invade the microbiome without causing a significant shift to its structure, it

is not unlikely that the metabolic profile of the microbiome also remains stable within
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our detection limit. The functional composition has been shown to remain relatively
stable, even reducing the efficacy of donor microbiome engraftment during faecal
microbiome transplantation in recipients with a higher functional redundancy in their
gut microbiome [58]. A limitation of the analyses in Chapter 2 is that we calculated
gene abundance, which represents metabolic potential; so a follow-up study of
transcriptomics or metabolomics analysis could be carried out to determine if there is a
higher functional redundancy or specific protective metabolic pathways in travellers who
did not acquire ESBL-E than in those who did. A strength of our study, however, was
the ability to separate the statistical analysis by geographical region and maintain a
sufficiently large sample size, so that the results are applicable per region. Rates of
acquisition of ESBL-E can vary quite drastically by country [47], so it was important to
analyse at both a global and a regional scale to see if the conclusions are consistent, or if
there were regional variations that lead to a different interaction between the gut
microbiome and invading ESBL-E, which there were not. Even though travellers will
interact with different factors and perturbations that vary by country, the gut

microbiome seemingly responds in a similar manner within the scope of our study.

Consistently throughout Chapter 2, the onset of travellers’ diarrhoea was
significantly associated with the acquisition of ESBL-E. Others have already determined
that diarrhoea and invasion of MDR bacteria are closely linked [47], for example a
reduced species richness in the inflamed gut affecting colonisation resistance [89], or
because Enterobacteriaceae are adapted to colonising and thriving in inflammation [94,
95]. Of the traveller microbiome studies, one study found that although the microbiome
was not associated with the acquisition of MDR FEnterobacteriaceae, the pre-travel
microbiota did predispose to the onset of travellers’ diarrhoea [139]. The analyses in
Chapter 2 could be repeated on pre-travel samples but to instead determine if the

onset, of travellers’ diarrhoea could be predicted. As the onset of travellers’ diarrhoea
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drives an increased acquisition of ESBL-E, better understanding what drives the onset
of diarrhoea could then, by proxy, be used to understand the acquisition of ESBL-E. As
discussed in Chapter 2, ESBL-E is still able to colonise in those without travellers’
diarrhoea, but not at the same rate in those with diarrhoea, meaning this is viable

future research.

5.2 How ESBL-E interacts with individual species

Given that the microbiome as a whole does not differ between people who do and do not
acquire ESBL-E during travel, the question is if individual species or strains have
important interactions with ESBL-E. Commensal species are known to contribute to a
functioning colonisation resistance to invading pathogens [183, 188, 189|, but pathogenic
bacteria may utilise their virulence mechanisms to overcome or bypass host defences and
colonise the environment [78]. Discovering if there are specific species or a collection of
species that ESBL-E are not able to outcompete with could be exploited in the

development of probiotics for travellers.

In Chapter 2 we investigated the taxa that, longitudinally, were significantly
associated with the acquisition of ESBL-E. The results show that members of
Bacteroides and Citrobacter had an increase in prevalence and/or abundance in
travellers who remain negative for ESBL-E colonisation, suggesting that these species
may be protective against ESBL-E. Bacteroides species are known to generally be
metabolically beneficial for the intestinal health [187, 188, 189|, and in a study
comparing the gut microbiome of ESBL-E carriers vs non-carriers in Thailand,

Bacteroides uniformis was found to be positively associated with ESBL-E non-carriers
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[186], supporting our conclusion that it may be protective. However, an intestinal
inflammatory host response, as inducible by ESBL-E, can decrease abundance of
Bacteroides [94]. Therefore, Bacteroides may appear protective in those not colonised
with ESBL-E and not experiencing a host immune response, simply as its abundance in
those invaded by ESBL-E was decreased. We show that for B. cellulosilyticus and B.
ovatus there is both an increase in abundance in travellers remaining negative for
ESBL-E as well as a decrease in abundance in those who acquired ESBL-E. Together,
these suggest that Bacteroides may offer protection against ESBL-E but may also have
an abundance decrease in response to ESBL-E colonisation. This does highlight a
limitation of our study, however, as the faecal samples were only collected before travel
and immediately upon return, so the chronology of species interactions during travel
cannot be determined. To ensure strong conclusions, additional sampling during travel

should be taken.

Microcins are known to have strong antibacterial properties and are produced by
Enterobacteriaceae to be used against other members of the family [141, 83]. It was
especially interesting, therefore, that Citrobacter, a genus in the family
Enterobacteriaceae, was also strongly associated with travellers remaining negative for
ESBL-E. In Chapter 3, we tested the ability of C. amalonaticus — the Citrobacter
species most frequently acquired during international travel to Laos [155] — to compete
with commensal and ESBL-producing E. coli in vitro. C. amalonaticus has been shown
to outcompete C. rodentium, a model bacterium used in mice to closely represent
human enteropathogenic E. coli infections in humans, in a mouse infection experiment
[143], and is therefore a promising organism to research. Although in Chapter 2 the
Citrobacter species of interest was identified as C. freundii, the taxonomic identification
was limited as C. freundii is more present in reference databases as it is more frequently

the cause of clinical infections. Our method of taxonomic identification was therefore
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bias by more present species, so equal numbers of reference genomes should have instead

been used to ensure a fairer approach.

We found that C. amalonaticus was not able to outcompete either
antimicrobial-sensitive or ESBL-producing F. coli in nutrient broth in vitro. A follow up
experiment of growing E. coli in the presence of supernatant from C. amalonaticus (and
other Clitrobacter) could be performed to confirm the absence of microcins, as this would
not be confounded with the effects that FE. coli may have on the growth of C.
amalonaticus. There are many metabolic process and host-bacterial interactions that
occur in vivo, for example the production of immunomodulatory molecules like SCFAs
[67], tryptophan |71] or secondary bile acids [69], that were not considered in the in vitro
experiment. Considering these points, we conclude that C. amalonaticus does not
directly inhibit the growth of FE. coli through the use of targeted molecules like
microcins, but as there were many metabolic process left unexplored there is potential
for further experiments. An interesting result to note, however, is that one of the E. coli
isolates from phylogroup A was by far the least able to outcompete C. amalonaticus.
Discussed further below, members of phylogroup A were the most frequently acquired FE.
coli strains during international travel. If in vivo the strains of Citrobacter are able to
compete with FE. coli, this may explain how Clitrobacter is positively associated with
travellers who remain uncolonised by ESBL-E in Chapter 2 as the acquired strains of

E. coli are the easiest to outcompete.
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5.3 How ESBL-E interacts with commensal E. col:

It was interesting to note that in Chapter 2, we did not detect a significant change in
relative abundance of E. coli during travel, regardless of ESBL-E acquisition, suggesting
that invading E. coli have the ability to displace commensal E. coli. A study on the
metagenomes from 22 independent cohorts of FMT recipients shows a large amount of
variability in strain displacement, and that this occurs in a strain-specific manner [250].
Many species, typically the common commensals, frequently showed a donor-recipient
strain coexistence, whereas other species showed either a donor or recipient dominance
with less frequent coexistence. The outcomes of E. coli were not summarised due to a
lack in statistical power, but this supports the idea of invading F. coli interacting with
resident F. coli. Strain displacement is a promising avenue for decolonisation of ESBL-E
as a preliminary study on the effect of FMT on ESBL-E found a reduction in its
abundance and the total amount of ESBL genes [251]. Although the current literature
has a strong focus on entire gut microbiome replacement, research into how individual

species may interact is still warranted.

In Chapter 4, we describe the commensal population of E. coli and show how
there is a clear temporal change to the detected strains. The commensal population
consisted of predominantly phylogroups A and B2 which, even though phylogroup B2 is
most frequently detected in extra-intestinal infections [101, 102], was consistent with the
limited literature that focused on commensal populations of E. coli in wealthy countries
[218, 223, 228|. However, we show that during travel there is a clear temporal shift to
the FE. coli phylogenetic distribution towards phylogroups A and Bl. Studies on
commensal F. coli in low- and middle-income countries (LMICs) are very limited, but a
high proportion of phylogroups A and Bl have been found in both Mali and Benin in

West Africa [229]. If other LMICs were to contain a similar proportion of phylogroups,
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it could explain the shift we detected in the travellers. Our results indicate that the
invading F. coli frequently displace commensal E. coli but not in a discernible way

between MDR and non-MDR E. cols.

Invading E. coli employ virulence mechanisms to overcome resident bacteria and
host defences in order to colonise [78|. In Chapter 4, we investigated whether invading
ESBL-producing FE. coli possessed more virulence genes that potentially contribute to
their displacement of commensal E. coli. Interestingly, we found that post-travel E. coli
had significantly fewer virulence genes than pre-travel E. coli, independently of ESBL-E
acquisition. In a study tracking commensal E. coli in a Parisian population between
1980 and 2010, an increase in virulence potential was attributed to both an increase in
STs of phylogroup B2, which typically contains more virulence genes [223], and in
virulence gene frequency independently of ST frequency [228]. We determined that this
significant reduction in virulence is attributed to the temporal loss of phylogroups B2
and D as these contained significantly more virulence genes than phylogroups A and B1.
The interpretability is limited, however, by the virulence factor database containing bias
towards annotating genes that are required for long term colonisation as virulence genes,
which, when calculating gene count, are indistinguishable from genes actually involved
in strain-strain competition. Only 10 travellers used antibiotics during travel, so there is
no selecting pressure for E. coli harbouring AMR genes that could explain the strain
displacement. As it is seemingly not dependent on total number of virulence genes,
further analyses should be carried out to determine what traits invading ESBL-E
possess that allow them to displace resident strains, for example pangenomic analysis to
identify genes that cluster strongly with invading FE. coli and not in the strains that

were displaced.
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5.4 Future perspectives

Presented in this thesis is an implementation of WMGS in the study of the gut
microbiome and its role in the acquisition of AMR during international travel. Despite
the foundation of this thesis being a study with one of the most comprehensive traveller
gut microbiome data sets, there are still many unanswered questions surrounding

microbiome data analysis.

With the increased accessibility to generating sequencing data, traveller study
designs must better capture how dynamic a microbiome can be on a day to day basis.
Sampling during travel ensures that we do not disregard transient microorganisms,
especially as these still have the capability to transmit their AMR genetic material to
the resident members of the gut microbiome. Additionally, colonisation resistance to
invading pathogens may not always come in the form of total exclusion, but rather a
speedy decolonisation triggered by the commensal microbiome, and without consistent
sampling these relevant interactions may be missed. In this thesis, the acquisition of
ESBL-E is strongly associated with the onset of travellers’ diarrhoea, but further
sampling during travel could clarify the order in which this occurs. Understanding how
frequently ESBL-E elicits an immune response in the healthy intestinal tract, or simply
takes advantage of the already inflamed environment could, for example, be used to
alter guidance towards traveller behaviour or discover if some gut microbiomes are more

resilient to diarrhoea and in turn protected against ESBL-E colonisation.

The future of metagenomics research is bright, especially with the introduction of
new, accessible sequencing technologies like long-read sequencing. Long-read sequencing

allows for an easier construction of genomes from a metagenomic sample, which can help
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increase the resolution to which microbiomes are typically analysed. Our findings in
chapter 4 exemplify a high level of variation within a single species and that these
strains correlate with travel, yet current metagenomics research, due to technical
limitations, typically predict the quantity of the entire species. Combining short-read
and long-read sequencing to produce high quality genomes of individual strains will
shape the future of microbiome research by improving taxonomic identification and
better recognising dynamics like strain replacement. A challenge for future research,
however, is to keep up the momentum in software for accurate bioinformatics analysis.
Statistically analysing microbiome data is notoriously complicated, so new tools must

consider the inherent complexity.

Comprehensive microbiome research needs to expand further than metagenomics
alone. The complexity of a microbiome is more than just the presence of
microorganisms, which is why efforts to integrate metagenomics, transcriptomics and
metabolomics are pivotal to the field. Standardising the processes in which these data
are produced would harmonise research across institutes, allowing for comparability and
meta-analyses. The sheer complexity of the gut microbiome means that discovering a
species’ role in an environment is not easily replicated in the laboratory, but a
multi-omics approach may pinpoint genes of interest and metabolic pathways that lead
to the observed phenotype. The interplay between a single species and the entire gut
microbiome means that discovering its role may, in practice, be difficult to replicate due
to the exponential knock on effects, but a multi-omics approach would better
understand its central role and allow researchers to correctly manipulate the gut

microbiome to protect against invasion from pathogenic bacteria.

As the world moves to a more connected and interdependent place, the rates at
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which international travellers contribute to the spread of AMR will continually rise. We
must urgently minimise the global transmission of AMR in order to ensure the clinical
use of current antibiotics. The research in this thesis highlights a potential avenue in
which to achieve this — colonisation resistance against the acquisition of ESBL-E. We
have shown that this is not clearly achievable via the gut microbiome in its entirety,
rather individual species that are similar to the invading species. As the technologies
involved in microbiome research improve, new targets for interventions to alter one’s
susceptibility to invading pathogens may be discovered. However, due to the sheer
complexity of the gut microbiome, the amount of sampling must be scaled up to
incorporate how dynamic the host-bacteria and bacteria-bacteria interactions are on a

day by day basis.
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Appendix

Supplementary data from the published version [252] of Chapter 2 is available at
https://doi.org/10.1080/19490976.2022.2060676 and further directions are given below
in Table A.1.

Table A.1: Location of Chapter 2 supplementary data

Feature statistics Supplementary table
Species richness 1
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Effective Shannon

Bray Curtis distance
Bacteroides

taxonomic classification

w DN —| —

Table A.2: Description of F. coli MAG phylogenetic identification

Traveller | Time Phylogroup | Closest ST Closest

ID Point Branch Branch ST
Phylogroup

R301633 Post-travel | A A 4 -

R102767 Post-travel | - A 10 -
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R200574 | Post-travel B2 - 12

R201940 | Post-travel B2 - 131

R200929 | Pre-travel F - Unclear

R201463 | Pre-travel F - Unclear

R101093 | Post-travel F - 648

R101984 | Pre-travel Unclear - Unclear

R200375 | Post-travel D - 38

R200247 | Post-travel A - 716

R300140 | Post-travel A - Unclear

R200218 | Post-travel Bl - Unclear

R200734 | Post-travel Unclear - Unclear

Table A.3: Description of E. coli MAG MLST alleles
Traveller| Time | Closest adk | fumc | gyrB | icd mdh | purA | recA
ID Point | Branch Allele| Allelel Allele| Allele| Allele| Allelel Allele
ST

R301633 | Post - 6 5 4 8 8 8 2
R102767 | Post - 10 11 4 8 8 8 2
R100887 | Post - 10 11 4 8 8 8 2
R100889 | Post - 10 11 4 8 8 8 2
R101285 | Post - 10 11 4 8 8 8 2
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Appendix One

Addendum

A.1 Impact

Antimicrobial resistance is recognised as one of the largest current threats to global
health. Many Low- and Middle-income countries contain a high degree of AMR bacteria
amongst their populations which, alongside the increase in globalisation throughout the
years, has contributed to an exceptional rate of transmission between countries. This is
especially problematic with ESBL-E which is recognised as one of the predominant
highly virulent and AMR pathogens that plague the world. Meanwhile, there is an
upwards trend in the amount of focus that the gut microbiome receives from the
scientific community as research discovers the many links it has with human health. A
known role of the gut microbiome is in creating a colonisation resistance to invading
species, but the sheer complexity behind the number of interactions between
microorganisms and the host has meant that it is still a field of research with an
unquantifiable potential. This research in this thesis aims to better link these two fields
and explain how involved the gut microbiome is with the acquisition of AMR bacteria

during travel to Low- and Middle-income countries.
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The ability to predict the risk of acquiring AMR internationally could aid how
guidance is provided to travellers before travel, especially high-risk individuals, in order
to minimise the transmission of AMR bacteria. In this thesis, we first studied the
impact that the pre-travel gut microbiome content has on the predisposition to
acquiring ESBL-E. Our findings show that the microbiome structure and composition
are measurements that are either too insignificant with the acquisition of ESBL-E, or
too imprecise in making a solid prediction. As this thesis highlights that the bacterial
population alone does not distinguish into a protective 'type’ of microbiome, there is a
need for additional omics analyses of the bacterial transcription or metabolic profiles.
These results are the foundation to this field, but with further analyses, the guidance
offered to travellers can be updated to incorporate the healthiest behaviours for one’s

gut microbiome.

How the gut microbiome is altered in healthy people during invasion of ESBL-E
highlights the ways in which some travellers are seemingly resistant to colonisation.
Results outlined in this thesis show how acquiring ESBL-E seemingly has little effect on
the gut microbiome as a whole, instead the onset of travellers diarrhoea is the most
significant perturbation. The large, longitudinal data set used in this study allowed us
to carry out robust statistics which are lacking from this field of research, meaning that
other research can refer to these results or access the sequencing data that was made
publicly available. This thesis explores methods that can be utilised in future research
on the pre-travel risk of developing diarrhoea. There is therefore a high potential to
discover a gut microbiome structure or composition that is more resilient to diarrhoeal
perturbation, and in turn resilient to ESBL-E taking advantage of an inflamed

environment.  Especially with the increased potential behind faecal microbiome
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transplantation, discovering a protective microbiome would lead to intervention
strategies that minimise transmission of AMR bacteria, and the research in this thesis

helps focus future research in this field.

Finally, we increased the resolution on the gut microbiome and focussed on the
relationship that individual species have with ESBL-E during travel. Until the work in
this thesis, this area of research remained understudied due to the lack of species-level
technologies and sufficient number of samples. The outcome from this research
highlights that members of Bacteroidaceae or other members of Enterobacteriaceae are
potential targets of probiotic research against ESBL-E. We also discovered how the FE.
coli population itself is very dynamic in a travel-dependent manner and this provides
strong leads for future research to better understand how this may be utilised to

counteract the acquisition of ESBL-E.

To conclude, this thesis contributes to the field of research on the gut microbiome
during travel by explaining the roles, of lack thereof, that the gut microbiome or its
individual components play in the acquisition of ESBL-E. The results provide the
groundwork for various future research endeavours, but also emphasise the need to
increase the resolution of the analysis technology and to incorporate more components
of the gut microbiome, in order to fully understand how to exploit this to prevent the

spread of AMR.
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