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Summary

An estimated 50% of all people carry the stomach bacterium Helicobacter pylori (H.
pylori). This organism is responsible for gastric problems like gastritis and gastric
ulcers, and is one of the major causes of gastric cancer worldwide. Large numbers of
people carry this organism asymptomatically and many questions remain about why
serious symptoms develop in a subset of infected humans.

These extremely recombinant bacteria may take different evolutionary trajectories in
different people, and some genomic changes may be associated with gastric cancer.
To test this, and learn more about the genetics of cancer-associated H. pylori, different
approaches were used.

First, evolution of H. pylori populations was investigated looking at both core and
accessory genomes and revealed traces of the long and complex history of the
Americas in the bacterial genomes, as well as a similar evolution in core and
accessory genome. This was the first time accessory genome of H. pylori was studied
that way. Secondly, evolution occurring in the bacterial genome during colonisation
of a single host was studied in mice model. This analysis revealed small changes
during the passage from a human host to a mice host, and during the long-term
colonisation of mice stomach. Then a Genome Wide Association Study (GWAS)
approach was applied to a large isolate collection sampled across Europe comprising
strains isolated from cancer patients and strains from asymptomatic or gastritis-
suffering patients. This approach identified 11 polymorphisms in 9 genes (3 cagPAl
genes, babA, hpaA, 1 outer membrane protein coding gene HP1055 and 3 other core
genes (HP0747, HP0O709 and HP0468) associated with cancer and a preliminary risk
score was built to identify high risk strains. Finally, variations observed among
clinical isolates of H. pylori from European patients with different pathologies in
terms of motility and ability to trigger cytokine production in two types of cells were
quantified. Motility variations were not associated with the disease type, but a link
was observed for cytokine production. This was compared to genomic variations,
confirming the role of known genomic factors such as cagPAI genes and sheding light
to possible functions of a number of new genes.
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1 Introduction

1.1 The human stomach

The gastrointestinal system is a complex interplay of organs allowing digestion and
absorption of ingested food and liquids. The stomach is part of this system, and one of
its functions is to regulate acid secretion to maintain sterilisation of ingested nutrients
(Smolka and Schubert 2017).

1.1.1 Anatomy
The stomach is divided into 5 regions: The cardia which corresponds to the entrance
of the stomach, the pylorus which is the exit of the stomach, and three areas inside

named fundus, corpus (body) and antrum (Figure 1.1).

\
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Figure 1.1 Normal anatomy of the human stomach

The fundus and corpus are acidic environments, due to the presence of acid-secreting
glands. The epithelium of the antrum, on the other hand, produces alkaline secretions
(Soybel 2005). The entire stomach is richly vascularized and comprises several layers
of tissue. The inner lining is the mucosa (mucous membrane). Under this layer is the
submucosa, composed of connective tissue. Below this there is a muscle layer called
the muscularis propria (or muscularis externa). Finally, the serosa (or visceral
peritoneum) is the fibrous membrane covering the outside of the stomach (“Canadian
Cancer Society” 2017; Soybel 2005).






1.1.2 Physiology

Stomach physiology has three main functions. First function is to store food, for at
least 2 hours. The specificities of the gastroesophageal junction and pylorus make this
possible. Second function is to mix and mechanically breakdown food. This is
achieved through contraction and relaxation of the muscle layers of the stomach.
Finally, and maybe the most important function of the stomach is food digestion. This
last function is largely dependent on the specificities of the gastric mucosa, which
contain specialized cells and glands producing hydrochloric acid and digestive
enzymes (“Canadian Cancer Society” 2017). The gastric mucosa can be divided into
two main regions: acid-secreting and non-acid secreting. The corpus and fundus are
acid- and pepsinogen-secreting, whereas the antrum is alkaline-secreting (Soybel
2005). The gastric lumen transports gastric juice (pH 1-2) during fasting periods. The
surface epithelium, present in both the antrum and the corpus/fundus regions, secretes
a mucus layer. The pH is around 5 to 6 inside this mucous layer, in contact with the
epithelial cell surface (Quigley and Turnberg 1987; Talley et al. 1992). These less
acidic conditions protect the gastric epithelium but also make it more suitable for

bacterial colonisation.

1.1.3 Stomach microbiome

Numerous properties combine to limit bacterial growth in the stomach. Acidity and
non-specific proteases are one of the main antibacterial properties of the stomach, but
others exist. Bacterial growth is also inhibited by lactoferrin, antibacterial peptides
such as LL-37, B-defensins 1 and 2 and components of gastric mucin and bile acids.
Degradation of peptidoglycan, which is a cell-wall component of many bacteria, is
achieved through the surfactant protein D (Algood and Cover 2006). Most ingested
bacteria are killed in the stomach, but it is never entirely sterile. The mucus layer
provides protection and an opportunity for survival. The microorganisms found in the
stomach include those that colonise it, and those that pass through the gastric niche.
The first organism discovered in the human stomach was Helicobacter pylori (H.
pylori), then named Pyloric campylobacter (B. Marshall and Warren 1984). The three
other genera dominating a normal acidic stomach free of H. pylori are Veillonella,

Lactobacillus and Clostridium. There are, however, various organisms that are more



difficult to culture in the laboratory, and 16S rRNA sequencing has revealed more
diverse genera (128 phylotypes) (Engstrand and Lindberg 2013; Bik et al. 2006).

1.1.4 Gastric Disorders and Gastric Cancer

Disturbance of stomach functions can be of many different types, and signs can range
from slight discomfort to serious complications leading to death. Many gastric
diseases in humans are associated with infection by H. pylori (Testerman and Morris
2014). Even though the signs observed in gastric disorders and diseases are usually
similar, there is a wide diversity of symptoms that can be used to diagnose stomach
diseases, ranging from asymptomatic gastritis (in more than 80% of infected
population) to peptic ulcers (about 15%), gastric mucosa-associated lymphoid tissue
(MALT) lymphoma (less than 0.5%) and gastric cancer (GC) (0.5-2%) (Figure 1.2)
(John C. Atherton 2006; Sgouros and Bergele 2006).
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. . gastritis
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Figure 1.2 Flowchart of the different outcomes of H. pylori infection and
their link to age and acid production.

Adapted from (Chung et al. 2005). Large red arrows represent the main
outcome for each step.



The nature of signs and symptoms depends on numerous factors, including age and
pH (Figure 1.2). For instance, a stomach with high acid production will favour the
generation of duodenal ulcers or MALT lymphoma, whereas a less acidic

environment will more likely lead to gastric ulcers or GC (Chung et al. 2005).

1.1.4.1 Gastritis

In most cases, gastritis, which is an inflammation of the stomach, is the first and only
pathologic outcome resulting from an H. pylori infection. More than 80% of people
infected with H. pylori will only get asymptomatic chronic gastritis, and about 80% of
chronic gastritis cases are linked to the presence of H. pylori (Nordenstedt et al.
2013). Gastritis can evolve into different stages or move towards more serious issues.
Types of gastritis encountered include superficial gastritis (close to asymptomatic),
diffuse antral gastritis, postgastrectomy (reflux) gastritis, diffuse corporal atrophic
gastritis and multifocal atrophic gastritis (Correa 1988). The last two stages of

gastritis are considered pre-cancerous stages, as they are often linked to IM.

Figure 1.3: Image enhanced endoscopy of the gastric mucosa.

Adapted from (Sugano et al. 2015). (A) Narrow band imaging of the gastric
mucosa. (B) Blue laser imaging of the gastric mucosa. H. pylori negative
mucosa is shown on the left side images. H. pylori-infected mucosa with
inflammation is shown on the central images. Intestinal metaplasia is shown
on the right side images.

Classifications of gastritis (Capelle et al. 2010; Sipponen and Price 2011) are often

inconsistent, as the information given by available classifications is not very useful to



clinicians (Sugano et al. 2015). The Operative Link for Gastritis Assessment (OLGA)
is a classification of gastritis based on atrophy score and topography (Rugge et al.
2007). However, conventional endoscopy does not allow the diagnosis of atrophy and
IM with certainty (Sugano et al. 2015). New techniques such as image-enhanced
endoscopy are now available to achieve this classification (Figure 1.3). In general, a

non-atrophic gastritis (NAG) is close to asymptomatic.

1.1.4.2 Peptic ulcers

Peptic ulcer is a non-fatal disease linked to gastritis. Peptic ulcer can be divided into
two types of ulcer; duodenal or gastric (Figure 1.4), duodenal ulcers being more
prevalent than gastric cancer in most countries (Calam 1998).

Gastric ulcer Duodenal ulcer

Figure 1.4: Endoscopic images of gastric ulcer and duodenal ulcer with
positions from which the pictures were taken.
Adapted from (“TabletsManual.com” 2017).

Antral-predominant gastritis is associated with duodenal ulcer, whereas pangastritis is
associated with gastric ulcer (Hwang et al. 2015; Lanas and Chan 2017). More than
90% of patients with dudodenal ulcer and 58-94% of patients with gastric ulcer are
infected with H. pylori (Calam 1998),

1.1.4.3 Gastric cancer

Incidence rates are decreasing, but remain high. 9% (723,000 deaths) of all cancer
deaths were due to gastric cancer (GC) in the world in 2012 (Stewart and Wild 2014),
and 3% in the UK in 2014 (Cancer Research UK 2017b). Large geographical




disparities are observed both in terms of incidence and mortality (Stewart and Wild
2014). The survival rate is extremely poor, with 26% of 5-year survival rate in the
USA between 1999 and 2005 (Jemal et al. 2010), and 20% in England and Wales
(“Cancer Research UK 2017c¢). GC is associated with chronic gastritis resulting in a
very low acid secretion, and can be an evolution of a gastric ulcer (Hwang et al.
2015). GC can be split into two types: adenocarcinomas (90% of the GC cases) and
non-adenocarcinomas (Kelley and Duggan 2003). Only 0.42 to 5.4% of all gastric
cancer cases are Helicobacter pylori negative (Yamamoto et al. 2015).

Non-adenocarcinoma  cancers include  non-Hodgkin’s  lymphomas  and
leiomyosarcomas which make up almost 10% of GC cases, and more rare diseases
and syndromes such as adenosquamous, squamous and undifferentiated carcinomas,
choriocarcinomas, carcinoid tumors, rhabdomyosarcomas, hemangiopericytomas, and
Kaposi’s sarcoma (Kelley and Duggan 2003). Most non-adenocarcinoma cancers are
rare and not associated with bacterial infection, and therefore will not be discussed
further in this thesis. The only non-adenocarcinoma cancer discussed in this thesis is
gastric MALT lymphoma (ML), which is associated with bacterial infection in 90%
of the cases (Asano et al. 2015). The first description of ML was made in 1983
(Isaacson and Wright 1983; Son et al. 2010). ML can affect different organs, but our
interest will focus on gastric ML. It is a tumor occurring in the stomach, a sub-type of
non-Hodgkin’s lymphoma (Cohen et al. 2006). ML is less prevalent than GC,
representing only 7.6% of non-Hodgkin’s lymphoma cases (“A Clinical Evaluation of
the International Lymphoma Study Group Classification of Non-Hodgkin’s
Lymphoma. The Non-Hodgkin’s Lymphoma Classification Project.” 1997).



Adapted from (Piazuelo and Correa 2013). Three different tumors of
intestinal type are shown in panel A, B and C. Mucinous adenocarcinoma
shown in panel D. Two types of tumors of diffuse type in panel E and F.

Histologically, adenocarcinoma can be divided into diffuse (Figure 1.5E-F) and
intestinal sub-types (Figure 1.5A-C), and more rarely mucinous (Figure 1.5D),
according to the Lauren classification (Hu et al. 2012). Clinically, two staging
systems are currently used in the UK: a number system and the tumor, nodes and
metastasis (TNM) system (“Cancer Research UK” 2017a). The intestinal subtype
predominates in high-risk areas of GC, usually in individuals between 55 and 80 years
old, and is more common in males. It is characterized by malignant epithelial cells
that show cohesiveness and glandular differentiation and that are infiltrating the
stroma (Figure 1.5A-C) preceded by a well-described sequence of histological lesions

known as Correa’s cascade (Figure 1.6).



Figure 1.6: Correa’s precancerous cascade (HE stain).

Adapted from (Piazuelo and Correa 2013). A. Normal gastric mucosa
(magnification x100). B. Nonatrophic chronic gastritis (magnification x100).
C. Multifocal atrophic gastritis without intestinal metaplasia (magnification
x100). D. Intestinal metaplasia, complete type (magnification x200). E.
Intestinal metaplasia, incomplete type (magnification x200). F. Dysplasia
(magnification x200).

The diffuse type is often found in younger patients compared to the intestinal type and
is not depending on sex. It is composed of discohesive cells that infiltrate the stroma
(Figure 1.5E-F). Adenocarcinoma can also be described based on the localisation in

the stomach, dividing GC into cardia and non-cardia types.

1.1.4.4 Predisposing factors

The development of a disease is usually due to interplay of genetic, environmental
and other factors, such as sex and age. This is the case for gastric cancer.

1.1.4.4.1 Genetic factors

A family history of gastric cancer (GC) is a risk factor, as illustrated through the
famous example of Napoleon Bonaparte (M.-G. Smith et al. 2006; Woolf and
Isaacson 1961). It is difficult to be certain of the causes of his GC. H. pylori infection



may have played a role (Lugli et al. 2007), but there is also speculation of a genetic
predisposition (Sokoloff 1938).

The role of mutations in the E-cadherin (encoded by CDH-1) is known in the potential
development of GC (Becker et al. 1994; Guilford et al. 1998; Carneiro 2012), and is
hereditary. Mutations in the CDH-1 gene occur preferably in 50% of diffuse type
adenocarinomas (M.-G. Smith et al. 2006). This is also the case for a polymorphism
in the interleukin 1B (IL-1 B) gene (E M EI-Omar 2001), with odds ratios of 1.6 or 2.9
for polymorphisms in this gene (M.-G. Smith et al. 2006) and in the tumor-necrosis
factor oo (TNF-a) gene, with a specific SNP significantly associated with an increased
risk of gastric cancer (Yang et al. 2009). Specific combinations of genetic
polymorphisms in both TNF-o and IL-10 increased the risk of non-cardia gastric
adenocarcinoma with odd ratios up to 27.3 (Emad M EI-Omar et al. 2003).

1.1.4.4.2 Environmental factors

Previous dogma suggested that salty and spicy food were responsible for gastric
ulcers and other gastric disorders. The effect of salt has been confirmed, together with
other preservatives such as nitrate (Joossens et al. 1996). Salt intake increases the risk
for gastric cancer by 1.68 (high consumption) or 1.41 (moderately high consumption)
compared to low consumption (D’Elia et al. 2012). However, spicy food is more
likely to have an indirect effect through the acidity variations in the stomach provoked
by such nutrients. Consuming alcohol is also increasing the risk for gastric cancer,
with an odds ratio of 1.39 (Ma et al. 2017). Current smokers are more likely to
develop gastric cancer, with an odds ratio of 1.69 compared to never smokers (La
Torre et al. 2009)

1.1.4.4.3 Other predisposing factors

The main factor involved in development of gastric cancer (GC) is a bacterial
infection with Helicobacter pylori. The risk of developing a GC is thought to be
increased 2-6 fold when the patient is infected with H. pylori (Ford et al. 2014).
According to a recent review, 89% of non-cardia GC cases are attributable to H.
pylori infection (Plummer et al. 2015).

As in most cancers, age is also an important risk factor (J. Christie et al. 1997), with
most cancer cases observed between 50 and 70 year-old, and only 15% of the cases



affecting adults of less than 41 year-old (T. Buffart et al. 2007). Risks are increasing
faster in female populations than in male populations in some areas (W. Chen et al.
2016). However, the incidence remains globally higher in men (Ferlay et al. 2015;
Olbermann et al. 2010). Epstein-Barr virus is also a cause in the tumorigenesis of

some cases of GC (Camargo et al. 2016; lizasa et al. 2012).

1.2 Helicobacter pylori (H. pylori)

H. pylori is a pathogenic Gram-negative microorganism infecting around half of the
world’s population (Peek and Blaser 2002). Its niche is the human stomach, and it was
classified as a group | carcinogen by the International Agency for Research on Cancer
in 1994 (IARC 1994). The origins of the association between H. pylori and the human
species is thought to be at least 100,000 years (Moodley et al. 2012) before the human

migration from the African cradle (Linz et al. 2007).

1.2.1 Epidemiology

Figure 1.7: Prevalence of H. pylori infection in adult populations in the
world.
This figure was made using data found in www.worldgastroenterology.org

(consulted on 20/02/2017) in a global guideline published in 2010 on
Helicobacter pylori in developing countries (World Gastroenterology
Organisation Global Guidelines 2010). High prevalence of more than 90%
(all of Africa and Bengladesh) is highlighted in red. Medium prevalence,
between 50% and 90% is highlighted in yellow. Low prevalence of less than
50% (Western Europe, USA, Canada and Australia) is highlighted in green.
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The prevalence of H. pylori varies geographically with a global average of about 50%
(Parsonnet 1998; Taylor and Blaser 1991). Around 74% of people in developing
countries and 58% in developed countries carry H. pylori (Figure 1.7) (World
Gastroenterology Organisation Global Guidelines 2010).

It is usually acquired in childhood, and the microorganism colonises the stomach for
years before provoking any symptoms. Moreover, even though chronic H. pylori
infection is very frequent, up to 80% of carriers will never present any symptoms (M.
J. Blaser and Atherton 2004; Dooley et al. 1989; Algood and Cover 2006).

1.2.2 Characteristics of H. pylori

H. pylori is a highly motile bacterium with a spiral or curved morphology and
efficient flagella (Figure 1.8) (B. Marshall and Warren 1984).

$4800 0.5kV 7.9mm x25.0k SE(U)
Figure 1.8: SEM image of H. pylori.

This image was taken on a Hitachi S4800 Scanning electron Microscope
under conditions of 0.5k V for accelerating voltage with 10pA of current.
Aperture was 2um for a working distance of 8 um, and the detector used was
secondary emission upper. This image was shared by Dr Llinos Harris.

Colonies on agar plates are small, round and translucent. The laboratory conditions
for growth of H. pylori are reduced oxygen and rich media. H. pylori is associated
with human disease, with hazard of ingestion, and was therefore classified as a BSL-2
(biosafety level 2) pathogen. Because of this, important rules regarding hygiene and

safety are applied while culturing this microorganism (Blanchard and Nedrud 2012).
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1.2.3 H. pylori niche

H. pylori can grow at a pH ~5.1, which is the pH of the gastric content immediately
after food ingestion (Rhee, Park, and Cho 2014). The bacterium can therefore resist
these acidic conditions when ingested with food, allowing it to colonise the host’s
stomach. H. pylori is one of the few microorganisms that can thrive in the human
stomach (Bik et al. 2006). Laboratory strains of H. pylori obtained from humans can
be adapted to colonise other species, but it is very rare to find it naturally in non-
human hosts. Other species of Helicobacter specialise in colonisation of other
animals, but H. pylori is naturally found almost exclusively in humans. The
composition of the gastric microbiota evolves alongside the H. pylori colonisation
level and the acidic production of the stomach, with a reduced diversity in H. pylori
positive stomachs due to the strong dominance of H. pylori in the population
(Wroblewski and Peek 2016; Andersson et al. 2008), and disease develops following

colonisation.

1.2.4 Diagnosis of H. pylori infection

Diagnostic methods for H. pylori infection can be divided into two categories:
invasive and noninvasive. A large number of diagnostic tests have been developed but
there is currently no gold standard based on a single test. A combination of culture
and histopathological analysis, both obtained from biopsy samples, is an accepted
standard in clinics (Cosgun et al. 2016).

Invasive methods include culture (sensitivity between 55% and 56% and specificity of
100%), rapid urease test (sensitivity over 75% and specificity over 84%), polymerase
chain reaction (PCR) (sensitivity over 75% and specificity over 84%), fluorescence in
situ hybridization (FISH) and histopathology (sensitivity over 66% and specificity
over 94%) (S. K. Patel et al. 2014). All these methods require an endoscopy. Culture
from human gastric biopsies is useful for testing antibiotic resistance and choose the
correct treatment, but it is not usable for detection, as only 50 to 70% of infected
biopsies will be detected as positive in culture, resulting in poor sensitivity (Loffeld et
al. 1991). PCR-based methods and rapid urease test appear as the best alternatives for
detection of H. pylori among invasive methods. The rapid urease test presents the
advantages of a low cost and a fast diagnosis. However the influence of the bacterial

density can affect the sensitivity (Nishikawa et al. 2000). Noninvasive methods
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include urea-breath tests (sensitivity over 75% and specificity over 77%), whole blood
serological tests through Immuno-globulin G enzyme-linked immunosorbent assay
(ELISA) or finger-prick (World Gastroenterology Organisation Global Guidelines
2010) (sensitivity of 85% and specificity of 79%) (Rao et al. 2001), stool antigen test
(SAT) (sensitivity over 67% and specificity over 65%) (S. K. Patel et al. 2014). Urea-
breath test and serological tests are good noninvasive tests with high sensitivity but
the specificity is below the specificity obtained with invasive tests (Cosgun et al.
2016; Xie et al. 2009). Moreover, urea-breath test can not be used if the patient
received antibiotics or bismuth during the month preceding the test.

Verified infection with H. pylori leads to a choice of empirically prescribed
treatments, which vary according to the geographic region, the prevalence of H. pylori
infection, the presence of certain virulence factors, and resistance to antibiotics. Often
a general approach of a proton pump inhibitor, a macrolide and a B-lactam for 7-10

days initiates therapy.

1.2.5 Treatment of H. pylori infection

The current guidelines state that an infection must be dealt with as soon as it is
detected (Malfertheiner et al. 2017). The standard treatment has been, for the last two
decades, triple therapies combining proton pump inhibitors (PPI), amoxicillin and
clarithromycin or metronidazole. Eradication rates were originally high (>90% during
the 90’s), but they decreased during the following years, falling to lower than 70%
(C.-C. Huang et al. 2017). This failure is caused by a worldwide increase of resistance
to clarithromycin. Alternative strategies have therefore been proposed to overcome
this resistance issue, such as quadruple therapy combining PPI, bismuth and two
antibiotics (C.-C. Huang et al. 2017). A vaccine would be an efficient solution to
prevent and reduce this global burden. However, there is none available yet, and an
effective vaccine must protect despite the high variability of strains. Recently, a
promising vaccine trial was completed in China (Zeng et al. 2015). The prophylactic
vaccine tested in phase 3 was based on urease B subunit fused with heat-labile
enterotoxin B subunit. Results showed that this vaccine was effective, safe and
immunogenic, but the cohort was limited to a single geographic region and longer
follow-up would be required to link the vaccine with H. pylori related disease
incidence. Development of this vaccine has been discontinued. Increased global
efforts are needed to build on these results (P. Sutton and Boag 2018).
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1.2.6 H. pylori pathogenesis

Despite the majority of cases being asymptomatic, a wide diversity of disease
symptoms are caused by H. pylori (Peek and Blaser 2002; Algood and Cover 2006;
M. J. Blaser and Atherton 2004), amongst them gastric cancer (GC). The causal link
between H. pylori and GC is strong, according to the Bradford Hill criteria (Bradford
Hill 1965). H. pylori’s ability to provoke symptoms in its human host is a complex
system involving interactions between the bacteria, its host and the environment. This
thesis focuses mainly on the bacterial aspects. H. pylori virulence and pathogenicity
factors have been a major research interest since the organism’s discovery in 1984 (B.
Marshall and Warren 1984) with the addition of H. pylori virulence factors to a
virulence factor database (Table 1.1). However, those listed are only the virulence
factors of Helicobacter pylori with supporting evidence for their role in virulence.
Many others may exist, and to date may be genes with ‘unknown function’.

The review of H. pylori pathogenesis is organised into the major processes involved
during interaction with the host: colonisation, motility, adhesion, cell vacuolation,

cytotoxicity, inflammation and evasion from the host immune system (Figure 1.9).
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immune system
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Buffering of
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vacuolation

|:| Related to hostimmune system

Related to environment
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Figure 1.9: Summary of virulence factors linked to H. pylori
pathogenesis.
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Table 1.1: Main virulence factors in H. pylori and genes associated.
This table is based on the Virulence Factors Database (VFDB 2017) consulted on 31/07/2017.

Virulence
Process factors Full name / description Related genes
BabA blood group antigen binding adhesin babA/hopS ; babB/hor
Adhesion HopZ H.pylori outer membrane protein hopZ
SabA sialic acid-binding adhesin sabA/hopP
Inflammatory activity
Evasion from host immune system LPS Lipopolysaccharide gluE; gluP; kdtB; IpxB
Adhesion
Buffering of gastric acid Urease Urease ureA; ureB; ureE; urel
Evasion from host immune system al;ﬁ;gésn Lewis antigen futA; futB; neuA/fimD;
Motility Flagella Flagella flaA;flaB; flgE_1
Inflammatory activit HP-NAP | neutrophil activating protein napA
y y OipA outer inflammatory protein hopH
cagl; cag?; cag3; cagl
- - cagN; cagP; cagQ); ca
Cytotoxicity T4SS Type IV secretion system VirB11: virB2/cagC; v
virB7/cagT; virB8/cag
Cell vacuolation VacA vacuolating cytotoxin A vacA
Cytotoxicity CagA cytotoxin-associated antigen cagA




1.2.6.1 Colonisation

The first stage of H. pylori infection involves colonisation of the stomach. This
environment is too harsh for most bacteria to colonise, but the mucus can be a shield
for H. pylori, protecting the bacteria from acidic juice and host defense factors. The
process of colonisation of the stomach by H. pylori requires three functions: motility,
adhesion and buffering of gastric acid (Figure 1.10). These three functions will be

described individually in the following subsections.
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b
furgenes Neutralise gastric
acid
Bufferingof‘* Ammonia
gastric acid productio Related to environment

* Directly related to pathogenicity

Figure 1.10: Overview of virulence factors involved in H. pylori
colonisation of the stomach.

1.2.6.1.1 Motility

In H. pylori, motility is facilitated by three different functions: flagella, chemotaxis
(tlpB and HP1043) and manipulation of the mucus layer viscosity surrounding the
micro-organism (nixA, Urease operons). The helical shape of H. pylori is thought to
enhance motility, and consequently aids the bacteria in penetrating the gastric mucus
layer. In addition, H. pylori possess flagella (usually 4 to 6 per bacteria), which are
essential for colonisation (Eaton et al. 1996). Only 3 genes linked to motility are
described in H. pylori in the Virulence Factors database (VFdb) (VFDB 2017): flaA,
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flaB and flge_1. Specifically, flaA encodes for the major flagellin, composing the
filaments in pair with the minor flagellin encoded by flaB. The flgE_1 gene encodes
for the hook proteins. However, motility is complex and further important genes are
found in the literature (O'Toole, Lane, and Porwollik 2000). For instance, rpoD, rpoN
and rliA are 3 sigma factor genes regulating expression of flagellar genes, while flgS
(sensor kinase) and flgR (response regulator) regulate the transcription of genes
alongside rpoN. FIhA is also known to bind to FIgS, adding to the complexity of
motility function (Tsang et al. 2015). A flagellar sheath protein identical to HpaA was
also identified in H. pylori, but its function is unclear (A. C. Jones et al. 1997). Other
genes important in motility and flagellar biogenesis are fIbA (Tsang et al. 2015), flil
(Jenks et al. 1997), flaG, flmH, fliD, flgK, flgL, motA, motB, fliM, fliN and fliG
(O'Toole, Lane, and Porwollik 2000). Finally, motility may also be facilitated by the
ability of H. pylori urease to lower the viscosity of mucus around the bacteria (Eaton
and Krakowka 1994). Alongside motility, chemotaxis is also important in order to
navigate through the pH gradient and efficiently penetrate the mucus layer. Genes
involved in H. pylori chemotaxis include tlpA/B/C/D, cheA/NV/W/Y/Z/Pep (O'Toole,
Lane, and Porwollik 2000).

1.2.6.1.2 Adhesion

Once H. pylori has entered the mucus it needs to adhere to host cells. This is where
many outer membrane proteins and adhesins have a role. Amongst them BabA (blood
group antigen binding protein) (Aspholm-Hurtig et al. 2004), AlpA/B (adherence
associated lipoproteins) (Senkovich et al. 2011), SabA (sialic acid binding and
adhesion) (Unemo et al. 2005) and HopZ (outer membrane protein) (Peck et al. 1999).
Lipopolysaccharide (LPS) and AIpA/B are also crucial, although independant
(Odenbreit, Faller, and Haas 2002). All these surface components are potential targets
for host immune defence. However, H. pylori is able to evade most of this defence
through various mechanisms that we will review later in this introduction (section
1.2.6.5).

1.2.6.1.3. Buffering of gastric acid

The buffering of gastric acid participates in the motility function, but also in
colonisation in a larger sense, by promoting survival of the bacterium. Modifications
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of the gastric acid secretion, provoked by H. pylori through IL-1B, also has a more
direct effect on pathogenicity through its cytotoxic effect on the host cells (Takashima
et al. 2001).

Production and excretion of urease neutralise the low pH around the bacteria, through
the arsR/S, nikR, fur genes (M. D. Jones et al. 2015; Mobley, Hu, and Foxal 1991).
This neutralisation of pH produces ammonia, which has direct cytotoxic effects on the
host epithelium. Cytotoxicity is not limited to one gene associated with the
colonisation process and so further genes will be included in the following 3 sections.

1.2.6.2 Cell vacuolation (VacA)

Exotoxins, such as VacA (Vacuolating cytotoxin), can lead to gastric mucosal injury
through cell vacuolation (Telford 1994). This cell vacuolation increases cell
permeability and therefore facilitates the supply of essential nutrients (Cover and
Blaser 1992; Iwamoto et al. 1999; Tombola et al. 2001). However, VacA also
generates a host immune response through production of mast cell-derived
proinflammatory cytokines resulting in chemotaxis and activation (Supajatura et al.
2002). VacA is unique to H. pylori, and the gene coding for it is present in all strains,
but with significant polymorphisms (J C Atherton et al. 1995). Three highly variable
polymorphic regions are identified in vacA: The signal sequence region found in two
versions (s1, s2), the intermediate region found in three different versions (i1, i2, i3),
and the mid region found in two different versions (m1, m2) (Junaid et al. 2016; M. J.
Blaser and Atherton 2004). Mature VacA toxin is composed of two domains: a N-
terminal p33 domain and a C-terminal p55 domain, linked by a protease-sensitive
loop (Junaid et al. 2016).

1.2.6.3 Cytotoxicity (CagPAl)

The type IV bacterial secretion system (T4SS) is used by some H. pylori strains to
inject effectors such as CagA (Cytotoxin associated gene A protein) or Tip-a (TNF-a
inducing protein) into host cells, provoking multiple effects (Figure 1.11).

The cag pathogenicity island (CagPAl) is the most studied virulence factor in H.
pylori. This 40-kb deoxyribonucleic acid (DNA) insertion element contains genes
encoding the proteins forming this T4SS and the CagA protein that are secreted into
host epithelial cells (S Odenbreit et al. 2000). The risk of developing gastric cancer
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(GC) is higher for patients infected with CagA positive strains compared to strains
lacking CagA (Parsonnet et al. 1997; J. Q. Huang et al. 2003). Adherence factors such
as blood group antigen binding proteins encoded by the babA gene have also been
shown to increase the delivery of CagA into the cell (Ishijima et al. 2011). Other
important genes associated with the CagPAl include tnpA and tnpB, were also
identified more frequently in strains isolated from patients with GC compared to other
strains. This highlights its link to GC (Abadi et al. 2014).

CagPAl is also involved in evasion from host immune system function, by generating
resistance to phagocyte killing and persistence within macrophages (Ramarao and
Meyer 2001; Lina et al. 2014). CagPAI positive strains also tend to induce higher
levels of IL-8 (Akopyants et al. 1998; Brandt et al. 2005; Fischer et al. 2001; Li et al.
1999; Segal et al. 1997), IL-10 and IL-12. They also increase the levels of nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-«kB) (Brandt et al. 2005; Li
et al. 1999). Exposure to CagPAI positive strains show an activation of the expression
of c-fos and c-jun, forming activator protein 1 (AP-1), a multipotential transcriptional
factor associated with varied cytokines and chemokines, which can lead to GC
(Mitsuno et al. 2001).

Persistence
within
Resistance to macrophages
f killing by
phagocytes
Cag Pathogenicit
Island ¢
BabA - CagA
Type IV )
system |~ lipa
NF-xB Expression of c-fos
IL-8, and c-jun —> AP-1
IL-10,

IL-12 I:I Related to host immune system

* Directly related to pathogenicity

Figure 1.11: Overview of the role of CagPAI in H. pylori pathogenesis.
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1.2.6.4 Inflammatory activity

Symptoms caused by H. pylori are variable, due to the variety of inter-related
mechanisms. Inflammation (neutrophils, cellular exudate etc) is frequently observed
in infected stomachs (Figure 1.12). LPS, OipA (outer inflammatory protein), CagA
and neutrophil-activating protein (HP-NAP or NapA) (D. J. Evans et al. 1995; Satin et
al. 2000) are all produced by H. pylori during infection of the host stomach. LPS from
H. pylori is less proinflammatory than LPS from most other Gram-negative species
(Moran and Aspinall 1998; Pérez-Pérez et al. 1995), due to a specific phosphorylation
pattern and acylation in lipid A (Muotiala et al. 1992; Chmiela, Miszczyk, and
Rudnicka 2014). SabA, an outer membrane protein, also participates in the
recruitment of neutrophils (Unemo et al. 2005) which generate reactive oxygen
species, leading to bacterial Kkilling but also DNA damage in host cells, ultimately

leading to gastric cancer.
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Figure 1.12: Overview of the inflammatory activity caused by H. pylori
pathogenesis.

1.2.6.5 Evasion from host immune system

Inflammation is not only triggered by H. pylori, it is also regulated, resulting in a form
of escape of the bacteria from the host immune system. For instance, the increase of
regulatory T-cells provoked by H. pylori through interactins with dendritic cells,

20



results in a reduction of the TH17 immune response (J. Y. Kao et al. 2010). H. pylori
can also evade the host immune system using a variety of virulence factors (Figure
1.13).
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Figure 1.13: Overview of the mechanisms used by H. pylori to evade the
host immune system.

As previously described, CagPAI is essential to immune evasion through persistence
within macrophages, resistance to killing by phagocytes (Ramarao et al. 2000;
Ramarao and Meyer 2001) and via downregulation of B-defensins (Bauer et al. 2012;
S. R. Patel et al. 2013). Resistance to phagocytes Killing is also achieved through two
enzymes: superoxide dismutase (Spiegelhalder et al. 1993; Seyler, Olson, and Maier
2001) and catalase (S Odenbreit, Wieland, and Haas 1996; Ramarao, Gray-Owen, and
Meyer 2000). Molecular mimicry of molecules Lewis x and y also helps the bacteria
escaping the immune system, through expression of LPS O antigens (Aspinall and
Monteiro 1996; Monteiro et al. 1998; Bergman et al. 2006). These Lewis antigens,
through interaction with Macrophage inducible C-type lectin (Mincle), activate anti-
inflammatory cytokine production (Devi, Rajakumara, and Ahmed 2015). The
specifically low activity of H. pylori LPS is also a mechanism for the bacteria to keep
a low profile by avoiding recognition by Toll-like receptors (TLR) (Cullen et al.
2011). H. pylori flagellin evades recognition by toll-like receptor 5 (TLR-5) (Lina et
al. 2014; Gewirtz et al. 2004). VacA also plays a role in inhibition of T cells
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activation (Boncristiano et al. 2003; J. M. Kim et al. 2011; M. Oertli et al. 2013).
proteins like PgbA and PgbB bind plasminogen, coating the surface of the bacteria
with host proteins (Jonsson et al. 2004). The capacity of H. pylori to control the
balance between pro and anti-inflammatory responses, through all the mechanisms

mentioned above, is the key to its persistence.

1.2.7 Beneficial effects of H. pylori infection

Despite the complications previously described (1.1.4), H. pylori colonisation can
have beneficial effects on its host. For instance, the tuning down of immune system
mentionned in the previous section is thought to be responsible for a protective effect
of H. pylori against atopic diseases (Lionetti et al. 2014) such as allergic asthma
(Mathias Oertli and Miiller 2012; Arnold et al. 2011; D’Elios and Bernard 2010; Y.
Chen and Blaser 2008), allergies (Hussain et al. 2016), eosinophilic oesophagitis (von
Arnim et al. 2016) or conventional multiple sclerosis (LI et al. 2007). Therapeutic
application of H. pylori extract has even been considered to reduce allergic airways
disease (van Wijck et al. 2018). Other positive effects of H. pylori infection include a
lesser risk for Barrett’s oesophagus (Thrift et al. 2012) and obesity (O’Connor,
O’Morain, and Ford 2017). Differentiating between ‘beneficial’ strains and those
likely to cause cancer suggests better targeting of patients at risk.

1.3 Genomics of H. pylori

1.3.1 First H. pylori genome sequenced

The first complete genome sequence of H. pylori was published in 1997 (Tomb et al.
1997). The strain sequenced was named 26695, and was isolated from a patient in the
United Kingdom suffering from gastritis. This first genome was 1,667,867 base pair
(bp) with 1590 predicted coding sequences, and an average G+C content of 39%.
These predicted coding sequences have since then been further described and the list
has been amended. The list we will use was obtained from the National Center for
Biotechnology Information (NCBI) in 2014, and contained 1573 genes (or loci). The
method used for this sequencing was whole-genome shotgun sequencing with the

Sanger method. Analysis of this first sequence of H. pylori was the basis for much of
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the available knowledge on H. pylori pathogenesis, acid tolerance, antigenic variation
and micro-aerophilic character.

The 26695 genome is often used as a reference strain (and we do the same in this
thesis), as its genes were well described and referenced in the literature. Furthermore
this strain is the reference strain used on the PATRIC (Pathosystem Resource
Integration Center) database (PatricdB 2017b). All genes from the 26695 strain are
annotated with the nomenclature HP followed by 4 digits.

1.3.2 Multi-Locus Sequence Typing (MLST)

Understanding the high variability of outcomes resulting from H. pylori infection
depends upon an increased knowledge of the population genetic structure and the
related phenotypic differences between isolates. Among the first DNA sequence
based techniques that brought a deeper understanding of H. pylori population
diversity was multi-locus sequence typing (MLST). MLST typing is based on the
analysis of fragments from 7 house-keeping genes. Therefore, a simple PCR
amplification is sufficient for MLST typing of isolates. The genes used in H. pylori
MLST are atpA, efp, mutY, ppa, trpC, urel and yphC (K. Jolley 2017; Achtman et al.
1999). Unlike Campylobacter species, H. pylori is not organized into clear cloud
clonal complexes, but into clusters of related lineages, depending largely on the
geographical origin of the samples (Achtman et al. 1999).

1.3.3 Whole-genome based methods

DNA sequencing methods determine the order of nucleotides in a DNA molecule. A
large number of methods and technologies for sequencing were developed since the
first Sanger sequencing method in 1977 (Pettersson, Lundeberg, and Ahmadian 2009;
Sanger, Nicklen, and Coulson 1977). Using whole-genome sequencing (WGS) and
analysis methods on H. pylori isolates, research has built and improved upon earlier
MLST data.

1.3.3.1 Analysis of H. pylori genomes

Whole-genome sequencing has become faster, cheaper, and more efficient, and its
application to microbiology has changed the face of research in this field. With the
development of whole-genome sequencing methods, the costs and time associated
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have decreased drastically (Loman et al. 2012), and the number of available H. pylori

gene sequences have increased exponentially (Figure 1.14).
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Figure 1.14: Cumulative number of H. pylori genomes available in NCBI
from 1997 to October 2017.

Adapted from (Berthenet, Sheppard, and Vale 2016) presented in Appendix
A.

At the time of writing (August 2017), 694 H. pylori genomes were available on the
PATRIC db (PatricdB 2017a), with an average size of 1.63Mb. Sequences of H.
pylori are now available from almost all areas of the world, and they often come with
patient data, which allow researchers to perform detailed analysis of, not only the

genes from MLST, but the whole genome.

1.3.3.2 Core and Accessory genome

Comparison of whole genomes of H. pylori reveal two types of genes, based on their
presence in the dataset of interest: They are accessory and core genes (Uchiyama et al.
2016). It is important to remember that these definitions are dependent on the dataset
studied. A gene can be a core gene in one dataset, and an accessory one in a different
dataset including different strains.

The core genome comprises all the genes that are found in all the isolates from the
dataset of interest. For a large dataset with genomes splitted into more than one
contig, it is common to define core genome as all the genes found in at least 90% of
the isolates. The size of the core genome will vary according to the size and

variability of the dataset (Figure 1.15).
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Figure 1.15: Variations in size of the core and accessory genome
according to the dataset studied.

Strains used in this example are from the dataset used in Chapter 5 and Core
genome is defined as all genes shared by 100% of the strains.

The accessory genome comprises all the genes that are found in at least one but not all
the isolates from the dataset of interest. It often contributes to the acquisition of
unique traits by H. pylori strains. The size of the accessory genome will vary

according to the size and variability of the dataset (Figure 1.15).

1.3.3.3 A systematic approach to genome analysis

Among the most promising techniques for studying the bacterial genome are Genome
wide association studies (GWAS), which were recently applied to Campylobacter, a
related species within the epsilonproteobacteria (Sheppard et al. 2013). In this
method, DNA sequence that is over-represented in one phenotype group compared to
another is identified, in order to link accessory and core genome variations with the
studied phenotype. This has the distinct advantage that sequence variation associated
with phenotypes such as virulence can be identified without pre-selection bias. A
GWAS will be carried out in Chapter 5 on a large dataset of H. pylori, aiming to
identify genomic elements associated with gastric cancer. Two GWAS methods are
used in this thesis: a ClonalFrame based method (Didelot and Falush 2007), and
bugWAS (Earle et al. 2016). Both methods have been recently used in bacteria
(Monteil et al. 2016; Méric et al. 2014; Sheppard et al. 2013; Suzuki et al. 2016), and
take recombination and population structure into account which makes them suitable
for bacterial genomes. However, the ClonalFrame based method relies on clonal
complexes, and requires pairs of strains to be selected, resulting in a reduction in the
number of strains included in the analysis. The nature of Helicobacter pylori

population structure is also challenging for the ClonalFrame based method, as it does
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not form clear clonal populations. The bugWAS method also has limitations, such as
the risk of confounding true associations with the result of environment or sampling

bias. Therefore both methods were used in parallel.

1.3.4 H. pylori genome variability

H. pylori has one of the highest known recombination rates, and presents the highest
genetic variability among pathogenic bacteria (Figure 1.16), with an average number
of alleles per locus of 11.2, resulting in a mean genetic diversity of 0.735 (Go et al.
1996).

Average no. of alleles per locus

Streptococcus pyogenes
Streptococcus pneumoniae
Staphylococcus aureus
Salmonella spp.
Neisseria gonorrheae
Mycobacterium spp.
Listeria monocytogenes
Legionella pneumophila
Helicobacter pylori
Haemophilus influenzae
Erysipelothrix spp.
Borrelia spp.

Bordetella spp.

N % KY K

Mean diversity

Streptococcus pyogenes
Streptococcus pneumoniae
Staphylococcus aureus
Salmonella spp.

Neisseria gonorrheae
Mycobacterium spp.
Listeria monocytogenes
Legionella pneumophila
Helicobacter pylori
Haemophilus influenzae

Erysipelothrix spp.
Borrelia spp.
Bordetella spp.

Q'Q Q’-" Q?l 0‘-0 Q?’

Figure 1.16: Genetic diversity among electrophoretic types in
representative species of pathogenic bacteria.
Adapted from (Go et al. 1996).
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This rapid evolution and the resulting genomic variability lead to resistance to
treatment, challenging scientists toward new ways of eradicating infection, and make
the development of an efficient vaccine difficult. A good example of diversity can be
seen by the fact that two strains of H. pylori found in different patients (or even in
patients from a same family) are often extremely different (Kivi et al. 2007). Different
strains of H. pylori can also colonise a same host (Kibria et al. 2015; J. W. Kim et al.
2004; Ben Mansour et al. 2016). The H. pylori genome is incredibly diverse, with
variation in genome size (Dong et al. 2014), gene presence, gene order, and allelic
profile (Thorell et al. 2016). Despite most strains having an average number of genes
of about 1637.5 (Dong et al. 2014), the number of genes shared by all strains (core
genes) from a large size sample of strains (n=100) is closer to 1200.

The high level of structuring in bacterial populations, the clonal nature of cell
division, together with most processes needing many genes, make it difficult to
identify genomic elements that are directly related to specific cellular function from a

background of genes that are simply inherited by clonal decent.

1.3.4.1 Variability linked to geography

Helicobacter pylori is present in all inhabited continents, but isolates differ in
different parts of the world (lerardi et al. 2013). Geographic variations in the
prevalence of H. pylori are known, but variations are also observed in the genome
(Falush et al. 2003; Linz et al. 2007). Although H. pylori infection is considered a pre-
requisite for development of most gastric cancers, there is no strict correlation
between H. pylori prevalence and gastric cancer rates. For instance, H. pylori
prevalence is extremely high in Africa, but gastric cancer is rare. This is known as the
African enigma (Holcombe 1992). The reason for this difference is unknown so far,
but some research showed a genetic instability in the host differing between European
and African populations that could be part of the answer (T. E. Buffart et al. 2011).
Resistance to antibiotics is different in each part of the world, which leads to
variations in the recommended first line treatment (lerardi et al. 2013). This is due to
selection pressure caused by antibiotic treatment, or intake of antibiotics from other
sources (Ling et al. 1996). However, there are other differences which are not linked
to antibiotic resistance. This is the case for the presence or absence of the CagPAlI
island (Kumar, Kumar, and Dixit 2010; Olbermann et al. 2010; Yakoob et al. 2009).

This island of genes is more prevalent in strains coming from East Asia than from
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Europe (Maeda et al. 1998; Yakoob et al. 2009). Variations in the cagA gene, among
CagPAI positive strains, are also observed. Specifically, the cagA gene is composed
of repetitions of EPI'YA motifs. Different EPI'YA motifs are observed, and the motifs
present and their number of repetitions vary following geographic patterns. For
instance, East Asian strains show in large majority the motifs: A-B-D where other
strains present the motifs A-B-C, A-B-C-C. or A-B-C-C-C (Y Yamaoka et al. 2000;
Xia et al. 2009; HATAKEYAMA 2017). Variations in the VacA gene also match a
geographic distribution (Diaz et al. 2005; Van Doorn et al. 1999; Maeda et al. 1998).

1.3.4.2 Variability linked to pathogenicity

Variations in the CagPAl island and VacA gene are not only linked to geography, but
have been linked to pathogenicity. For instance, the risk of developing complications
due to infection by H.pylori is higher for patients infected with CagA positive strains
compared to strains lacking CagA (Ahmadzadeh et al. 2015; Rizzato et al. 2012;
Yamazaki et al. 2005; Khatoon et al. 2017; Parsonnet et al. 1997; J. Q. Huang et al.
2003). Allelic variations in vacA are also associated with pathogenicity (Yamazaki et
al. 2005). Combination of vacA types sl and ml are associated with GC more
strongly than other types (Kidd et al. 1999; Miehlke et al. 2000). Other genes show a
link with gastric cancer or with other gastric diseases, for instance for babA, oipA,
dupA and iceA (Miftahussurur and Yamaoka 2015; S. Y. Kim et al. 2001).

1.3.4.3 Mechanisms behind variability

Two forces are driving the variability in bacterial genomes. Replication errors or
damage which generate point mutations, rearrangements or deletions of various sizes
on one hand, and horizontal transfer which incorporate genetic material from an
external source by recombination. The relative rates of those two forces are shaping
the bacterial population genetic structure (Guttman and Dykhuizen 1994).

Bacterial mutation rates are generally low. However under strong selective pressure,
such as antibiotic use or a drastic change in the environment, hyper-mutator
phenotypes can emerge in the population, with elevated mutation rates. Most of the
mutations observed are deleterious (Kimura 1967), but some can induce variability in
the genome that will help the bacteria interact with its environment. For instance,

phase variation is a famous mechanism consisting in a simple change in the number of
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repeat of a single nucleotide or a pair of nucleotides that will result in a modification
in the frame of reading (Bergman et al. 2006; Appelmelk et al. 1999; G. Wang et al.
2000). This mechanism allows for a quick adaptation of the gene between on and off
versions.

Horizontal gene transfer (HGT) or genetic exchange can be divided into two
mechanisms: Homologous recombination, which consist in the replacement of
homologous DNA with a sequence from another organism (often from the same
species) on one hand, and non-homologous genetic exchange, which consist in the
introduction of DNA segments or whole genes into the bacterial genome. H. pylori
genomes show evidence of high levels of homologous recombination compared to
most other bacterial species (Dorer, Sessler, and Salama 2011; Vos and Didelot
2009).. Non-homologous recombination is also an important source of genomic
diversity for H. pylori. Large fragments of DNA called mobile genetic elements can
be transferred into the genome, such as bacteriophages, pathogenicity islands,
transposons, insertion sequenes, or plasmids. They can be inserted into specific sites
in the chromosome or be part of the extra-chromosomal DNA, as autonomously
replicating elements. These mechanisms are central in the evolution of accessory
genome. As a proof of the importance of non-homologous recombination in the
evolution of H. pylori, one can mention the CagPAl, a pathogenicity island unique to
Helicobacter pylori conferring virulence to the strains (Hacker and Kaper 2000;
Fernandez-Gonzalez and Backert 2014).

HGT can confer novel function (e.g. antibiotic resistance), but is also of more general
interest in understanding the driving forces of bacterial evolution. Rapid
recombination between geographically isolated populations can lead to local genomic
signatures. For example, several studies have used local signals of recent admixture
between strains to describe the migration of human hosts (Nell et al. 2013; Linz et al.
2007). By co-existing for such a long time, the genomes of these two species have
evolved together leaving traces of human migrations in H. pylori population genomes
(Falush et al. 2003). The recent admixture occurring in the Americas will be
investigated in Chapter 3. Geographic signatures are also observed in H. pylori
prophages (Vale et al. 2017, Appendix B).

Admixture within H. pylori genomes is also a signal for microevolution. While
traditional typing technologies may not be sensitive enough to detect variation
between closely related isolates, such as those in a single-family transmission
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network, whole-genome sequencing provides opportunities for enhanced resolution.
Transmission pathways among individuals of the same family have been
characterized revealing genomic adaptation to child hosts as a probable part of the
infection pathway (Furuta et al. 2015). Another WGS study focused on multiple
colonies isolated from a single patient, demonstrating the co-existence of different
lineages and HGT between isolates from these lineages resulting in a progressive
genomic convergence (Cao et al. 2015). The variations occurring during long-term
infection of a mouse model with clinical H. pylori strains will be investigated in
Chapter 4.

Finally, signatures of selection have been investigated in H. pylori genomes by
estimating the ratio of non-synonymous to synonymous substitutions (dN/dS) in
genes present in more than 90% of a 29 genome collection (Koji Yahara et al. 2016).
Codons with evidence of diversifying selection (dN/dS>1) were widely distributed,
accounting for ~0.2% of the genome, and were commonly associated with gene
functions of host interaction, cell surface expression and genome maintenance.
Different methods are available to account for this ratio, depending on the purpose of
the comparison. This association of specific functions with enrichment of non-
synonymous Single Nucleotide Polymorphisms (SNP) will also be investigated in this

thesis.

1.3.4.4 Remarkable strains of H. pylori

Since the first genome 26695 was sequenced, (Tomb et al. 1997) further strains have
been isolated and sequenced. Some of them are remarkable, due to either the
conditions of their isolation or the features of their genomes. The first remarkable
strain highlighted is an ancient strain of H. pylori sampled from a 5300 year old
European mummy. DNA from this strain showed no admixture between Asian and
African H. pylori, which are commonly seen today, therefore suggesting admixture
between these two populations occurred after this time in Central Europe (Maixner et
al. 2016). Strains such as this one are especially important in attempts to date
evolutionary events, but it is very rare to obtain isolates from ancestral human
populations. For this reason, much of the work to understand past acquisition of genes

is based upon inference of phylogenies and identifying lineages sharing genes that can
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be traced to an acquisition event on a phylogenetic tree. This will be the basis for
chapter 1.

Two strains, with their genomes published in 2015, are also of interest (Kersulyte et
al. 2015). They were isolated from a Canadian arctic aboriginal community in
Aklavik, Northwest Territories, Canada. The population in this region suffers from a
high prevalence of H. pylori (Carraher et al. 2013). One of these two strains presented
a new lineage of H. pylori, close to the hspAmerind population. A project involving
the local population is on-going, which should result in a large collection of samples
from this isolated population, alongside clinically-linked data. This collection will be
important for studying mechanisms of evolution in H. pylori, and its link to gastric
cancer without interference from co-infections of hosts with H. pylori from diverse

origins.

1.4 Aims

Current treatments against H. pylori infection use multiple antibiotic and drug
regimens. Considering the high risks of developing a cancer, this approach makes
sense. However, the rise of antibiotic resistance suggests that better antimicrobial
stewardship is required for the control of H. pylori in the clinic. The versatile nature
of the H. pylori genome is a sign that part of the risk associated with individual strains
might be predictable through sequencing of the infecting strain. The final aim of this
project is to open the way towards new guidelines for treatment, based on sequencing
of the infected strains, which could reduce the rise of antibiotic resistance.

Chapter 3 will investigate the genome variability of a global collection of H. pylori
strains. Two hypotheses will be tested:

e The genomic variability of H. pylori strains from the Americas reflects the
history of recent and ancient migrations which built the identity of these
regions,

e Core and accessory genomes are evolving in a similar way.

Chapter 4 will investigate the genome variability occurring in hosts during a long-
term infection, and we will verify the following hypotheses:

e A H. pylori strain evolves when changing from one host to another,

e A H. pylori strain infecting a stomach for a long time evolves alongside the

development of symptoms.
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Chapter 5 will then focus on a European population of strains to address a range of
hypotheses:
e The GWAS method can be applied to H. pylori genome despite its high
variability,
e Specific genomic traits in specific genes can be linked with the progression of
gastric cancer (GC),
e A risk score can be built in order to target strains with a higher risk for
triggering GC.
Finally, Chapter 6 will investigate phenotypic characteristics of strains in relation with
their genomic variability. It will address the following hypotheses:
e Motility varies according to the pathology of the patient from which the strain
was isolated,
e Immune response is triggered differently according to the pathology of the
patient from which the strains was isolated,

e Some genes covary with phenotypic differences observed among strains.
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2 Material and Methods

2.1 H. pylori strains

A large number of strains coming from different collections were used in order to
perform my analyses (Figure 2.1). | will introduce them briefly and highlight their
origin and characteristics. Details are available in Appendix C. Collections will be

presented according to the number of strains.
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Figure 2.1: Circular View of a genomic neighbour-joining tree built with
FastTree from an alignment of the 604 strains used in this thesis based
on the reference strain 26695 genome.

The tree was annotated with iTOL (Letunic and Bork 2016) according to the
geographic provenance, collection from which the strain was obtained,
pathology associated and use in this thesis. An online version is available for
this figure at this address:
http://itol.embl.de/tree/137441153116341501834302#.

The largest collection of strains used is the publically available strains (321 strains).
Those sequences were obtained from the NCBI Genbank database. They were from
varied sources, which can be traced back from the publications in which they were

mentioned. Geographic origin of the samples was global:
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e 86 strains were isolated in Africa,

e 74 were isolated in Asia,

e 17 were isolated in Europe,

e 106 were isolated in North America,

e 4 were isolated in Oceania,

e 33 were isolated in South America,

e 1 was from unknown geographic origin.
Pathologies associated with those strains comprised:

e asymptomatic or non atrophic gastritis (NAG) (76 strains),

e atrophic gastritis (15 strains),

e gastric cancer (GC) (15 strains),

e intestinal metaplasia (IM) (9 strains),

e MALT lymphoma (ML) (4 strains),

e ulcer (45 strains),

e various complex, rare or undefined pathologies (27 strains).
Pathology related information was not available for the 130 remaining strains.
The second largest collection (79 strains) was shared by Javier Torres. 35 strains were
from North America (Mexico) and 44 were from South America (Colombia). Isolates
were already sequenced and assemblies were directly shared with us. Pathologies

associated comprised:

asymptomatic (28 strains),

e atrophic gastritis (14 strains),

e GC (14 strains),

e IM (21 strains),

e ulcer (2 strains).
This collection was used in both Chapter 3 and Chapter 5, and sequences were
published in the publications linked to these two chapters.
Another large collection (56 strains), used exclusively in Chapter 5, was shared with
us by Kaisa Thorell. All the strains were originating from Swedish hospitals, and were
part of a large case-control study (Enroth et al. 2000). Extracted DNA sent to us for
sequencing comprised strains associated with gastric cancer (20 strains), non-atrophic

gastritis (20 strains) and atrophic gastritis (16 strains).
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53 strains were generously shared with us by Francis Megraud. Cultures samples were
sent to us, from which we were able to extract and sequence DNA. Genomes of these
strains were used in all chapters, and some of the culture samples were used in chapter
6. Host pathologies associated with those strains included:

e asymptomatic (11 strains),

e GC (14 strains),

e ML (18 strains),

e ulcer (10 strains).
Yoshio Yamaoka shared with us 35 sequences of strains isolated in Asia. Host
pathology was not known for these strains, but the sequences were very useful as part
of our global datasets used in Chapter 3 and Chapter 5.
A small collection of 18 strains cultures was shared with us by Sinead Smith, from
Dublin in Ireland. DNA was extracted and sequenced in Swansea. Genomes of these
strains were used in Chapter 3 and Chapter 5. 4 culture samples were also used in
Chapter 6, alongside the corresponding sequences.
Another collection was shared from Bordeaux later during my thesis, this time by
Philippe Lehours. This collection of 17 strains was isolated from two patients
suffering from ML and used in infection studies in mice models (Chrisment et al.
2014). The strains were re-isolated after passage in mice and were sent to us for
sequencing. Genomes from these strains were the basis for Chapter 4.
Fourteen cultures of strains were sent to us by Alain Burette, from Brussels in
Belgium, through John Atherton. Pathologies associated with these strains were
carefully selected, and were equally distributed between asymptomatic (7 strains) and
GC (7 strains). Those strains were used in Chapter 5 and Chapter 6.
Six extra cultures of strains were shared with us by John Atherton, from Nottingham,
in the UK. Pathologies associated with these strains were asymptomatic (4 strains)
and ulcer (2 strains). They were used in Chapter 5.
Five strains were from the collection of Jane Mikhail. 3 strains were isolated in
Singleton hospital, in Swansea, and 2 were shared with her by collaborators (unknown
geographic origin). All these strains were sequenced in Swansea and used in Chapter
3 and Chapter 5.
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2.2 Laboratory

All laboratory work involving mammalian cells and bacteria was performed inside a
type 2 biological safety cabinet. All bacterial waste was autoclaved, and cell waste
bleached or autoclaved. Incubations were achieved in an Air-Jacketed Automatic CO,
Incubator. Pure cell cultures were kept isolated from cultures involving bacteria in
two independent incubators in order to prevent cross-contamination. Suppliers for
equipment are presented in Table 2.1. Suppliers for Consumables are presented in
Table 2.2.

Table 2.1: List of EQuipment

Equipment Product name Supplier
Type 2 Biological Safety | ScanLaf MARS LaboGene™
Cabinet
Incubator Air-Jacketed  Automatic | NuAire, Inc.
CO, Incubator
Hermetic jar Hermetic jar Ox0id™
Spectrophotometer Model 3710 Jenway
Centrifuge Heracus™  Megafuge™ | ThermoFisher Scientific
16R
Nanodrop spectrophotometer ND1000 NanoDrop Technologies, inc.
Sequencer HiSeqSystem Illumina, San Diego, CA
Centrifuge Centrifuge 5415 R Eppendorf
Plate reader FLUOStar® OMEGA BMG LabTech
Chemidoc Chemidoc MP system BioRad

Table 2.2: List of Consumables

Consumables Supplier

Columbia Blood Agar (CBA) plates Ox0id™

Sterile disposable 10uL loop Microspec©
CampyGen™ sachet Thermo Scientific™ Oxoid™
Brucella Broth powder BD BBL™

Foetal Bovine Serum (FBS) Gibco®

L-shaped spreader Microspec©

T25 flask Greiner

Sterile disposable 1uL loop Microspec©
Cryogenic vial Starlab International©
Phosphate-Buffered Saline (PBS) Gibco®

QIAmp DNA Mini Kit Qiagen, Crawley, UK
RPMI 1640 media Corning®

TrypLe Express Gibco®

Dimethyl Sulfoxide (DMSO) Merck

Trypan Blue stain (0.4%) Gibco®

Human IL-8/CXCL8 DuoSet kit R&D Systems

Human CCL4/MIP-1 beta DuoSet kit R&D Systems
RayBio® C-Series kit RayBiotech, Inc.
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2.2.1 Culture of H. pylori on solid medium

Helicobacter pylori strains were recovered from glycerol stocks stored at -80°C. The
stocks were maintained on ice to avoid thawing, and were spread onto fresh CBA
plates at room temperature using a sterile disposable 10uL loop. The plates were
inverted and incubated at 37°C in a hermetic jar with a CampyGen sachet which
generated and maintained microaerophilic conditions for 4 to 6 days (Blanchard and
Nedrud 2012). The CampyGen sachet had to be replaced every 2 to 3 days. The
advancement of growth was checked on this occasion by estimation of the diameter of
the colonies and the purity of the culture was verified by observation of plates for
small, round, translucent colonies representative of H. pylori (Blanchard and Nedrud
2012). Homogeneity was also verified in order to identify potential mixed stocks. A
verification of the species using the catalase, urease and oxidase tests (Blanchard and

Nedrud 2012) was not necessary as these were performed prior to original storage.

2.2.2 Culture of H. pylori in liquid medium
The medium used for liquid culture of H. pylori was Brucella Broth (BB) (Table 2.3).

Table 2.3: Composition of Brucella Broth liquid medium

Brucella Broth powder 28 g/L
MilliQ water 200 mL
FBS 10 %

In brief, once enough growth was observed on solid medium, 1mL of BB was added
to the surface of the plate and pushed to one side using a L-shaped spreader to
resuspend the colonies. Then, 200 to 400 pL (according to the amount of growth
observed on plates) of the suspended colonies were aliquoted and added to 10mL of
BB in a T25 flask. A sterility flask with only BB was cultured in parallel to identify
potential contamination from the medium. After manual agitation to homogenise the
bacterial solution, the flasks were incubated at 37°C for 20-24 hours and then checked
under the microscope for density of the culture and motility of the strains to confirm
the absence of contaminants and viability of the strains for further experiments
(Blanchard and Nedrud 2012).

2.2.3 Enumeration of H. pylori

Enumeration of H. pylori was performed to ensure quantification of the bacteria/cell

ratio in co-culture experiments. H. pylori strains were first cultured on plates as
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described in 2.2.1. Then, strains were cultured in liquid for 20 to 24 hours as
described in 2.2.2. Optical density at 600nm was then assessed using a
spectrophotometer, and bacterial cultures were diluted in BB Table 2.3 to obtain an
optical density of 0.1 (OD 0.1). These normalised cultures of H. pylori were then
successively diluted to 1/2,000, 1/10,000 and 1/20,000. 100 uL of these dilutions were
plated in triplicate on CBA plates and incubated at 37°C under microaerophilic
conditions until the size of the colonies was sufficient for enumeration (5 to 10 days).
The number of colony forming units (CFU) in 1 mL of OD 0.1 normalised culture
was then calculated using the appropriate dilution plates with colonies ranging
between 25 and 1000. The lower limit of detection was 25 as recommended by
(Tomasiewicz 1980; S. Sutton 2006). The upper limit was estimated empirically
based on the small size of the colonies compared to bacteria used as standards and
their separation on plates (Breed and Dotterrer 1916; Tomasiewicz 1980; S. Sutton
2006). The average CFU/mL was calculated for each strain, based on the calculation
protocol presented below.

e Using the number of colony forming units (nCFU;) for each plate (number of

5 ncFU,

)
e All plates for which nCFU; = 0.2 x aCFU were discarded. (number of

plates = N), an average was calculated (aCFU =

remaining plates = N*)

¥V ncFU,

e If N* > 3, a corrected average was calculated (aCFU* = T -). If less

than three plates remained, a new enumeration was achieved.

2.2.4 Maintenance of stocks of H. pylori

New stocks were made from the H. pylori cultures on solid medium (2.2.1) prior to
experiments, in order to keep a sufficient amount of the original stocks.

These stocks were made by collecting the colonies on the surface of the plates with a
1 pL loop and shaking the content of the loop into 700 uL of BB in a cryogenic vial.
Then, 300 uL of a 50% solution of glycerol was added to the vial prior to vortexing.
The new stock was then logged into Swansea Microbiology and Infectious Diseases
(MID) group sample records and stored at -80°C for future use. All H. pylori used
throughout the thesis period were subjected to minimal passages to avoid laboratory

linked mutations while obtaining sufficient growth for experiments.
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2.2.5 Motility of H. pylori

After culture of H. pylori on solid medium (2.2.1) followed by culture in liquid
medium (2.2.2), cultures were centrifuged at 3000g for 5 minutes and the supernatant
discarded. The bacterial pellet was resuspended into 2 mL of PBS and optical density
(OD) was assessed using a spectrophotometer. Bacterial suspensions were then
diluted to a normalised OD ranging from 0.5 to 1, according to the minimum OD of
the batch following first measurement. Then, 0.5 pL of diluted bacteria solution was
injected in triplicate into the centre of a 6-well agar plate prepared as described in
Table 2.4. These motility plates were then incubated horizontally at 37°C under

microaerophilic conditions until measurement, 2 - 6 days after inoculation.

Table 2.4: Composition of the motility assay plates

Brucella Broth 28 g/L
Agar 0.37%
FBS 10%
MilliQ Water 200 mL
2,3,5,-triphenyltetrazolium chloride (TTC) 1%

The diameter of growth was measured with a decimetre for each well, and an average
for each strain i was calculated (D;) (C.-Y. Kao, Sheu, and Wu 2014; C.-Y. Kao et al.

2012). These average measurements were then corrected to the positive control strain

(B24) measured on the same day. Formula given by: Motility;, ., = Di/D324' Every

strain was studied twice to obtain an average index based on two independent
experiments, and a third replicate was made if the standard deviation for the two

values of normalised measure was more than 0.1.

2.2.6 DNA extraction and sequencing from H. pylori strains

Total DNA was extracted using the QIAmp DNA Mini Kit from solid cultures
showing sufficient growth. Quantification of DNA was assessed with a Nanodrop
spectrophotometer prior to sequencing. High-throughput genome sequencing was
performed using a HiSeqgSystem sequencer, and de novo assembling was performed
using Velvet (version 1.2.08) by Matthew Hitchings and Ben Pascoe. All the contigs
obtained from our samples were imported into the SheppardLab Bacterial Isolate

Genome sequence database (BIGSdb http://zoo-
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dalmore.zoo.ox.ac.uk/perl/bigsdb/bigsdb.pl?db=sheppard_hpylori_isolates )  for

genomic analysis.

2.2.7 Culture of AGS cells

AGS cells were cultured in Standard media (S media) composed of RPMI 1640 media
supplemented with 2 mM of L-glutamine and 10% FBS. They were passaged 1 in 8
every 2 to 3 days for a maximum of 30 passages before use of a new stock. For cell
detachment, media was removed, washed with PBS (8 mL) and then incubated with 4
mL of TrypLe Express, for 8 minutes. Detached cells were removed and neutralised
in 8 mL of S media prior to centrifugation at 300g for 5 minutes. The media was
removed and the cells resuspended in fresh S media. Cells were supplemented with
Penicillin (100 units/mL) and Streptomycin (100 pg/mL) to avoid contamination
during maintenance. Stocks were regularly made from the earlier passages to ensure
sufficient stocks of cells for experiments, and were stored in 1 mL aliquots of FBS
supplemented with 10% DMSO in Liquid Nitrogen.

2.2.8 Culture of THP-1 cells

THP-1 cells were cultured in S media. They were passaged 1 in 3 every 2 to 3 days
for a maximum of 30 passages before use of a new stock. A centrifugation step was
performed at 300g for 5 minutes to eliminate all remaining old media. The media was
removed and the cells resuspended in fresh S media. Cells were supplemented with
Penicillin (100 unit/mL) and Streptomycin (100 pg/mL) to avoid contamination
during maintenance. Stocks were regularly made from the earlier passages to ensure a
sufficient resource of cells for the experiments, and were stored in 1 mL aliquots of
5x10° cells/mL in a solution of FBS supplemented with 10% DMSO in Liquid

Nitrogen.

2.2.9 Viability testing

For both AGS and THP-1 cells, viable cells were enumerated prior to experiments.
This assay consisted in 1 in 2 dilution of the resuspended cells in Trypan Blue stain
(0.4%), then enumeration of the viable cells (white cells) using a hemocytometer. The
average number of cells contained in 5 of the hemocytometer squares was calculated.
Multiplication by 2x10* was giving the concentration of cells in cells/mL.
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2.2.10 Infection of AGS / THP-1 cells with H. pylori

AGS and THP-1 cells were resuspended from a viable culture obtained as described
in 2.2.7 and 2.2.8 in S media without Penicillin/Streptomycin and diluted to obtain a
concentration of respectively 50x10% and 100x10° cells/mL. Phorbol 12-myristate 13-
acetate (PMA) was added (10 ng/mL) to the THP-1 cells to differentiate them into
macrophages (Park et al. 2007), and both types of cells were seeded separately into 24
well plates (1 mL per well) and incubated for 24 hours at 37°C.

In parallel, the H. pylori strains were cultured in BB (2.2.2) for 22 hours at 37°C.
After 22 hours of bacterial growth, the density of the cultures was assessed using a
spectrophotometer and cultures were diluted down to an OD of 0.1. Bacterial cultures
were then centrifuged at 3000g for 5 minutes and re-suspended in the same volume of
S media.

AGS and THP-1 cells were washed twice with RPMI media supplemented with L-
glutamine without Penicillin/Streptomycin, and 500 pL of the bacterial solution were
added to the wells, along with 500 puL of S media without Penicillin/Streptomycin.
PMA at 10 ng/mL (Park et al. 2007) was used as positive control and DMSO as
negative control. Each sample was studied in triplicate wells. The plates were then
centrifuged at 300g for 5 minutes at 28°C and incubated for 24 hours at 37°C.
Supernatant was collected after 24 hours, centrifuged at 4°C at maximum speed (13.2
rpm) for 10 minutes, the supernatants decanted and then stored at -20°C until

analysed.

2.2.11Concentration of interleukin-8 in supernatants

Measure of the concentration of interleukin-8 (IL-8) in supernatants from infection
experiments was obtained by enzyme-linked immunosorbent assay (ELISA) using a
Human IL-8/CXCL8 DuoSet kit. First, a half-area plate with a flat bottom was
incubated overnight with 50 pL of capture antibody. Wash buffer (Table 2.5) and
Blocking buffer (Table 2.6) were freshly made.

Table 2.5: Composition of Wash buffer for ELISA

PBS tablets 1 per 200 mL
MilliQ Water 400 mL
Tween20 200 pL
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Table 2.6: Composition of Blocking buffer for ELISA

Bovine serum albumin (BSA) 1%

PBS 50 mL

Plate was washed three times with wash buffer, and incubated with 150 pL of block
buffer for one hour minimum. During this incubation step, standards (31.2-2000
pg/mL) were diluted into PBS and samples were prepared. Samples from AGS cells
did not need dilution to be in the range of the analysis, but samples from THP-1 cells
were diluted 1:50 in wash buffer. Plate was washed three times, and 50 pL of
standards or samples were applied according to plate map recorded. After 1 hour 30
of incubation, the plate was washed three times, and 50 pL of detection andibody
were added to the wells. After 1 hour 30 of incubation, the plate was washed three
times, and 50 pL of streptavidin were added to the wells. After 20 minutes of
incubation in the dark, plate was washed three times and peroxidase SureBlue was
added to the wells. After 15 to 20 minutes of incubation, the optical density in each
well was measured at 450 nm and 570 nm using a plate reader. The online software
elisaanalysis.com was used to analyse the results, based on the corrected value of OD
(450-570). An r* of minimum 0.995 was used to ensure reliable results, and for each
sample the coefficient of variation between technical replicates was of a maximum of
20%. Each infection of AGS or THP-1 cells by an H. pylori strain was repeated in
three independent experiments. To reduce experimental variations between
experiments, the average negative control from each experiment was used as a unit

value.

2.2.12 Concentration of CCL4 in supernatants

Measure of the concentration of Chemokine (C-C motif) ligand 4 (CCL4) in
supernatants from infection experiments was obtained by ELISA using a Human
CCL4/MIP-1 beta DuoSet kit. First, a half-area plate with a flat bottom was incubated
overnight with 50 pL of capture antibody. Wash buffer (Table 2.5) and Blocking
buffer (Table 2.6) were freshly made. Plate was washed three times with wash buffer,
and incubated with 150 pL of block buffer for one hour minimum. During this
incubation step, standards (15.6-1000 pg/mL) were diluted into PBS and samples
from THP-1 cells were diluted 1:50 in PBS. Plate was washed three times, and 50 pL
of standards or samples were applied according to plate map recorded. After 1 hour

30 of incubation, the plate was washed three times, and 50 pL of detection andibody
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were added to the wells. After 1 hour 30 of incubation, the plate was washed three
times, and 50 pL of streptavidin were added to the wells. After 20 minutes of
incubation in the dark, plate was washed three times and peroxidase SureBlue was
added to the wells. After 15 to 20 minutes of incubation, the optical density in each
well was measured at 450 nm and 570 nm using a plate reader. The online software
elisaanalysis.com was used to analyse the results, based on the corrected value of OD
(450-570). An r* of minimum 0.995 was used to ensure reliable results, and for each
sample the coefficient of variation between technical replicates was of a maximum of
20%. Each infection of THP-1 cells by an H. pylori strain was repeated in three
independent experiments. To reduce experimental variations between experiments,
the average negative control for each experiment was used to adjust the results of each

experiment.

2.2.13 Human Inflammation Antibody Array

Detection of 40 human proteins was achieved for 4 samples from infection
experiments. Two samples were obtained from infection of THP-1 cells with each of
the two strains and two from infection of AGS with each of the same two strains. The
two strains used were 30950 (gastric cancer and CagPAI positive) and 31235 (non-
cancer strain and CagPAI negative). The assay was performed using the RayBio® C-
Series kit according to the manufacturer instructions and intensity of the spots was
analysed using ImageJ. Briefly, the membranes were blocked with 2 mL of blocking
buffer for 30 minutes at room temperature. Blocking buffer was then removed, and 1
mL of sample was incubated for 3 hours at room temperature. Samples were removed
by aspiration, and two washes were performed using two wash buffers with volumes
of 2 mL. After removal of the second wash buffer, 1 mL of biotinylated antibody
cocktail was added and incubated for 2 hours at room temperature. Membranes were
washed again with the same two wash buffers, and 2 mL of HRP-streptavidin were
added to the wells and incubated for 2 hours at room temperature. Membranes were
washed again with the same wash buffers, and placed on a provided plastic sheet after
removal of excess buffer. 500 pL of detection buffer mixture were added onto the
membranes. After two minutes of incubation, the membranes were sandwiched
between two plastic sheets and chemiluminescence was measured with a Chemidoc
MP System. For each membrane, the maximum intensity of each spot (grey scale)
was adjusted to the intensity of the 4 positive control spots from the top right corner.
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This intensity of each pair of spots was compared between the cancer/non-cancer
strains on AGS cells or on THP-1 cells. A difference of more than 0.1 in maximum

intensity was investigated further by quantitative ELISA.

2.3 Genomics

2.3.1 BIGSdb

All the publicly available sequences for H. pylori genomes were uploaded onto the
Sheppard lab Bacterial Isolates Genomic Sequences database (BIGSdb http://zoo-
dalmore.zoo.ox.ac.uk/perl/bigsdb/bigsdb.pl?db=sheppard_hpylori_isolates ) (K. A.

Jolley and Maiden 2010). The strains sequenced on site and the ones shared by
collaborators were also added to allow analysis to be run with both publicly available
and new sequences. Strains with genome size below 1.3 Mbp were removed from
analyses for bad quality. Strains with genome size above 1.9 Mbp were checked for
sample contamination using nBLAST of suspected contigs against public databases
and removed if contamination was verified. Contamination by the phiX gene, an
artefact from Illumina sequencing (Mukherjee et al. 2015), was also cleared by
nBLAST of the phiX gene. All available information about the strains, such as
geographic or ethnic origin of the patient and symptoms associated, were also added
to the database (Appendix C).

2.3.2 Genome Comparator

The first step of the genomic analysis was to run a genome comparator on the selected
strains. Genome Comparator is a tool available on BIGSdb (K. A. Jolley and Maiden
2010). To run a Genome Comparator analysis, strains of interest were selected in the
database. Then a list of genes was created. This list is usually either the list of genes
from a reference strain (in our studies, we used the strain 26695), or a pan-genome (a
list of all the genes present in at least one of the strains from the specific dataset). The
Genome Comparator performs a gene-by-gene nBLAST (Altschul et al. 1990)
alignment of all the genes from the given list in all the given strains, and gives back
different output files, including a results table, an alignment, and an xmfa file. The
results table shows the presence or absence of all the list genes in each strain, and also
gives information of the allele version of the gene in each of these strains. The
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alignments were used to make phylogenetic trees. The xmfa file shows the gene-by-

gene alignment, allowing investigation of specific gene variations in more detail.

2.3.3 Genomic trees

Neighbour-joining trees were built using FastTree v2.0 (Price, Dehal, and Arkin
2010) performed using the High Performance Computing Wales (HPC Wales) system
(HPC Wales 2017), and annotated with Evolview or iTOL v3 (Letunic and Bork
2016), based on alignments obtained from the output files from genome comparator

analysis.

2.3.4 Pan-genome approach

The pan-genome approach consists of creating a list of all the genes present in at least
one strain from our dataset. First the list of strains was selected. The mean size of a
H.pylori genome was 1.635 Mb and the mean number of genes was 1616, based on
the 695 sequences publicly available on NCBI Genbank (NCBI 2017). Therefore, any
strain sequence deviating from the average in terms of either genome size or gene
numbers was discarded suggesting a sequence of bad quality (low size or low number
of genes with a lot of truncated genes) or contaminated sequence (high size with a lot
of genes only found in this specific strain). Once the dataset was established, the fasta
files of each strain sequence were downloaded from the BIGSdb, and a pan-genome
was constructed using our group script (described in 2.3.4.1) or Roary (described in
2.3.4.2).

2.3.4.1 Pan-genome script

This method was developed by Leonardos Mageiros for part of his PhD at Swansea
University (Mageiros, L 2013-2017) (Meéric et al. 2014). Execution of the script was
achieved by me. Genome-Wide Association Study based on ClonalFrame, and all
minor genomic analysis requiring a pan-genome were performed using a pan-genome
built with this script (Figure 2.2). Briefly, the fasta files exported from BIGSdb were
submitted to the Rapid Annotation Sequences Tool (RAST) (Overbeek et al. 2014).
The list of annotated genes for each of the strains was downloaded from the RAST
server. Similarity between each pair of open reading frames was checked through a
BLASTN (Altschul et al. 1990) search and a list of all the genes present in at least one
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strain of our dataset was created (Sheppard et al. 2013). Genome Comparator and

another upload into RAST were used to reduce gene duplicates to alleles of a same

gene.
selected strains &
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i | N —h
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t —g —g —g —g annotated
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Figure 2.2: Pan-genome creation process using an in-house method
developed by Leonardos Mageiros.

The script used RAST annotation files as input and produced a list of one
allele for each gene present in at least one of the strains (Méric et al. 2014).

2.3.4.2 Roary

This method was used to run the publicly available bugwas package (Earle et al.
2016) used in Chapter 5. Lowering the threshold for Roary (Page et al. 2015) was not
shown to strongly affect the size of the pan-genome, so default parameters were used.
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2.3.5 FineStructure and ChromoPainter

FineStructure (Lawson et al. 2012) and Chromopainter (K. Yahara et al. 2013)
analyses were performed by Koji Yahara in order to identify population structure in
datasets based on paired similarity of core genome alignments. Preparation of the
datasets and analysis of the results were achieved by me. Both the heatmap and tree

from the FineStructure results were used to separate populations among isolates.

2.3.6 Genome-Wide Association Study

2.3.6.1 GWAS based on ClonalFrame

The first GWAS method was based on one previously published on other bacteria
(Sheppard et al. 2013). It relied on the construction of a pan-genome from the dataset
chosen and ClonalFrame (Didelot and Falush 2007). Briefly, a tree was built using a
core genome alignment with FastTree v2.0 (Price, Dehal, and Arkin 2010). Pairs of
strains were selected around that tree to create two replicate datasets. A pan-genome
was created using the pan-genome script (Méric et al. 2014) method (2.3.4.1) on the
joint replicate datasets. This pan-genome was used for each of our two replicate
datasets as the reference gene list for the GWAS. The genes were split into 30bp
words, or k-mers. The prevalence of those words in each group of strains (gastric
cancer or non-cancer) was assessed using a ClonalFrame (Didelot and Falush 2007)
based model, and the hits were identified. The script execution was performed by
Leonardos Mageiros. Preparation of the datasets and analysis of the results were

achieved by me.

2.3.6.2 GWAS based on bugwas

The second GWAS method was conducted using a pipeline recently applied in
another study by Koji Yahara (Suzuki et al. 2016). This method was based on the
bugwas package (Earle et al. 2016), and was executed in two approaches.

The first version was a k-mer-based approach (Sheppard et al. 2013) in which the
genome sequence of each isolate was fragmented into unique overlapping 31-bp DNA
words, or k-mers, that were used to identify genetic variations. The 31-bp words
significantly associated with gastric cancer were explored after accounting for the

inter-dependence of the strains and population structure. The script calculated an n x n
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relatedness matrix that summarized all genetic covariance among the strains, and
employed statistical tests for a given k-mer using a linear mixed regression model.
Unlike the ClonalFrame method, this method does not depend on a single clonal tree
that is difficult to construct reliably due to the high rate of recombination in H. pylori.
The second version was a SNP-based approach in which the nucleotides present in all
positions of each of the genes was compared between pairs of isolates.

Bugwas, like the ClonalFrame based method, was also based on a pan-genome
analysis. Annotation was done using prokka, and pan-genome creation was made
using Roary (2.3.4.2). Selection of hits was based on the odds ratio and p-value. The
hits were then analysed individually to investigate their function and the effect of the
SNPs identified. Execution of bugWAS was performed by Koji Yahara. Preparation
of the datasets and analysis of the results were achieved by me.

2.3.7 Accessory genome analysis

In one of our analyses (see chapter 1), some populations were hybrids derived from a
few derived populations, and an accessory genome analysis was developed to
highlight markers of this evolution in the populations. The accessory genome from
our dataset was studied based on the output of a genome comparator executed on the
dataset of 401 strains (Appendix C) using the pan-genome script method (2.3.4.1). A
binary presence/absence matrix was built for all the accessory genes in all the 401

strains.

2.3.7.1 Accessory tree
For each pair of strains, the ratio of genes present or absent out of the total number of
accessory genes was calculated to create a relatedness matrix. This matrix was then

used to build a tree using Matlab, and was visualised with Evolview (He et al. 2016).

2.3.7.2 Accessory plots

The binary presence/absence matrix was also used to calculate the frequency of
presence of each individual gene in each FineStructure population of our dataset,
called prevalence. These data were used to build 3 dimensional plots, using the

prevalence in each of the three groups selected as coordinates. On the X and Y axis
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were two suspected ancestor populations, and on the Z axis was the suspected hybrid
population.
All the genes were split into 7 categories of profiles:

e “no difference between prevalence in the 3 populations”,

e ‘“prevalence in hybrid = prevalence in ancestor 17,

e “prevalence in hybrid = prevalence in ancestor 27,

e “prevalence in hybrid = average between ancestor 1 and ancestor 2”,

e ‘“prevalence in ancestor 1 = prevalence in ancestor 2”,

e “prevalence in ancestor 1 = average between ancestor 2 and hybrid”,

e ‘“prevalence in ancestor 2 = average between ancestor 1 and hybrid”.
The repartition of the genes in these plots gave indications of the likeliness of the
hypothesised hybrid population being a hybrid between the two ancestral populations,
as well as the closeness of the hybrid population to one or another ancestor.
Statistics were performed based on the distance of each gene from the equi-prevalence
straight line (X=Y=2), by comparing each category of genes (apart from the first one)
in each plot via an ANOVA. In each case, the equality of variances was not verified
(p-value < 0.05 for Levene’s statistic test), and sample size (the number of genes) was
small in some of the categories of genes, so a Dunnett’s T3 test was chosen to

perform the ANOVA.

2.3.8 Analysis of individual gene variations

Strain differences between individual genes were investigated using BioEdit. Effects
on the amino-acid sequence were checked using an amino-acid alignment obtained
from BIGSdb, to differentiate synonymous and non-synonymous hits. Non-
synonymous hits were further studied by creation of figures showing proportion of
amino-acids in each position according to characteristics of the strains, using
WebLogo (Crooks et al. 2004).

2.4 Statistical Analysis

All statistical analyses were performed using GraphPad Prism. When two groups were
compared, unpaired t-tests were used. ANOVA analyses were used when more than
two groups were compared. For each statistical test (except in GWAS analyses), the
level of significance used (unless otherwise stated) was 0.05.
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3 Long-term genomic evolution of H. pylori in Americas

Helicobacter pylori has had the ability to colonise human stomachs for thousands of
years (Moodley et al. 2012). It can also live within its host for years (Rhee, Park, and
Cho 2014), and different strains can cohabit within the same host (Cao et al. 2015).
This long-term colonisation has resulted in co-evolution of human and H. pylori
genomes in populations around the world. Human migrations have carried the bacteria
throughout history, and traces of ancient human migrations can be found by studying
genomic admixture in H. pylori genomes (Falush et al. 2003). The Americas are an
excellent place to study population admixture, because of the recent history of human
migration. A rapid colonisation of the New World, principally by European migrants
and African slaves, massacred indigenous populations. The new-comers brought with
them pathogens, including H. pylori that were different from native populations. The
H. pylori species seems to have benefited from this new gene-pool created by this
human migration, facilitating rapid recombination and mutation (Suerbaum and
Josenhans 2007).

The three human populations investigated here include Europeans, Africans and
Native Americans and each carry genetically distinct populations of H. pylori, named
hpEurope, hpAfrical, hpAfrica2 and hspAmerind (Montano et al. 2015; Falush et al.
2003; Linz et al. 2007). The prefix hp indicates a population and hsp a subpopulation.
Subpopulations are genetically distinct from each other but less differentiated than
populations. The relationships between bacterial populations reflect differentiation
that occurred during the complex migration history of humans (Falush et al. 2003).
hspAmerind strains are presumed to be descendants of the strains present in the
Americas prior to 1492, and are a subpopulation of hpEAsia, which is found in East
Asian countries such as China and Japan. This heritage is linked to the ancient
colonisation of the New World by Asian populations (Marangoni, Caramelli, and
Manzi 2014). hspAmerind subpopulation is rarely found, even within groups with
strong Native American ancestry and may be dying out in competition with other
strains, possibly due to low diversity within the population (Dominguez-Bello et al.
2008). hpEurope bacteria are themselves ancient hybrids between two populations,
whose close relatives are currently found in un-admixed populations in North East
Africa (hpNEAfrica) and central Asia (hpAsia2). A study of a 5300-year old mummy
found in central Europe showed that he was infected with H. pylori which was an
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hpAsia2 type, with little or no African ancestry, suggesting that the admixture
probably took place within the last few thousand years (Maixner et al. 2016).

H. pylori is associated with gastric cancer (GC), which is one of the most lethal
cancers (Parsonnet et al. 1997; Plummer et al. 2015). GC is a global health issue, but
it is even more so in Latin America, as some countries in this region have among the
highest mortality rates worldwide (Ferlay et al. 2015). Mortality due to GC is ranked
3 in South America and 5" in Central America (Globocan 2012). Mortality rates
vary between neighbouring countries (for instance 5.6 in Argentina against 15.0 in
Chile in terms of Estimated age-standardized mortality rates for males per 100,000),
and within nations (for instance in Colombia with higher rates in mountains
populations than coastal populations) (Ferlay et al. 2015; Torres et al. 2013). In
addition, phylogeographic origin of the bacteria, as well as discordant origin of
bacteria and hosts have been linked to increased risk of gastric cancer development
(de Sablet et al. 2011; Kodaman et al. 2014). However, these studies were based on
MLST analysis which compares only seven housekeeping genes, therefore whole-
genome based analysis would increase the resolution for such studies.

There is a need for better understanding of the dynamics among H. pylori populations.
MLST is a good tool and was precious to start understanding the link between H.
pylori populations and their hosts, however whole-genome based methods will bring a
better resolution.

The development of whole-genome sequencing makes it possible to study in depth the
variations in H. pylori genomes and the ancestry of these populations. This will lead
to a better understanding of the mechanisms leading to such a wide variability in H.
pylori, and the relationship between this variability and human activities. Recent
research (Thorell et al. 2017) formed part of this project and is outlined in Appendix
D. For this study, a global collection of H. pylori genomes, combining both publicly
available and newly-sequenced genomes, was studied. This study aimed to confirm
two things. First, that the genomic variability of H. pylori strains from the Americas
reflects the history of migrations which shaped these regions. Second, that both the

core and accessory genomes reflect this in a similar way.
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3.1 Materials and Methods

3.1.1 Genomic data set

The data set used in this study was composed of both publicly available strains and
newly sequenced strains. The original dataset available on the Sheppard lab BIGSdb
(BIGSdb http://zoo-

dalmore.zoo.ox.ac.uk/perl/bigsdb/bigsdb.pl?db=sheppard _hpylori_isolates ) consists

of 825 strains. This dataset was processed to remove all sequences from non-human
sources or those that were of poor quality. A genome comparison was performed
(2.3.2) and a neighbour-joining tree was built using FastTree v2.0 (Price, Dehal, and
Arkin 2010) to identify clones. Clones are defined as strains that are almost identical,
often isolated from a same patient, either from different areas of the stomach or at
different time points, or from patients belonging to the same family. The final dataset
comprised 401 strains. Average number of contigs was 85.9, average length was
1644038.5 bp and average GC content was 38.95% (Figure 3.1).

sequence size (in bp) number of contigs GC content
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Figure 3.1: Distribution of the genomic characteristics of the sequences
used in a 401 strains dataset.

3.1.2 Chromopainter and FineStructure

Genes from the reference strain 26695 were searched by nBLAST in the 401 strains
by genome comparator, in order to prepare core genome alignments used as input for
ChromoPainter (K. Yahara et al. 2013) (2.3.5). ChromoPainter infers chunks of DNA
donated from a donor to a recipient. Results are summarized into a co-ancestry
matrix, highlighting the relatedness of some populations by comparing the profile of
the strains from this population, and the likeliness of their possible hybridisation.

FineStructure (2.3.5) (Lawson et al. 2012) uses the co-ancestry matrix to cluster
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individuals based on paired-similarity. The results from FineStructure are summarised

in a heatmap.

3.1.3 Pan-genome approach

A Pan-genome was built using an in house developed script (2.3.4.1). Briefly, fasta
files from all 401 strains were downloaded from the BIGSdb and submitted to the
Rapid Annotation Sequences Tool (RAST) (Overbeek et al. 2014). A list of one allele
of each gene found in at least one of the strains was then compiled and filtered. The
final pan-genome for this analysis was composed of 2457 genes. A genome
comparator executed on the 401 strains from the dataset against this pan genome list
revealed that 990 of these genes were core genes (present in all the strains from this
dataset). The 1467 remaining genes were accessory genes (present in at least one, but
not all strains from this dataset). Truncated genes were considered as present, as
truncation was in most cases caused by contig limits and therefore did not reflect a
biological truncation of the genes.

3.1.4 Accessory genome analysis

The accessory genome from our dataset was studied based on the table output of a
genome comparator executed on the dataset of 401 strains using the pan-genome list
of 2457 genes. A binary presence/absence matrix was built for all the 1467 accessory
genes from this 401 strains dataset.

Using this binary presence/absence matrix, an accessory tree was built and annotated
(2.3.7.1). The binary presence/absence matrix was also used to calculate the
frequency of each individual gene in each FineStructure population of our dataset
(called prevalence of the gene). In addition, it was used to build 3-dimensional plots,
using the prevalence in each of the three groups selected as coordinates (2.3.7.2).
ANOVA-based statistics were performed to describe the hybridisation using

Graphpad Prism vé.
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3.2 Results

3.2.1 Phylogeny of the data set

The final data set comprised 401 strains of Helicobacter pylori that were sampled
globally. The topology of the genomic tree (Figure 3.2: Neighbour-joining tree based
on the whole-genome alignment of 401 H. pylori strains.) was typical of H. pylori,
with strains distributed on a cline going from hspEAsia to hpAfrical and with

hpAfrica2 splitting away from the general cline.

Tree scale: 0.01

FineStructure Population
. hpAfrica2

B hrasia2

. hspEAsia

[ ] hspafricalNAmerica
[ ] hspAfrica1sAfrica
hspAfricalWAfrica
|:] hspAmerind

. hspEuropeColombia
D hspEuropeN

. hspEuropeS

. hspAfricalNicaragua

D hspMiscAmericas

Figure 3.2: Neighbour-joining tree based on the whole-genome
alignment of 401 H. pylori strains.

The population of the strains determined by FineStructure is represented
through color of the branches.

The geographic origin of these 401 clinical strains of H. pylori isolated in human

clinical cases can be broken down as described in Table 3.1.
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Table 3.1: Geographic origin of the 401 H. pylori strains used in
FineStructure analysis.

Colonisation group Geographic origin Number of strains

New World North America 57
Mexico 35
Central America 33
South America 73

Old World Europe 41
West Africa 38
South Africa 43
Asia 57
East Asia 22
Oceania 1
Experimental 1

3.2.2 Core Genome Analysis

3.2.2.1 FineStructure

A FineStructure analysis was performed to identify the populations found among the
dataset (Figure 3.3). The coloured matrix demonstrates how much of the genomes are
shared between strains. The darker the colour, the more shared ancestry. Twelve
populations were identified based on this analysis. Five of them are found mainly in
the New World. Some populations were more distinct from other populations. For
instance, hpAfrica2, hspAmerind and hpAsia2 show a large amount of intra-
population importation and a low amount of importation from or to other populations.
Conversely, hspEuropeColombia and hspEuropeS show almost the same amount of

importation from or to other populations than intra-population (Figure 3.3).
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Figure 3.3: Identification of 12 populations of H.pylori in a dataset of 401

global strains by FineStructure.

Adapted from (Thorell et al. 2017). Asterisks are for populations mainly
found in the New World. The colour of each cell in the matrix represents the
expected number of DNA chunks imported from a donor genome (column /
X-axis) to a recipient genome (row / y axis). The colour bars indicate the

geographic origin of the recipient and donor strains.

3.2.2.2 Chromosome painting

Two chromosome painting analyses were performed and results were arranged to

show the link between geographic origin of the strains and their population, as well as

the relationship between populations (Figure 3.4).
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Figure 3.4: Chromosome painting results showing repartition of the
global and ancestral population in the world.
Adapted from (Thorell et al. 2017). Each vertical bar represents one isolate.
The colour composition of each bar represents the amount of DNA donated
from each subpopulation in the core genome of the isolate. Panel A is made
with only old world populations (hspAfricalSAfrica, hspAfricalWAfrica,
hspEuropeS, hpAsia2, hspEuropeN, hpAfrica2 and hspEAsia) from old
world geographic origin (1 to 6 on map) used as donors. Panel B is made
using all strains as potential donors.

Each colour represents one of the twelve populations of H. pylori identified with
FineStructure. On Figure 3.4A, the donor panel used was made with only isolates
from old world geographical origin (Europe, Africa and Asia) belonging to Old World
populations  (hspAfricalSAfrica, hspAfricalWAfrica, hspEuropeS, hpAsia2,
hspEuropeN, hpAfrica2 and hspEAsia). hspEuropeS seems to have a larger fraction of
chunks coming from African populations, while hspEuropeN has a larger portion of
DNA coming from hpAsia2. These two populations also have a larger portion of their
palette coming from other old world population, compared to hpAfrical, hpAfrica2,
hpEAsia and hpAsia2. This is due to the ancient hybridisation between hpAfrical and
hpAsia2 resulting in the modern hpEurope population (Falush et al. 2003). The 5
other old world populations are highly distinct, showing more than half of their palette
coming from their own population.

Our hypothesis is that most of the recombination occurred from Old World to New
World strains. This OldWorld Painting allows us to investigate the origins of these
New World H. pylori populations without the more recent admixture that happened
since the colonisation of New World by Old World human populations.
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Data shown in Figure 3.4B, on the other hand, uses all strains as potential donors,
allowing a better view of the recent admixture events, and the relationship between
New World populations of H. pylori strains.

Regarding the isolates found in the Americas, some were strains belonging to Old
World populations, others revealed 5 new subpopulations that were not found in Old
World territory and included: hspEuropeColombia, hspAfricalNAmerica,
hspMiscAmericas, hspAfricalNicaragua and hspAmerind. Most of these populations
were derived from European and African Old World populations (Figure 3.4A). The
exception was hspAmerind, described in previous research as closely related to
hspEAsia (Falush et al. 2003), originating from a more ancient colonisation of the
Americas by Asian people, who formed the Native American population.
hspEuropeColombia was found mainly in Colombian isolates and demonstrated a
high level of European ancestry. As shown in Figure 3.4B, this population shows high
intra-population recombination. hspAfricalNAmerica and hspAfricalNicaragua were
found in isolates from North America and Nicaragua respectively. Both populations
showed a high level of African ancestry, but did not show exactly the same pattern
(Figure 3.4B). hspAfricalNAmerica showed a dominance of African ancestry,
whereas hspAfricalNicaragua also had imported European and Asian ancestry.
Global painting (Figure 3.4B) also revealed more intra-population recombination in
hspAfricalNicaragua than there was in hspAfricalNAmerica.

As both Finestructure and Chromopainting analyses are based on core genome
analysis, methods were developed to study the accessory genome in that specific

aspect of hybridisation of populations.

3.2.3 Accessory genome analysis

3.2.3.1 Accessory genome phylogeny

For each strain, the pattern of presence-absence of each gene was determined by
genome comparator to calculate frequency (or prevalence) in the different
populations. A neighbour-joining tree was built based on the presence/absence

relatedness matrix (Figure 3.5).
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Figure 3.5: Neighbour-joining accessory genome tree based on gene
sharing distance (absence and presence of genes).

This tree was annotated with iTOL (Letunic and Bork 2016). Colour of the
branches represents the FineStructure population. Red circles indicate strains
with the Cag Pathogenicity Island (CagPAl), and grey circles indicate strains
without the CagPAI. An online version is available for this figure at this
address: https://itol.embl.de/tree/137441153401551509290179#

Figure 3.5 highlights that the accessory genome shows similar segregation of the
strains as the one found with FineStructure, which was based only on core genome
(Figure 3.2). However the relatedness of the strains is not only made according to hp
populations, as some of the populations are now splitted into different areas of the
tree. Presence of the Cag pathogenicity island (CagPAl) was investigated, as this
group of genes was often identified as a ‘whole’ in many of the strains, and we
hypothesised that this would affect the clustering of strains in this accessory genome
tree. That was the case, as shown in Figure 3.5, most of the CagPAI positive strains
clustered in the same area of the tree. Interestingly, most of the CagPAIl negative
European strains (hspEuropeN and hspEuropeS) and hspEuropeColombia cluster with
the CagPAIl negative African strains, whereas CagPAIl positive European strains
cluster with the Asian strains (in large majority CagPAl positive). American
populations such as hspMiscAmericas and hspAfricalNicaragua and
hspAfricalNAmerica cluster with the CagPAI positive African strains.
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3.2.3.2 Accessory genome plots

Additional analysis of the accessory genome was performed on hpEurope and 3 of the
New World populations (hspEuropeColombia, hspAfricalNAmerica and
hspAfricalNicaragua), to verify if their accessory genome profiles were consistent
with the Chromosome painting and FineStructure results based on the core genome.
The method led to the creation of 3 dimensional plots using the prevalence in the
potential hybrid population as vertical axis, and the prevalence in the two ancestral
populations suggested by chromosome painting on the horizontal axis. A
randomisation of the group to which the strains belonged was performed as a negative
control. All strains were allocated to a random group without any population structure
taken into consideration, and the prevalence in these 3 randomised groups was used to
build the negative control to check that the model showed divergence in accessory
genome prevalence which was linked to the population structure (Figure 3.6A). The
negative control showed genes to be clustered in the centre of the plot (labelled in
black), with no outliers being closer to one of the axis (labelled in colours according
to Figure 3.6B). A positive control was also built using data generated for a
hypothetical “perfect hybrid” population with genes sharing either the exact same
prevalence than one of the ancestor or the average prevalence between the two
ancestors (Figure 3.6C).
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Figure 3.6: Controls used to develop a method for hybridisation analysis
based on 3-dimensional plots of accessory genomes.

Adapted from (Thorell et al. 2017) A. Negative control plot, built using
random population assignment. B. Colour Legend C. Positive control plot,
built using artificial hybrid population with frequency of genes either
identical to Ancestor 1 (in magenta), to Ancestor 2 (in orange) or a 50-50
hybrid (in red). In panels A and C, each dot is a gene, and the coordinates
correspond to the frequencies of this gene in the three randomised
populations. The graphs are orientated in order to have genes with identical
frequencies in all three populations in the centre of the plot. These genes and
those that had small variations of frequencies are represented in black. Genes
with greater frequency differences appear in colours, according to the
triangular legend presented in panel B. Colours used for the text are for genes
that differ substantially between the population named and the other two. The
criteria used to say a frequency X is larger than another one Y was [X-Y>=
0.5], [X>=0.5 and Y<0.1], or [X>0.9 and Y<=0.5]. Colours on the lines are
used for genes that show high differences in frequency between the two
populations on each side of the line, with the last one having an intermediate
frequency.

The accessory genome method was applied to different sets of populations (Figure
3.7). The first set used was hpEurope as a hybrid population from hpAsia2 and
hpAfrical. The hpEurope population is understood to be the result of an old
recombination between hpAsia2 and hpAfrical (Falush et al. 2003), based on MLST
analysis. This was also confirmed by the core genome analysis (Figure 3.3 and Figure
3.4). The three other hybrid populations studied were hspAfricalNAmerica,
hspEuropeColombia and hspAfricaNicaragua, which were identified as hybrids from
African and European origins in the core genome analysis (Figure 3.4).
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Figure 3.7: 3-dimensional plots of accessory genomes in hybrid
populations.

Adapted from (Thorell et al. 2017). Each dot is a gene, and the coordinates
correspond to the frequencies of this gene in three populations. The graphs
are orientated in order to have genes with identical frequencies in all three
populations in the centre of the plot. These genes and those that had too
smaller variations of frequencies to be studied are represented in black.
Genes with greaterfrequency differences are labelled in colours, according to
the triangular legend. Colours used for the text are for genes that differ
substantially between the population named and the other two. The criteria
used to say a frequency X is larger than another one Y was [X-Y>= 0.5],
[X>=0.5 and Y<0.1], or [X>0.9 and Y<=0.5]. Colours on the lines are used
for genes that show a high difference in frequency between the two
populations on each side of the line, with the last one having an intermediate
frequency. A. Comparison of hpEurope to hpAsia2 and hpAfrical, from
strains isolated in old world.B. Comparison of hspEuropeColombia to
hpEurope and hpAfrical. C. Comparison of hspAfricalNicaragua to
hpEurope and hpAfrical. D. Comparison of hspAfricalNAmerica to
hpEurope and hpAfrical.

Plots in Figure 3.7 show different types of hybrids based on the repartition of gene
prevalence compared to hypothetical ancestors. hpEurope (Figure 3.7A) appear to
have genes equally distributed between those showing an African profile, those
showing an Asian profile, and those showing an average repartition between African
and Asian prevalence. The three other hybrid populations seem to be much more

driven by one of the ancestors over the other one. hspAfricalNAmerica (Figure 3.7B)
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and hspAfricalNicaragua (Figure 3.7D) show a larger number of genes with a
distribution similar to that of hpAfrical. However, there are more genes of different
ancestry in hspAfricalNicaragua than in hspAfricalNAmerica which has a more
linear repartition along the hpAfrical line. hspEuropeColombia (Figure 3.7C) has a
profile close to hpEurope, but with a small drift to the side, showing a significant
difference in the pattern of prevalence.

Statistics were performed on the plots from Figure 3.7, based on the distance of each
gene from the equi-prevalence line. The ANOVA analysis for the plot from Figure
3.7A (hpEurope) showed a significantly higher distance for genes belonging to the
profile “hybrid = hpAfrical” and “hybrid = hpAsia2” (p-value < 0.05), which
confirms that the population hpEurope is a balanced hybrid between hpAfrical and
hpAsia2. Regarding New World populations, our accessory genome study identifies
two types of hybrids. In Figure 3.7B and Figure 3.7D, populations are closer to
hpAfrical than to hpEurope. The ANOVA for these two plots show that only “hybrid
= ancestor 1” is significantly higher (p-value < 0.05) in distance than the other groups.
In Figure 3.7C the population is closer to hpEurope than to hpAfrical, with statistics
showing that only “hybrid = ancestor 2” is significantly higher (p-value < 0.05) in

distance than the other group.

3.3 Discussion

A large number of strains collected in Northern and Latin America were from
hpEurope populations, with chromosome painting profiles undistinguishable between
Old World and New World isolates. These hpEurope strains were clustering into two
close but distinct subpopulations, which tend to segregate between North and South.
The southern population showed a higher hpAfrical ancestry compared to the
northern one. This difference in Old World could be explained by a Mediterranean
melting pot, and there is a cline in the European strain-based tree that is consistent
with this observation. The New World part of these hpEurope subpopulations can be
explained by the colonisation history of North and South America. These observations
draw a direct relationship between human and bacterial ancestries.

However, human and bacterial ancestries are not always perfectly concordant.
Colonisation of the Americas by European populations resulted in a new physical and
dietary environment for the bacteria, as well as a new ethnic mix of hosts.

Colonisation of a host from a certain ethnic background by a bacteria from a distinct
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population background can lead to modifications of the host-bacterial interactions, as
observed in other studies (de Sablet et al. 2011; Kodaman et al. 2014). This can also
have an effect on long-term evolution. The hspAmerind population is a good example
of these effects. Strains from this population are extremely rare, even in populations
with substantial Native American ancestry. Even though this might be biased by a
more limited access to clinical samples from such populations, there is strong
evidence that these strains are dying out due to the benefit of hpEurope strains when
these populations are in a competitive environment (Dominguez-Bello et al. 2008).
This is reflected in the present study due to the fact that none of the populations only
found in the New World show a considerable amount of hspEAsia apart from
hspAmerind. This subpopulation did not mix with the others to produce a new
subpopulation-it appears to be going extinct.

Variations observed amongst American populations can be partially explained in
different ways. First of all, the sample collections from the United States all come
from Cleveland, which is a large cosmopolitan city, whereas samples from South and
Central Americas come from hospitals where the patients come from various parts of
their respective countries. Most of the samples coming from Old World populations
found in the New World are from the USA, but that could be a reflection of this
difference in the type of collection. However, there is another plausible explanation
for this. The prevalence in the USA has been decreasing (Stewart and Wild 2014) for
the last 2 decades, whereas it is still extremely high in Latin American countries. High
prevalence increases the possibilities for horizontal transmission and mixed
infections, which can result in emergence of local populations, whereas a low
prevalence tends to conserve the original imported populations.

The long-term evolution of H. pylori strains is in part driven by human history.
Population migration events can make highly divergent bacterial populations meet
and those populations can recombine to result in new populations. This evolutionary
path can be of great importance in understanding host/pathogen interactions, as the
creation of new populations or the eradication of old populations of H. pylori can be
linked to prevalence of diseases such as gastric cancer.

It is interesting to note that the Old World populations identified by FineStructure and
ChromoPainter matched the ones previously described (Falush et al. 2003). However,
the increased number of strains and use of whole-genome sequencing instead of

MLST allowed for the differentiation between two subpopulations which were
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considered as one in previous studies (Falush et al. 2003): hspEuropeS and
hspEuropeN. The two populations are closely related, but distinct in terms of
ancestry, as hspEuropeS has a stronger input in African populations, and hspEuropeN
has a stronger input in Asian populations. Study of the accessory genome in hpEurope
strains also confirmed the hybrid origin of this population between Asian and African
ancestry, which was demonstrated using MLST (Falush et al. 2003) and core genome
analysis, with FineStructure. This is the first study based on complete accessory
genome, as most studies are based on core genome analysis. This enabled us to
investigate the relationship between core and accessory genomes and have a more
complete picture of the evolution taking place in H. pylori. Accessory analysis of
hybridisation ancestry is a good way to represent and analyse the prevalence of genes
between 3 populations. However, it requires more than 20 strains from each
population, which could be considered a limitation as samples are not always
available in abundance.

In conclusion, we succeeded in showing that the genomic variability of H. pylori
strains from the Americas reflects the migration history. Our study highlighted two
distinct ancestral hpEurope, that we named hspEuropeN and hspEuropeS, spreading
to the New World in different ways. These Old World populations mixed in the
Americas with Asian and African strains to give birth to new populations, unique to
the Americas. Our study studied both core and accessory genome, and we showed that
both genomes were evolving in similar ways. Our observations on the link between H.
pylori and human populations were concordant, showing the same tendancy in the

different New World populations.
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4 Rapid genomic evolution in Helicobacter pylori strains infecting
mice

Helicobacter pylori can colonise the stomach for years without causing any
symptoms, but often causes asymptomatic or symptomatic inflammatory responses
(Correa 1988; Supajatura et al. 2002; D. J. Evans et al. 1995; Satin et al. 2000; Moran
and Aspinall 1998; Pérez-Pérez et al. 1995; Unemo et al. 2005). This prolonged
inflammation can also be responsible for the development of various gastric disorders,
such as gastric cancer but also the less prevalent gastric MALT Lymphoma (ML). The
exact mechanisms leading to gastric complications remain unclear (Besséde et al.
2015), but it is thought that the extreme diversity of the H. pylori genome could be
one answer. A few studies have investigated the effects of long-term host colonisation
on the H.pylori genome (Israel et al. 2001; Kersulyte, Chalkauskas, and Berg 1999;
Kuipers et al. 2000). However, there is a need to link this long-term colonisation with
not only the changes occurring in the bacterial genome, but also with the development
of disease (e.g ML) and associated symptoms. Murine models of H. pylori
colonisation have been established (D. H. Kim et al. 2003), with comparable
symptoms to those observed in humans (She et al. 2003). This model is a good option
both economically and biologically (S. Zhang et al. 2014), and so an infection study
was carried out at the Centre National de Référence des Campylobacters et
Hélicobacters (CNRCH) in Bordeaux (Chrisment et al. 2014).

The reasons why only part of the population infected with H. pylori develops
symptoms and the mechanisms underlying the wide range of symptoms that can occur
are still unknown. In the murine study previously mentionned (Chrisment et al. 2014),
observation of lesions and markers of low-grade ML similar to those seen in humans
were made regardless of the infecting strain, which would suggest the importance of
host (mouse) rather than bacterial factors. However, to add to this complexity,
symptoms were significantly more acute in one of the ML associated strains (B47).
This suggests that the diversity observed in H. pylori population may contribute to the
disease process. The genome evolution of a H. pylori strain during a long-term
infection was previously studied in a primate model (Liu et al. 2015) and attempts
were also made in humans (Avasthi et al. 2011), but these studies require very long

incubation times to be relevant and focused on other pathologies. There is, so far, no
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study of the evolution of H. pylori strains during the development of MALT
lymphoma symptoms. A recent publication studied the differences between a specific
experimental strain (SS1) before and after passage in mice exist but this study was
only based on one strain, and highlighted variability (Draper et al. 2017). Studies on
other strains could confirm or complete their observations.

This chapter uses the isolates from a previous study where neonatal thymectomised
BALB/c mice were infected with H. pylori strains in order to assess the capacity of
the strains to promote ML (Chrisment et al. 2014). Two of the strains used in this
study, B38 and B47, were isolated from European patients suffering from ML. At
each stage of this study the bacterial strains were isolated from mice and stored,
offering the opportunity to sequence them and have a deeper look at the variations
that occur in the bacterial genomic during the long-term colonisation of mice
stomach.

This study aims to investigate two statements: i) A H. pylori strain evolves when
changing its host niche from human to mice; and ii) A H. pylori strain infecting a
stomach for a long time evolves alongside the development of ML symptoms.

4.1 Material and Methods

4.1.1 Isolation of H. pylori from mice

in vivo experiments took place at Laboratoire de Bacteriologie in Bordeaux
(Chrisment et al. 2014), prior to this PhD. The two strains selected for this study (B38
and B47) were capable of colonising the stomachs of BALB/c mice. One of them,
B38, went through a re-isolation step prior to colonisation experiment in order to
obtain a sufficient amount of infecting bacteria. They were both CagPAI negative and
were tested against two control strains also known for their ability to colonise mice
but not associated with ML. Bacterial strains were cultured under microaerophilic
conditions at 37°C. The strains were grown on selective agar plates and collected in
Brucella broth medium. Six-week-old mice were fasted in order to facilitate bacterial
colonisation, then gavaged for 3 consecutive days with the required strain at a dose of
10® H. pylori per mouse. When the mice were sacrificed (after 6 weeks, 6 months or
12 months post-infection), biopsies were used for culture and frozen at -80°C. H.
pylori culture was performed from the collected stomach tissue, homogenised in PBS
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and grown on a selective medium under microaerophilic conditions at 37°C for 3 to
10 days. These bacterial cultures were kept at -80°C until used for DNA extraction

and sequencing (Figure 4.1).
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Figure 4.1: In vivo microevolution of H. pylori.

Original strains B38 and B47 were both isolated from human patients
suffering from ML. B38 was passaged through a mouse prior to infection.
Then both B38 and B47 were administered to mice and re-isolated at defined
times (6 weeks, 6 months and 12 months) following infection. Infection is
shown with black arrows. Isolation is shown with red arrows. The strain
labelled a was already sequenced and published. All other strains were
sequenced specifically in this genomic study. Strains labelled b were used in
the change of host analysis. Strains labelled ¢ were used in the long-term
colonisation analysis.

4.1.2 DNA extraction and sequencing

The B38 strain sequence was already publicly available. The remaining 21 other
isolates were DNA extracted and their genomes sequenced (Figure 4.1). Total DNA
was extracted using the QIAmp DNA Mini Kit (Qiagen, Crawley, UK) according to
the manufacturer’s instructions at Laboratoire de Bacteriologie, Bordeaux. The
samples were whole-genome sequenced at Swansea University. Quantification of
DNA was assessed with a Nanodrop spectrophotometer prior to sequencing. High-
throughput genome sequencing was performed using a MiSeqSystem (lllumina, San
Diego, CA), and de novo assembly was performed using Velvet (version 1.2.08). All

contigs from the 22 strains were imported into the SheppardLab Hp Bacterial Isolate
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Genome sequence database (BIGSdb http://zoo-
dalmore.zoo.ox.ac.uk/perl/bigsdb/bigsdb.pl?db=sheppard_hpylori_isolates )  for

genomic analysis (K. A. Jolley and Maiden 2010).

4.1.3 Genomic analysis

The average number of contigs for the 21 newly sequenced strains was 67.3, average
length was 1586210 bp and average GC content was 39.09 % (Figure 4.2). Size of the
B38 genome was 1576758 bp, on a single contig, with a GC content of 39.2%.
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Figure 4.2: Distribution of the genomic characteristics of the 21 newly
sequenced strains.

These characteristics were analysed using BIGSdb (K. A. Jolley and Maiden
2010). Characteristics shown are sequence size (A), number of contigs (B)
and GC content (C).

Coding sequences (CDS) were identified for each strain using RAST (Overbeek et al.
2014) (Figure 4.3). The average number of CDS in those 22 strains was 1620.6. B38
derived strains had a smaller number of CDS (1611 on average) compared to B47
derived strains (1632 on average). This difference was significant (p-value < 0.0001).

A pan-genome was constructed with all loci present in at least one of the 22 strains
used in this study, with the genes contained in the reference strain 26695 used as a
reference gene list to facilitate identification of the genes (see details of the method in
2.3.4.1). Gene-by-gene alignment was performed by genome comparator (2.3.2) using
the 1703 CDS sequences of the pan-genome as reference, and the alignments were
exported from the database to investigate gene-by-gene variations. A neighbour-
joining tree was built from the gene-by-gene alignment of the strains using FastTree
v2 (Price, Dehal, and Arkin 2010) and annotated with iTOL v3 (Letunic and Bork
2016).
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The genome comparator tool produced a results matrix which included gene
prevalence, and different alleles. Key differences measured focused on i) adaptation

to a new host; ii) changes during the long-term colonisation of this host (Figure 4.1).
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Figure 4.3: Number of CDS annotated with RAST in the 22 strains
isolated from ML patients or after passage in mice.

Gene-by-gene variations were studied using BioEdit. Five types of changes were
searched for: (i) single nucleotide polymorphism (SNP), corresponding to a change in
only one position from one nucleotide to another; (ii) double nucleotide
polymorphism (DNP), corresponding to a change in two neighboring nucleotides; (iii)
Phase Variation (PV), corresponding to a change in the number of repeats of one or
two nucleotide; (iv) Deletion or Insertion, inducing a gap in the alignment; (v) Change
in the number of repetitions of a large sequence. PV and Deletion/Insertion are non-
synonymous, as they are changing the reading frame. Change in the number of
repetitions of a large sequence is non-synonymous, but usually results in no change in
the reading frame. SNP and DNP can be either synonymous or non-synonymous.
Analysis of corresponding amino-acid sequences was achieved based on translations

from the gene sequences using the online tool ExPaSy.
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4.2 Results

4.2.1 Population biology of the H. pylori dataset

Genomic variability was first verified on a neighbour-joining tree (Figure 4.4).
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Figure 4.4: Neighbour-joining tree of the 22 strains isolated from ML
patients or after passage in mice.

The tree was built using the alignment produced by the genome comparator
tool from BIGSdb and annotated with iTOL v.3.There was a clear
segregation between B38 isolates on the left side and B47 isolates on the

right side, confirming the isolates came from two distinct strains.

The two strains used, B38 and B47, formed two distinct clusters, confirming firstly
that they were different strains, as expected, and second that the genomic variations
occurring during long-term infection in mice are smaller than the genomic difference
between the two different strains. The results of a genome comparator performed with

the pan-genome of these two strains and their variants confirmed these differences,

with 1584 genes showing allelic variations between the two original strains or
in only one of them.

The gene-by-gene comparison of the passaged isolates compared to the

originally administered showed a higher variability within the B47 isolates than

within the B38 isolates (64.7 to 82.7 genes presenting variations in B47 against 43 to

54.3 B38) (Figure 4.5).
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Figure 4.5: Average number of genes showing allelic variations between
the different sets of strains derived from B38 (Panel A) and B47 (Panel
B).

For B38 isolates, the number of genes presenting allele variations between isolates
from a single time-point was lower than the number of genes presenting allele
variations when compared to the original isolate. It was not the case for B47 isolates,
in which the number of genes with allele variations between isolates from a single
time-point was higher than the number of genes presenting allele variations when

compared to the original isolate (Figure 4.5).

4.2.2 Evolution during change of host

Effects of the change of host on the strains is studied based on the genes changing
between the original clinical strain and the batch of strains obtained after a first
passage of 6 weeks in mice. A larger number of genes changed during the change of
host in B47 derived strains (53 genes) compared to the number of genes changing
during the change of host in B38 derived strains (38 genes). After selection of only
genes with at least 2 identical alleles in the re-isolated strains that are different from
the original strain allele and suppression of artefacts due to contig limits creating
truncated genes, only 2 genes have changed in B47 and 10 genes have changed in
B38. Artefacts due to contig limits were identified as genes for which the truncated
gene was positioned at an extremity of one of the contigs. The sequence variations
observed in B38 during change of host were of three types: SNP, PV and

deletions/insertions (Table 4.1).
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Table 4.1: Changes observed in genes during change of host in strain

B38 or B47.
Gene Change in Type of change | Effect on Amino-Acid sequence
HP0217/cgtA B38 PV Change in the length of the protein
HP0251/oppC B38 PV Change in the length of the protein
PV Change in the length of the protein
HPO464 B38 SNP Alanine to threonine
HP0499 B38 PV Change in the length of the protein
HP0685 B47 PV Change in the length of the protein
HP1054 B38 SNP Tyrosine to Histidine
HP1088 B38 SNP Arginine to Glutamine
HP1237 B38 1SNP Synonymous
insertion Change in the length of the protein
SNP Glycine to Arginine
HP1243/babA B38 SNP Histidine to Tyrosine
SNP Threonine to Alanine
HP1251/oppB B47 PV Change in the length of the protein
HP1252/0ppA B38 PV Change in the length of the protein
HP1365 B38 SNP Histidine to Tyrosine

For strain B47, only PV was observed during change of host. In most of the genes,
only one sequence variation was identified. However both a PV and a SNP were
found in HP0464, and 3 SNP and a deletion/addition were found in HP1243.
Interestingly, one of the genes identified in B38 (HP1252, or oppA) was in close
proximity to one of the two genes identified in B47 (HP1251, or oppB). Another
gene, identified only in B38, coded for another protein from the Opp family: HP0251,
or oppC. All three were identified as going through PV during host transfer. These
genes code for an oligopeptide ABC transporter substrate-binding protein and two
oligopeptide ABC transporter permeases. All the phase variations occurring in these
three genes have had consequences in the length of the protein, causing a shorter
version of the protein in either the original strain (OppB and OppC) or the reisolated
strains (OppA).

HP0217, a beta-1,4,N-

acetylgalactosamyltransferase and has a PV in B38. Both the original strain version

also known as cgtA, is a gene coding for
and the re-isolated strain version were shorter than the version found in the reference
strain 26695. However the version present in the re-isolated strains is slightly shorter
than in the original strain.

HP0464 codes for hsdR, a type | restriction-modification system endonuclease and
has both a SNP and a PV in B38. Both the SNP and PV are non-synonymous, causing

an amino-acid change from an alanine in the original strain to a threonine in the re-
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isolated strains, and a shorter version of the protein in the original B38 strain than in
the re-isolated strains.

HPO0499 codes for a precursor for an outer membrane phospholipase Al (pldA, or
DR-phospholipaseA) and has a PV in B38. This PV causes a shorter version of the
protein in B38 than in the re-isolated strains.

HP1054 is annotated as a hypothetical protein, but is likely to code for the murein
hydrolase activator NIpD and shows a SNP variation in B38. This SNP was non-
synonymous, causing an amino-acid change from a tyrosine in B38 to a histidine in
the re-isolated strains.

HP1088 codes for a transketolase (tktA) and has a SNP variation in B38. This SNP
was also non-synonymous, causing an amino-acid change from an arginine in B38 to
a glutamine in the re-isolated strains.

HP1237 codes for a carbamoyl phosphate synthase small subunit (pyrAa) and has a
SNP variation in B38. This SNP was the only synonymous SNP found in this B38
change of host study.

HP1243, also known as babA, is the gene that has the most variations in this study
with 3 SNPs and 1 insertion. This gene codes for the outer membrane protein omp28.
All 4 nucleotide variations found in this gene were non-synonymous. Effects of the
insertion were important, creating a shorter version of the protein in the re-isolated
strains compared to both B38 and 26695 versions. All 3 SNPs were similar in B38
and in 26695, differentiating the re-isolated strains from the human ones.

HP1365 codes for a DNA binding response regulator from the OmpR family and has
a non-synonymous SNP in B38, causing an amino-acid change from a histidine to a
threonine.

Finally, HP0685 codes for a flagellar biosynthesis protein FliP and has a PV in B47.
The Phase Variation in this gene resulted in a shorter version of the protein in the re-

isolated strains than in the original B47 strain.

4.2.3 Evolution during long-term colonisation

Changes during long-term colonisation of mice were studied. A larger number of
genes changed during long-term colonisation in B47 derived strains (79 genes)
compared to the number of genes changing during long-term colonisation in B38
derived strains (63 genes). From these, genes for which the change was caused only
by the change of host, artefacts caused by contig limits, and genes that were not
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showing at least 2 identical alleles among the strains from a same time-point were
removed. Artefacts due to contig limits were identified as genes for which the
truncated gene was positioned at an extremity of one of the contigs. This selection left
3 genes in B47 derived strains and 4 genes in B38 derived strains. Changes included
SNP, DNP, PV and long sequence repetition variations (Table 4.2). The two long

sequence repetition variations observed concerned the same pattern of 21bp, inducing

a repetition of the amino-acid sequence DDLRVNY.

Table 4.2: Changes observed in genes during long-term colonisation of

mice in strain B38 or B47.

Gene Change in | Type of change Effect on Amino-Acid sequence
SNP Aspartic acid to asparagine
HP0379 B38 Number of | DDLRVNY 5 to 14 times
repetitions
HP0629 B47 SNP Alanine to Aspartic acid
SNP Aspartic acid to asparagine
HP0651 B38 Number of | DDLRVNY 5 to 14 times
repetitions
HP0855 B38 & B47 | PV Change in the length of the
protein
HP1041 B47 SNP Glutamic acid to Alanine
0010 8940 0104 B38 PV Chan_ge in the length of the
- - protein

One of the genes, HP0855, presented a variation linked to long-term colonisation in
both B47 and B38 derived strains. Again, like in the change of host, the variation
observed in this gene was a PV. HP0855 codes for an alginateO-acetylation protein
(algl), with functions linked to cell wall, membrane and envelope biogenesis.

Two of the genes that were identified as having evolved during long-term colonisation
of mice with B38 are especially interesting: HP0379 and HP0651. Both code for a
fucosyltransferase, which has a crucial role in LPS biosynthesis. Each of these two
genes had a SNP placed inside the same short sequence, replacing an aspartic acid
with an asparagine in the amino-acid sequence. In addition to this, they also had a
unique type of variation: there was a repetition of a small sequence (21bp), resulting
in the amino-acid repeat sequence DDLRVNY from 5 to 14 times. This has been
described in another study (Rasko et al. 2000). More investigation was necessary on
these sequences, as they were often found on the extremities of contigs. Completion
of the missing parts from the genome comparator results for all the versions of
HP0379 in B38 derived strains was possible, but not for all the versions of HP0651.
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Two different endings were found in the complete sequences for HP0651, which did
not allow us to infer the end of the sequence based on the sequences available.
However, the contig limit was placed after the repetitions in all these incomplete
genes, thus the count of the number of repetitions is robust.

The final gene presenting variations in B38 has not been described yet. This gene was
named 0010 8940 0104 by the RAST annotation, but it was not an nBLAST match
for any of the 26695 genes during the pan-genome construction. The variation
observed was a PV, leading to variations in the length of the protein. A pBLAST of
the longest version found in our study against the proteome of 26695 matched for a
type 11G Restriction Modification System with 98% of coverage for 91% identity.
Genes with variations in B47 included HP1041, which code for the flagellar
biosynthesis protein FIhA. This gene contained a non-synonymous SNP resulting in
the change from a glutamic acid in the B47 original and 6 weeks re-isolated strains to
an alanine in the 6 months and 12 months re-isolated strains.

The final gene, HP0629, also contained a non-synonymous SNP, inducing a change
from an alanine in B47 to an aspartic acid in the 6 months re-isolated strains. Its
function was unknown.

During this long-term colonisation, lesions of the stomach were assessed (see
(Chrisment et al. 2014) for details). Mucosal inflammation was present in all infected
mice 12 months post-infection, and absent from the non-infected mice. However the
level of lymphoid infiltrates was only statistically different from the non-infected
mice for mice infected with B47. These infiltrates were associated with
lymphoepithelial lesions, which is a signature of a lymphoma stage. Lesions were

more extensive and more severe in B47 infected mice compared to B38 infected mice.

4.3 Discussion

The variability between the original and re-isolated strains after the first passage in
mice was quite low compared to what would have been expected from highly
recombining bacteria. This suggests that the change of host from a human with ML
symptoms to healthy mice does not affect the strains greatly. This observation
confirms that studying ML symptoms provoked by H. pylori strains isolated from
ML-suffering patients using a mouse model is suitable and does not infer changes too
important in the bacterial strains. This makes this model not only good to study the
development of ML in the stomach tissues, which was the aims of the Chrisment et al
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(2014) study, but also to study the bacterial genome and its evolution during
colonisation and development of symptoms.

However, despite our results showing genomic variations in H. pylori strains
colonising mouse models, variability was extremely high between samples from the
same time-point, mainly due to the fact that the strains are evolving in different hosts,
and mice are sacrificed at each time point making it difficult to be certain that the
intermediate time point is truly an intermediate evolution between the original strain
and the strain found in the 12 months post-infection stomach. Despite the fact that a
single strain was used to infect the mice, it is also possible that at the re-isolation time,
a variety of strains were present, undergoing different evolutionary pathways. Only
one single colony was isolated for each mouse, and this hidden variability could have
an effect on the results. A wider range of single colonies from different biopsies
(n=10) of a same animal would help assessing this variability.

The design of this study did not include an evolutionary control, in the form of the
strains cultured outside a new host. Such an experiment would have been needed in
order to ensure that the variability observed was indeed the result of the evolutionary
response of the bacteria to its new host, and not spontaneous variability (Jee et al.
2016; Draper et al. 2017).

Another limitation of this study was the high number of artefacts identified by the
genome comparator. This could be due to the quality of the sequencing and
assemblies. Transport of the samples was not optimal, due to a transporter issue,
which could have affected the quality of the samples, causing a drop in the quality of
the sequences. However, the sequences were of expected size and content, therefore
the results once the artefacts were removed should be trusted. Contig sizes were a
limitation in gene-by-gene alignment methods used in this study. Increased variability
observed in B47 derived strains compared to B38 derived strains, and the increased
number of artefacts due to contig limits in B47 could be explained by the fact that the
B38 genome was a complete genome sequence assembled in a single contig, whereas
B47 was splitted in different contigs. This could be solved by using another method
for sequencing, such as Pacific Bio Systems. However, this technology was not
available in Swansea but is an opportunity for a future collaboration.

This high variability issue could be improved by increasing considerably the number
of samples, to allow statistics to be performed on the genomes. Indeed a maximum of
3 isolates for each time point were available to us for this study, which is too small to
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perform any sort of statistical measure and can hide some of the variability by the
chances of not picking them up in our sample population.

Another way to handle the variability issue would be to use a larger animal model
which would allow the use of endoscopies instead of sacrifices. Indeed, mouse model
present limitations. Their small size is one of them, as endoscopies are not impossible
to perform but involve a lot of critical steps and require specific setups (Bruickner et
al. 2014). The life span is also shorter than the average duration of a H. pylori chronic
infection in humans, which limits the study of true long-term colonisation and its
effect on the bacterial genome. Mice also are poor models to study inflammation
which is a crucial part of the H. pylori infection outcomes. Primates can be
considered, as shown recently (Liu et al. 2015), but it is a costly model requiring more
complicated ethical project licences. In addition, the adaptation of human strains to
primates hosts has been less studied than for mice (Guo et al. 2014; S. Zhang et al.
2014; Ameri Shah Reza et al. 2012). However, it does present the advantage of a
longer life-time, closer to the human one, and endoscopies are achievable more easily
on an animal of such scale. On an intermediate level between mice and primates, one
could also consider gerbils. Cases of infections with Helicobacter species have been
described in gerbils, which could also constitute a suitable model (Asim et al. 2015;
Kodama et al. 2005). In order to study the evolution of H. pylori strains according to
the time spent in a specific host, it is also possible to study.families of patients
infected with H. pylori. Indeed, families are often infected with a common strain, or
are transmitting their infecting strains to other members of the family. Therefore
sequencing strains isolated from patients belonging to a same family is a way to
approximate longitudinal study of the bacterial genome (Raymond et al. 2004; Osaki
et al. 2015; Raymond et al. 2008; Kivi et al. 2007).. At rare occasions, it is also
possible to obtain pairs of isolates from a same patient at two different timepoints,
which is a perfect opportunity to study genome evolution during human infection
(Kennemann et al. 2011).

Despite those limitations of our model, a number of genes changed in this study, some
of which presenting interesting patterns of evolution, or linked to functions of
importance in virulence.

Outer membrane proteins are present on the cell membrane and are therefore likely to
be in contact with the host cells and adapting to a new host in the context of the
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immune response. A number of outer membrane proteins were highlighted in our
change of host study, such as BabA or members of the Opp family. Interestingly,
babA was also highlighted in a study of long-term colonisation performed on a
primate model (Liu et al. 2015), and members of the hop family (comprising babA)
were identified as showing an increased frequency of imports after 3 years in a human
host (Kennemann et al. 2011). In their study, a PV was identified in this gene, which
was not the case during the current study, where an insertion and 3 SNP were
identified. However, the fact that this gene was highlighted by both these studies
highlights the importance of babA as a virulence factor for colonisation of a host.
BabA is one of the main virulence factors in H. pylori (VFDB 2017). The PV
highlighted in members of the Opp family highlight a possible hot spot for short-term
evolution of H. pylori strains during change from human to mouse hosts. These phase
variation mechanisms have been described before in H. pylori and are well-known
mechanisms for rapid adaptation (Bergman et al. 2006). It is not surprising to find
them in our experimental conditions and it leads us to hypothesise that this set of
genes coding for outer membrane proteins is a potential hot spot for evolution in the
context of a change of host. Changes in oppA and oppB were also described in a study
comparing the famous mouse-adapted strain SS1 with the pre-change of host
equivalent PMSS1 (Draper et al. 2017). A number of changes were also identified in
the long-term colonisation study, such as a gene linked to motility, HP1041, which
was affected by a non-synonymous SNP. Another interesting mechanism of evolution
highlighted in the long-term colonisation study was the number of repetition of a 21bp
sequence in two fucosyltransferase-coding genes. These change highlighted by our
study in futB, a gene involved in LPS modification, were also highlighted in the
SS1/PMSS1 study (Draper et al. 2017), confirming that these genes are hot spots. of
evolution, suggesting that the bacteria adapt to its host’s stomach while provoking
changes in it.1t is interesting to note that the B47 strain showed a smaller number of
genes having evolved during change of host and long-term colonisation, compared to
B38. This B47 strain was also the one which provoked the most advanced and acute
ML-like symptoms in a significant number of mice (Chrisment et al. 2014). This
could suggest that B47 was already well-adapted to the ML environment, therefore
having a faster effect on its new environment to turn it into a ML-like mucosa.
Although such an adaptation cannot be proven with only these strains, an additional
study could be carried out with a larger number of strains.
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In conclusion, changes were observed in the bacterial genome during the passage
from human to mice host. Some of these changes confirmed the variability observed
in the study on SS1/PMSS1 (Draper et al. 2017). Strains also evolve during long-term
colonisation, and evolution seemed to be more important in the strain causing the

highest damages to the mice stomach.
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5 A Genome Wide Association Study of Helicobacter pylori in

cancer-causing European strains

Helicobacter pylori is a Gram negative bacteria that colonises the human stomach.
Despite the fact that this bacteria has colonised human stomachs for at least 100,000
years (Moodley et al. 2012), it was only discovered in 1984 (B. Marshall and Warren
1984). The link between the presence of H. pylori in the stomach and the development
of peptic ulcer disease is well known (B. J. Marshall n.d.; A. C. Smith 1989; B.
Marshall and Warren 1984), and this organism can go on to cause gastric cancer in
some patients (Parsonnet et al. 1997). H. pylori can colonise the stomach for years
without causing any symptoms (Peek and Blaser 2002). However, the prolonged low
grade inflammation associated with this colonisation could be responsible for the
development of various gastric disorders, such as gastric cancer (Wroblewski and
Peek 2016). Gastric cancer (GC) is the third most common cause of cancer deaths
worldwide, causing approximately 723,000 deaths every year (Ferlay et al. 2015), and
treatments are not yet optimal (Shi and Gao 2016). Therefore, recent guidelines have
encouraged complete clearance of the bacterial infection, in an attempt to prevent
future complications (lerardi et al. 2013). However, the procedure for eradication of
H. pylori is not easy, and increased antibiotic resistance has been reported throughout
the World (Binh et al. 2015).

Despite the above, some studies have shown a possible positive impact of H. pylori
infections in some health-related issues (Whalen and Massidda 2015). The definition
of health given by the World Health Organization in 1948 (WHO 1948) states that
“Health is a state of complete physical, mental and social well-being and not merely
the absence of disease or infirmity”. Considering the large number of cases where
colonisation by H. pylori does not provoke serious symptoms, systematic eradication
of H. pylori might not always be beneficial to the patient’s health. The long-term co-
evolution between humans and H. pylori might be beneficial for both the bacterium
and the human host, and the effects of complete eradication of the bacteria are
unknown, which could result in the rise of other health issues, that could be more
complex to treat (Vincent et al. 2013). What if it was possible to predict whether a
strain was going to cause cancer? Would it then be necessary to eradicate the bacteria

if sufficient relevant proof showed that complications were unlikely? Improved
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antimicrobial stewardship could reduce the resistance issue, while improving patient
comfort with low risk of cancer.

The exact mechanisms leading to complications remain unclear (Bessede et al. 2015),
but it is thought that the extreme variability of the H. pylori genome could be part of
the answer. Gastritis is always the first symptom after an H. pylori infection (Sugano
et al. 2015). After long-term colonisation, symptoms can evolve towards more serious
issues, or remain stable. Different pathways towards different complications can
occur. Antral-predominant gastritis is often associated with a higher level of acid
production, and is more likely to evolve into duodenal ulcers or MALT lymphomas,
whereas corpus-predominant atrophic gastritis is associated with a lower level of acid
production, and can lead to gastric ulcers or GC. Pathways towards GC from atrophic
gastritis include the development of IM and dysplasia. Atrophic gastritis is reversible
to asymptomatic gastritis, but can also progress towards gastric cancer (Chung et al.
2005). Even though some genomic factors are known to be associated with cancer,
such as CagPAIl genes and VacA, these genes are not sufficient to explain the
development of cancerous lesions in some of the patients, while others only get
superficial symptoms (da Costa, Pereira, and Rabenhorst 2015). There is a need for
deeper analysis of the differences between cancer-causing strains and non-cancer
causing strains. Identification of risk genotypes in the bacterial strains could lead to
new ways to face treatment of the infection.

Development of GC is not only due to bacterial genomic factors, but could also be
driven by host genetics (Cristescu et al. 2015) or the environment, and most certainly
by a combination of those three factors. One study identified an increase in the risk of
cancer when there is divergence between the host and bacterial population (de Sablet
et al. 2011). This chapter focuses on bacterial genomics factors, but host and
environmental factors will be used to explain the variations found in the bacteria
genome. Another element to keep in mind is the fact that in the event of a H. pylori
infection, the stomach is not colonised by a unique strain, but a mix of strains,
sometimes closely related, but sometimes resulting from a mixed infection (Kibria et
al. 2015; J. W. Kim et al. 2004; Ben Mansour et al. 2016). Therefore linking bacterial
genotypes with gastric cancer is not straightforward. Studies can be biased by random
selection of certain strains, and screening applications that could result of such studies

in clinics could also suffer from this fact and produce false results.
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The GWAS method has previously been used successfully to study human genetics. It
has recently been applied to bacterial genomics; through adaptation of the original
method to take into account specificities of the bacterial genomes (Sheppard et al.
2013). The challenge faced by using GWAS in H. pylori is its extremely high
genomic variability. Indeed, H. pylori strains are not organised in clusters like the
related species Campylobacter. Two strains isolated from two different patients are
often extremely different, with allelic differences between common genes but also
genes which are absent in one and present in the other (Alm and Trust 1999). There is
a clear population structure in H. pylori genomes, which is strongly associated with
the geographic or ethnic origin of the patient from whom the sample was isolated.
This creates difficulty when applying methods currently used, increasing the risk of
obtaining false positive hits. To address this population issue, this study will only
consider European strains, so that the number of strains is sufficient while reducing
the effect of population structure. Methods of GWAS based on ClonalFrame, which
were proven efficient with other bacteria, are not optimal for H. pylori. Therefore, this
ClonalFrame method will be compared with another method named ‘bugwas’, which
does not rely on a pair-wise selection of strains on a tree. Results from bugwas are
included in a first-author submitted publication which has not been accepted or
published at the time of writing.

In this chapter, the feasibility of two different GWAS methods on H. pylori datasets
will be verified. Specific genomic traits linked to the progression of GC will be
identified using GWAS. Finally a risk score will be used to lead the way towards a

better targeting of strains with a higher risk for triggering GC.

5.1 Materials and Methods

5.1.1 Dataset

All 578 publicly available genomes from H. pylori strains and 198 strains sequenced
in Swansea or by collaborators were used to search for the complete list of genes
present in the H. pylori reference strain 26695 using a nBLAST (ref Section Genome
Comparator). Strains that were not from a human clinical source, had an unusual sized
genome or number of genes were removed (2.3.1), and a tree was built from an

alignment of the remaining strains using FastTree v2.0 (Price, Dehal, and Arkin 2010)
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to identify clones, leaving a total of 565 strains. Metadata was retrieved when
available from existing publication or patient information collected with the strains.
Those 565 strains were used in a FineStructure (Lawson et al. 2012) analysis in order

to identify large populations (2.3.5).

5.1.2 Genome-wide association study based on ClonalFrame

This GWAS method was based on one previously used in other bacteria (Sheppard et
al. 2013). This relied on the construction of a pan-genome from the dataset chosen
and ClonalFrame (Didelot and Falush 2007). A dataset comprising only strains from
hpEurope populations (identified by FineStructure analysis) was used. Strains isolated
from patients with gastric cancer (GC), Intestinal Metaplasia (IM) and Atrophic
Gastritis were part of the Cancer group. Strains isolated from patients with gastritis or
labelled as normal were part of the Non Cancer group. Strains with unclear or
unknown pathology, or with pathology which were not part of the cancer pathway,
were discarded, leaving only 196 strains. A tree of this data set was built using a core
genome alignment with FastTree v2.0 (Figure 5.1).

Pairs of strains were selected uniformly spread across the tree to create two replicate
datasets of 30 and 31 pairs of strains respectively. The pan-genome was created with
these 122 strains (Appendix E) using the method described in 2.3.4.1. Briefly, the
complete genomes of the strains were downloaded from BIGSdb (Overbeek et al.
2014) and annotated using RAST (Overbeek et al. 2014). Similarity between each pair
of open reading frames was checked through a BLASTn (Altschul et al. 1990) search
and a list of all the genes present in at least one strain of our dataset was created
(Sheppard et al. 2013). This pan-genome was then used on the two replicate datasets
as the reference gene list for the GWAS (2.3.6.1). Then, genes were split into 30bp
words, the prevalence of the words in each group of strains (cancer or non-cancer)
was assessed using a ClonalFrame based model (Méric et al. 2014; Sheppard et al.
2013). A Fisher’s exact test was used to determine the association score for each
word, with the following null hypothesis: this word is present in all isolates equally.
This association score was used to select hits which were then mapped back to the
reference pan-genome to identify the corresponding genes. Those genes were then

analysed individually to investigate their function.
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Figure 5.1: Neighbour-joining tree based on whole genome sequence
alignment of 196 strains from Europe used in the ClonalFrame GWAS
method.

Leaves are labelled according to cancer status (Cancer group = black circle,
non-cancer group = white circle).

5.1.3 Genome-wide association study based on bugwas

An alternative GWAS method was used for the larger dataset available (including
patient data) from a unique FineStructure large population (hpEurope). It was
composed of 173 strains (Appendix E). Patient information associated with those

strains and composition of the 3 pathology groups are summarised in Table 5.1.
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Table 5.1: Composition of the GWAS groups used in the bugwas
method.

Pathology Group Precise Phenotype Number of strains
Cancer 11
Gastric Cancer 36
Gastric cancer GIST 1
Stomach fundus tumor 1
Total 49
Intestinal Metaplasia and Atrophy 1
Intestinal Metaplasia 2
Progressive towards cancer Metapl§5|a — 19
Atrophic Gastritis 14
Control (with atrophic gastritis) 16
Total 52
Asymptomatic 6
Control (without atrophic gastritis) | 23
Non atrophic gastritis Gastritis 40
Normal 3
Total 72

The three groups were (i) Gastric cancer (GC), Progressive towards cancer (Prog) and
Non atrophic gastritis (NAG). Only diagnosis information was used. For strains with
more information available, full ethics were obtained by collaborators who collected
the strains.

A tree based on the alignment of these 173 strains was constructed with genes from
the reference strain 26695 using FastTree v2.0 and annotated using iTOL v3 (Letunic
and Bork 2016) (Figure 5.2).

This GWAS method was conducted using a pipeline recently applied in another study
by Koji Yahara (Suzuki et al. 2016). Two different methods based on the bugwas
package (Earle et al. 2016) were used. The first was a k-mer-based method, in that
aspect similar to the ClonalFrame approach (Sheppard et al. 2013), in which the
genome sequence of each isolate was fragmented into unique overlapping 31-bp DNA
‘words’ that were used to identify genetic variations (2.3.6.2). This method was based
on a pan-genome, built using Roary (with default parameters) after annotation by
prokka (2.3.4.2).
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Figure 5.2: Neighbour-joining tree based on whole-genome sequence
alignment of all 173 strains from hpEurope derived populations used in
the bugwas method.

Colour of the branches represents the population identified by FineStructure,
and leaf labels represent the GWAS group in which the strain was classified
based on the pathology of the patient. An online version is available at this
adress : http://itol.embl.de/tree/811035619577551510828366#

The second method was based on SNPs instead of k-mers (2.3.6.2). This method
relied on a global alignment performed using ELS37 strain as a reference, a CagPAl
positive GC strain. Only the SNPs belonging to a CDS were considered in the
analysis, for consistency with the k-mer based method. It also had the advantages of
being less sensitive to the high variable nature of the H. pylori genome, but does not
pick up genes that are absent from the reference strain ELS37. Therefore, both

methods were used in combination.
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As GWAS requires a binary dataset, and the cancer isolates were spread into 3 groups
(NAG, Prog and GC), two different datasets were used: (i) NAG vs rest and (ii) GC vs
rest (Figure 5.3).

. > < » NAG vs rest

Prog isolates GC isolates

< > < » GC vs rest

Figure 5.3: Composition of the two GWAS binary datasets.

Selection of hits for the bugwas method was made based on the odds ratio (20%
difference was used as a cut-off) and p-value. The hits were then analysed
individually to investigate their function and the effect of the genomic variations
identified.

5.1.4 Analysis of gene hits

All the genes containing associated elements identified by the bugwas method were
investigated individually using BioEdit. Effects on the amino-acid sequence were also
checked using two distinct alignments: a global alignment based on a cancer strain
(ELS37), obtained from the SNP GWAS, and a gene-by-gene alignment obtained
from BIGSdb, using the sequences from ELS37 as reference. These alignments were
used to differentiate synonymous and non-synonymous hits, using the ExPASy

translate webtool (http://web.expasy.org/translate/). Non-synonymous hits were

further studied by creation of figures showing the proportion of amino-acids in each
position according to the GWAS group of each strain, using WebLogo (Crooks et al.
2004).

5.1.5 Non-synonymous enrichment

The ratio of non-synonymous SNPs to the total number of SNPs was calculated in the
GWAS hits from the bugwas method. The same ratio was calculated in the 7 MLST
genes: atpA, efp, mutY, ppa, trpC, urel, yphC. This calculation was made using the
“highlight variable sites” function in MEGA7 and was limited to SNPs present in at

least 15% of the strains.
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5.1.6 Risk score

The most significant GWAS hits from the bugwas method (level of significance of 10°
®) were used for calculation of a rudimentary risk score. First, the correlation between
the presence of a risk or safe genotype A and the presence of another risk or safe
genotype B was verified for each isolate pair, using a Pearson’s correlation test. A
Pearson’s correlation of more than 0.9 with a p-value < 0.05 was used to define
correlated genes. For each genotype, a genotype score (g,) was determined as such:
(i) For accessory variation: 1 if the gene is present, -1 if the gene is absent; (ii) For
allelic variation: 1 if the risk genotype is present, -1 if the safe genotype is present, 0
if another genotype is present. The weight of correlated genotypes was then brought
to the weight of one genotype for calculation of the risk score (using average
genotype score). The risk score was calculated using this formula:

Risk score = Z gs X —log!® (pvalue)
for each genotype

5.2 Results

5.2.1 GWAS based on Clonal Frame
GWAS based on ClonalFrame showed an abnormally high number of hits. 1724

genes contained hits with a p-value below 0.05, out of the 2240 genes of the pan-

genome (Figure 5.4).
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Figure 5.4: Results of the ClonalFrame based GWAS on two datasets of
30 and 31 pairs of strains highlighting differences between cancer-
related and non-cancer-related strains.

Portion of the pan-genome between positions 0 to 1.485 correspond to the
reference genome 26695. The remaining section corresponds to genes from
the pan-genome which did not match genes from 26695. Blue bands indicate
positions of genes with an association score over 24. Inner association score
circle represent all the hits from the ClonalFrame based GWAS. Outer
association score circle represents association scores restricted to over 24.
Figure was built using R.

Those hits were filtered by association score to reveal interesting genes. CagPAl
genes were included in the 71 gene hits with association scores of more than 24
(Appendix F). Of the 71 genes, 13 were hits in the Virulence Factors Database (Table
5.2), among them two of the most important CagPAI genes: cagA and cagE. flgL was

the highest association score recorded amongst genes referenced in the Virulence

factors database.
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Table 5.2: Hits with an association score over 24 matching virulence
factors from the Virulence Factors database (VFDB, 2017).

Gene Tag | Average Hits in VFdB Functional Group
Association
Score
HP0068 24 ureG Buffering of gastric acid
HP0099 24 tipA Motility and chemotaxis
HP0295 26 flgL Motility and chemotaxis
HP0529 24 virB6/cagW CagPAl and typelV SS
HP0544 24 virB4/cagE CagPAI and typelV SS
HP0547 24 cagA CagPAl and typelV SS
HP0685 24 fliP Motility and chemotaxis
HP0867 24 IpxB LPS
HP1031 24 fliM Motility and chemotaxis
HP1119 24 flgK Motility and chemotaxis
HP1177 24 sabB/hopO + sabA/hopP + hopZ | Outer membrane protein
+ babA/hopS + babB/hopT
HP1243 24 babA/hopS + babB/hopT Outer membrane protein
HP1582 24 pdxJ Motility and chemotaxis

In addition to these 13 genes, 7 genes were also identified as being linked to functions
related to virulence, based on their RAST annotations (Table 5.3).

Table 5.3: Hits with an association score over 24 with gene functions
linked to virulence

Gene Tag | Gene Name | Average Reason of interest
Association
Score
HP0289 25 Outer membrane protein
HP0605 hefA 25 Outer membrane protein
HP0610 24 Cytotoxin (VacA paralog)
HP0920 26 Membrane protein
HP0922 25 Cytotoxin (VacA paralog)
HP1027 fur 24 Buffering of gastric acid
HP1156 hopl 26 Outer membrane protein

HP1156 (hopl), HP0289 and HP0605 (hefA) code for outer membrane proteins and
HP0920 codes for a membrane protein. Two genes, HP0922 and HP0610 code for
cytotoxins and were identified as VacA paralogs. HP1027 (fur) is known to be
associated with the buffering of gastric acid. Assignment of functions to the genes
identified with this method showed important links to motility and adhesion (outer

membrane protein) (Figure 5.5).
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Figure 5.5: Assignment of functions to genes identified by ClonalFrame
based GWAS performed on 122 strains belonging to hpEurope derived
sub-populations.

Prevalence of the 71 genes with an association score over 24 in the complete dataset
(combining the 2 replicates) highlighted two different types of genomic variations: i)
accessory variations, with prevalence of the genes showing a difference between
cancer and non-cancer groups of more than 0.1, and ii) allelic variations, with
identical prevalence between cancer and non-cancer groups. Of our 71 genes, 5 show

accessory variations (Figure 5.6).
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Figure 5.6: Prevalence of top hit genes from ClonalFrame based GWAS
presenting an accessory variation.
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Of these genes, three (HP1243, HP0544 and HP0547) were previously identified as
hits in the Virulence Factor db and code for proteins with functions of high
importance in the CagPAI pathway: babA, cagA and cagE. Another gene from the
CagPAl island also shows accessory variations: HP0529. The presence of these 4
genes was higher in the cancer strains than in the non-cancer strains in this dataset.
Interestingly and in contrast, the last gene, HP1116, showed higher presence in non-

cancer strains than in cancer strains. This gene codes for a hypothetical protein.

5.2.2 GWAS based on bugwas

The bugwas GWAS method used 4 different analyses involving two methods (k-mer
or SNPs) on two datasets (GC vs rest or NAG vs rest) (2.3.6.2). In total, 642 hits (432
SNPs and 210 k-mers) in 32 genes with a p-value < 10™ (Table 5.4), and 118 hits (64
SNPs and 46 k-mers) in 12 genes with a p-value < 10°® (Figure 5.7, Table 5.4).

Table 5.4: Summary of the hits obtained in 4 bugwas based GWAS
performed on 173 strains from hpEurope derived sub-populations
according to patient pathology.

Number of hits Number of hits
GWAS experiment with p-value with p-value
<10° | <10° <10° <10°
GC vs others (k-mer) 166 39 20 6
NAG vs others (k-mer) 44 15 10 2
GC vs others (SNP) 237 33 4 3
GC vs others (SNP) 195 31 4 2

Amongst the 32 genes identified in our study, 20 were annotated with functions
known to be associated with virulence of H. pylori, and 12 had unknown functions or
functions not known to be linked to virulence (Figure 5.8).
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Figure 5.7: Location of genetic elements associated with gastric cancer
on ELS37 genome highlighted in 4 bugwas based GWAS performed on
173 strains from hpEurope derived sub-populations according to patient
pathology.

GWAS comparing isolates from patients with (A) non-atrophic gastritis to
those with gastric cancer and precancerous progression and (B) gastric
cancer to those with non-atrophic gastritis and precancerous progression.
Two GWAS tests were performed with bugwas software for each panel, one
based on SNPs (upper panels) and the other based on k-mers (lower panels).
Positions of the genomic elements are represented on the horizontal axis. Log
10 of the p-value for each hit is recorded on the vertical axis. The blue line
indicates a p-value < 10°.
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Figure 5.8: Assignment of functions to genes recording hits with a p-
value < 10” in at least one of the 4 GWAS performed on 173 strains
from hpEurope derived sub-populations according to patient pathology.
Bars shaded in black represent functions with a direct effect on virulence.
Bars shaded in grey represent functions with an indirect effect on virulence.
White bars represent genes with functions not known to be associated with
virulence in H. pylori.

Amongst the 32 genes presenting hits with a p-value < 10”, 6 genes recorded hits in
two of the four GWAS tests: HP0102, HP0468, HP0531 (cagll), HP0532 (cagl2),
HP0541 (cag20), HP0544 (cagE/cag23), HP1177 (hopQ), and HP1243 (babA).
Distribution of gene frequency for these 32 genes showed that 22 genes belonged to
the core genome (>90%) and 10 were accessory genes (< 90%) (Figure 5.9). Two
major types of genomic variations were identified in the hits highlighted by GWAS:

accessory variations and allelic variations.

>=90
70 - <80
30 - <40

Figure 5.9: Prevalence of the genes recording hits with a p-value <107 in
at least one of the 4 GWAS performed on 173 strains from hpEurope
derived sub-populations according to patient pathology.
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5.2.2.1 Accessory variations in top gene hits

An accessory variation is a difference in the presence of a particular gene between the
GWAS groups, with prevalence of the gene increasing with the probability of the
isolate being obtained from a patient with gastric cancer. Prevalence of all the
accessory genes except one (HP0555) was not equally distributed amongst our
GWAS groups, showing that presence of all remaining 9 genes was higher in the GC
group than in the NAG group, with an intermediate prevalence in the Prog group
(Figure 5.10).
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Figure 5.10: Distribution of the gene prevalence for the genes recording
hits in at least one of the 4 bugwas based GWAS performed on 173
strains from hpEurope derived sub-populations according to patient
pathology.

The 9 genes with accessory variations were all part of the cagPAI island or coded for
a gene associated with Cag function (HP1243/babA). Four of these genes (HP0531,
HP0532, HP0541 and HP1243) had a p-value < 10°°. HP1243 was also the only gene
with a p-value < 10 in both of our SNP-based GWAS tests (GC vs rest and NAG vs

rest).

5.2.2.2 Allelic variations in top gene hits

There were 22 gene hits within the core genome with a p-value < 10”. In addition,
HP0555, which was part of the accessory genome, also had allelic variations:

presence of the gene did not vary, but instead two or more versions of the gene were
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present in different proportions in each of the GWAS groups, having an effect on the
population biology.

The 12 genes with a p-value < 10°® were further investigated, individually, using the
genomic alignments obtained by GWAS. Two of those genes (HP0906 and HP1004)
did not show clear alignments either on data extracted from the GWAS results and on
gene-by-gene alignments produced using BIGSdb. These alignments issues might be
responsible for the hits by provoking false positive results. Therefore, they were
excluded from all further analyses. Analysis of the remaining 10 genes revealed a
total of 12 genomic variations (Table 5.5), with 4 accessory variations (described
above in section 5.2.2.1) and 8 allelic variations described below. When more than
one SNP was identified in a unique gene, they were paired. Out of the 8 sequence
variations, 6 were non-synonymous, or had non-synonymous effects when associated
with another SNP found in the same codon. The 2 synonymous variations found were
in genes where a non-synonymous variation was also identified.

The ratio of non-synonymous SNPs to the total SNPs in the GWAS hits was
significantly (p-value of 0.03 with t-student test) higher than the ratio in MLST genes
(Figure 5.11).

p-value < 0.05
0.8 |

|
0.4 4 %
[
0.2+ ——
[
0.0 T T
2 9
< Q
Q Q
o° o°
€ &
\J \??
N

Figure 5.11: Ratio of non-synonymous SNPs to the total SNPs in genes
recording hits with a p-value < 10-6 in at least one of the 4 bugwas based
GWAS and in MLST genes.

Calculation was based on SNPs occurring in at least 15% of the strains.
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Table 5.5: Cancer risk genotypes identified in 4 bugwas based GWAS performed on 173 straing
populations according to patient pathology.
Risk and safe genotypes are over-represented among isolates from patients presenting gastric cal
respectively, with p-value corresponding to the minimum in each gene (p-value < 10°®).

1 p-value Risk ... - | Safe 3 Effect on Amino-
Gene name - Position Frequency 4
(min) genotype genotype sequence
S, associated with G t
9H8|3215%%? ) [981621- | 1 4107 A 798 C 0.469/0.125 | substitution at position
NS with T in safe, A in ris|
HP0797 [506543- 8 325 and . ) o
507325] (+) 2.24.10 C+T 334 T+G 0.592/0.181 NS: L/S in safe , F/A in ris
HP1243,babAl 8
[1314192-1316405] (-) 3.99.10 presence all gene absence 0.94/0.51
HPO747 [317158- 7 AAAA/ . ) o
317757] (+) 1.69.10 GGAA 934 to 937 GGAG 0.531/0.264 | NS: KA in safe, GT in risk
HP0709 [598549- | 2.13.10" [ A 145 G 0.327/0.153 [ NS: D in safe, N in risk
599451] (-) A 159 G 0.959/0.792 [ S
* HP0532,cagl12 7
[817677-818519] (+) 3.62.10 presence all gene absence 0.92/0.61
HPO468 [925539 - | 4.50.107 | CGCC 705 t0 708 %gg’ 0.694/0.514 | NS: T in safe, A in risk
927026] (+) A 729 G 0.796/05 | S
* HP0531,cagll 7
[816985-817641] (+) 5.4.10 presence all gene absence 0.92/0.61
*
HPO541,cag20 6.6.107 presence all gene absence 0.92/0.61

[825334-826446] (-)

'Position in ELS37 genome [ ], + and — strand is denoted ().

“Position in gene.

*Frequency GC strains/ NAG strains.

“The effect on the amino acid sequence is indicated as synonymous (S) and non-synonymous (NS).

*Correlated genes.



Three hits were found in the k-mer GWAS GC vs rest with p-value < 10 in HP0468.
Two variations in the genome were identified in this sequence, one of which caused

an amino-acid change (Figure 5.12).

- CCTTTTTOAATACCAETCT AACCOCCTAAAAC CCTAACCRCCCTAAMA
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Figure 5.12: Allelic variations observed for the two hits found in
HP0468 and effects on amino-acid sequence.

A. allelic variations identified based on the k-mer GWAS GC vs rest results.
Non-synonymous changes are boxed in red, and synonymous changes are
boxed underlined in red. B. variations in the amino-acid sequence
correspondent to non-synonymous change in the nucleic acid sequence.

Based on this analysis, the presence of the sequence CGCC in positions 705 to 708
(three last nucleotides coding for an alanine) was considered a marker for strains at
risk of causing gastric cancer (GC), whereas sequences CACG or TGCG (three last
nucleotides coding for a threonine) was considered a marker for strains which are not
likely to cause GC. Similarly, the presence of an A in position 729 was associated
with GC-causing strains and a G at the same position was a marker for strains less

likely to cause GC.

HP0555 was not part of the core genome and did not show a clear presence/absence
pattern amongst the GWAS groups like the other accessory genes, despite its
functional association with the CagPAl. Ten hits were found in the k-mer GWAS GC
vs rest with p-value < 10 in HP0555, and all the associated allele variations were
non-synonymous (Figure 5.13). Like the prevalence pattern for this gene, there was
no clear selection for one of the alleles in associated cancer groups. Instead,
associations were observed in the strains belonging to the Prog group, and the two
other groups showed a similar distribution of alleles. Therefore, a specific allele

marker for the risk or the safety of the strains could not be identified.
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Figure 5.13: Allelic variations observed for the hits found in HP0555 and

effects on amino-acid sequence.
Allelic variations were identified based on the k-mer GWAS GC vs rest

results. Non-synonymous changes are boxed in red.

Four hits were found in the k-mer GWAS GC vs rest with p-value < 10°® in HP0709.
Two variations in the genome were identified in this sequence, one of which caused

an amino-acid change (Figure 5.14).

UM AT GO TIET

AT AT
s CUTOTTMATCTTTATTI

%AA AT ({ TCTC CAT AAA CTG CﬂTCAC TTC‘E
NAG - TCTTAMAATCTTTATTTAACECACCAAATCOOCC:TATAACATET:

Figure 5.14: Allelic variations observed for the two hits found in HP0709

and effects on amino-acid sequence.
Allelic variations are identified based on the k-mer GWAS GC vs rest

results. Non-synonymous changes are boxed in red, and synonymous
changes are underlined in red.
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Based on this analysis, the presence of the base pair A in positions 145 (coding for
asparagine) was considered a risk marker for strains causing GC, whereas a G (coding
for aspartic acid) was considered a marker for strains which were not at risk of
causing GC. Similarly, the presence of an A in position 159 was associated with GC-
causing strains and a G at the same position was a marker for strains not at risk of

causing GC.

Twelve hits were found in the k-mer GWAS NAG vs rest with p-value < 10 in

HPQ0747. Only 1 variation in the genome was identified in this sequence and it caused

ST

310 315

an amino-acid change (Figure 5.15).
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Figure 5.15: Allelic variations observed for the hits found in HP0747 and
effects on amino-acid sequence.

A. Allelic variations identified based on the k-mer GWAS NAG vs rest
results. Non-synonymous changes are boxed in red. B. variations in the
amino-acid sequence correspondent to non-synonymous change in the
nucleic acid sequence.

Based on this analysis, the presence of the sequence GGAA in positions 934 to 937
(coding for a glycine followed by a threonine) was considered a marker for strains at
risk of causing GC, whereas sequences AAAA or GGAG (coding for a lysine
followed by a threonine or a glycine followed by an alanine respectively) were

considered a marker for strains which are unlikely to cause GC.
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Only one hit was found in the SNP GWAS GC vs rest with p-value < 10°® in HP0797,
which identified a variation in the genome provoking an amino-acid change (Figure
5.16).
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Figure 5.16: Allelic variations observed for the two hits found in HP0797
and effects on amino-acid sequence.

Allelic variations are identified based on the SNP GWAS GC vs rest results.
Non-synonymous changes with a p-value < 10 are boxed in red. Non-
synonymous changes with a p-value >107 are underlined in red.

Another SNP was visible on the same sequence and was found to pair with one found
in position 325. Although it was not originally selected as its p-value was over 107, it
remains interesting as it is also a non-synonymous SNP. This second SNP was
observed in position 334. Based on this analysis, the presence of a C in position 325
and a T in position 334 (coding for a phenylalanine and an alanine) were considered
markers for strains at risk of causing GC, whereas a T and a G (coding for a leucine

and a serine) were considered a marker for strains which are unlikely to cause GC.

Seventeen hits were found in the k-mer GWAS GC vs rest with p-value < 10° in
HP1055, which identified a variation in the genome. This hit was the one with the
strongest p-value (1.4x10°%), but it was synonymous (Figure 5.17). However, when the
SNP was identified in gastric cancer alongside another, more rarely found SNP,
positioned 2bp before the first one, it had non-synonymous consequences. This was

only observed on a small number of strains.
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Based on this analysis, the presence of an A in position 798 (coding for an alanine)
was considered a marker for strains at risk of causing GC, whereas a C (coding for a
threonine when associated with a G in position 796) was considered a marker for

strains which were unlikely to cause GC.

oo AT K AMCAOTAAT A
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Figure 5.17: Allelic variations observed for the two hits found in HP1055
and effects on amino-acid sequence.

Allelic variations were identified based on the SNP GWAS GC vs rest
results. Synonymous changes with a p-value < 10° are boxed in red. SNPs
causing the synonymous change to become non-synonymous are underlined.

5.2.2.3 Risk score

Based on analysis of accessory and allelic variations in the hits with p-value < 10°, a
list of 11 risk genotypes was assembled (Table 5.5). The 3 cagPAI genes (HP0531,
HPO0532 and HP0541) were correlated, based on Pearson’s correlation analysis. No
other genes showed correlation. These 11 risk genotypes were used to build a risk
score (5.1.6). Distribution of risk scores in our dataset was significantly (ANOVA p-
value <0.0001 between the gastric cancer group and each of the other groups)

associated with the pathology (Figure 5.18).
Strains isolated from patients with gastric cancer all showed risk scores over -25,

whereas 20% of patients showing only non-atrophic gastritis symptoms had a risk

score below this limit.
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Figure 5.18: Assignment of risk scores to 173 strains from hpEurope
derived sub-populations according to patient pathology.

Each dot corresponds to the risk score associated with a single strain. This
risk score was calculated based on the presence of risk or safe genotypes for
each of the 9 genes considered (Table 5.5).

5.3 Discussion

The GWAS method, applied to H. pylori, can identify genes associated with complex
phenotypes such as gastric cancer. The choice of the GWAS model must be
considered with care. Two methods were used in this Chapter, based on two different
softwares, ClonalFrame and bugwas. Gene functions identified in this chapter were in
large part linked to host-bacteria interactions. The major function identified, already
highly associated to gastric cancer, was the injection of CagA through the type IV
secretion system. Identification of cagPAIl genes with both methods supports the
validity of the GWAS. Functions linked to colonisation, such as motility, buffering of
gastric acid and adherence were also identified, alongside vacA and vacA paralogs,
were also highlighted by our results. HP0068, also known as ureG, was a hit in both
methods, highlighting the important role of urease in pathogenicity. Two genes
coding for outer membrane proteins were identified in both GWAS: HP1177 (hopQ)
and HP1243 (babA). Membrane proteins are associated with functions linked to
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host/bacteria or environment/bacteria interactions, and therefore are likely to be
linked with pathogenicity. A hypothetical protein, HP0468, was also found in both
methods. This is the only gene highlighted by both GWAS methods used with
unknown function. Despite the lack of knowledge about the function of this gene, it is
likely to have a role in the development of gastric cancer, and therefore should be

investigated further.

ClonalFrame based methods, although well-adapted for other bacteria species such as
Campylobacter, was not optimal for highly recombinogenic bacteria such as H.
pylori. The ClonalFrame based method used in our chapter showed a high number of
hits, forming a confusing background signal. This is likely to be due to the versatile
nature of the H. pylori genome and its ability to recombine. The structure in H. pylori
populations was probably interfering with the results and showing false positive hits.
More precise data on pathology were also made available to us after completion of
this method, which would have changed the assignment of a couple of strains from
this dataset. Despite these limitations, 71 genes with high association scores were
highlighted, showing both accessory and allelic variations. Most accessory variations
were CagPAl related, with genes more present in gastric cancer strains than in non
cancer strains. This group of genes have been previously described as being present in
a large majority of cancer strains (Parsonnet et al. 1997; L6pez-Vidal et al. 2008).
Considering the high variability of H. pylori genome, a pattern of presence or absence
of a gene is reasonably easier to identify, even without the high-speed genomics
techniques that are now at our disposal. Therefore it is not surprising that the research
on this group of genes is more advanced than for genes presenting allelic variations.
However, one of the genes showing accessory variations (HP1116) was more present
in non cancer strains compared to cancer strains. This suggests that this gene of
unknown function could have a protective effect against development of cancerous

pathologies due to H. pylori infection.

Bugwas-based GWAS produced more encouraging results. The environmental and
host factors did not mask the signal in the GWAS, and genes related to virulence, as
well as genes which were not previously associated with virulence, were identified
with associations to healthy or diseased phenotypes. Again, both accessory and allelic

variations were identified. When two (or more) allelic variations were identified in a
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unique gene, changes were almost systematically found in the same strains, indicating
that either the strains derived from two distinct ancestors, one with the changes and
one without, or that selection pressure selected for those specific traits. Once again,
genes identified comprised genes belonging to the CagPAI pathway. On top of these,
genes coding for membrane proteins were identified (HP0555, HP1055). HP1055 was
shown to be essential in transposon mutagenesis experiments (N. R. Salama,
Shepherd, and Falkow 2004), but its exact function remains unknown. HP0797, also
known as hpaA, was originally described as a sialic acid binding protein involved in
adhesion (D. G. Evans et al. 1993). However it is now thought to be a lipoprotein (A.
C. Jones et al. 1997; O’Toole et al. 1995). A recent study also highlighted this gene as
being essential for in vivo colonisation of the mouse stomach (Carlsohn et al. 2006).
The product of this gene, HpaA, shows strong immunogenic properties (P. Sutton et
al. 2007). It has been considered as a target for vaccines development (Tobias et al.
2017; R. Zhang et al. 2016). Two enzyme-coding genes were also highlighted by the
bugwas GWAS. HP0709 codes for an enzyme, S-adenosyl-I-methionine hydroxide
adenosyltransferase. Conflicting annotations were found regarding this gene and its
product. This enzyme could be involved in either methylation of DNA and proteins,
or in the synthesis of the branched amino acids valine, leucine and isoleucine (Deng
and O’Hagan 2008). HPO747, also known as trmB, codes for a predicted S-
adenosylmethionine-dependent methyltransferase regulated by HP1021 (Pflock et al.
2007). It is possibly involved in the regulation of acetone metabolism. It was also
identified in a previous study as a gene with a large number of radical substitutions in
fast-evolving regions (Zheng, Roberts, and Kasif 2004). Finally, HP0468 codes for a
hypothetical protein, poorly conserved outside the Helicobacter genus. A study on
chemolithoautotrophically enhanced growth of H. pylori identified this gene as being
upregulated by molecular hydrogen (Kuhns et al. 2016), but no exact function was

described.

It is important to note that the GWAS presented in this chapter have limitations. Some
are due to the nature of the bacteria, and can be addressed by a careful choice of
model. A new phylogenetic approach to GWAS named treeWAS (Collins and Didelot
2018) has been developed recently, which presents good specificity and power, and
could limit the potential false-positive hits observed in the two methods used in this
thesis.
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Another limitation of this study was the collection of strains used. Due to the need for
a high number of strains and the use of collections from different origins, it was not
possible to control for possible confounding effects linked to other gastric cancer risk
factors (alcohol consumption, smoking, age of the patient, genetic polymorphisms in
patient genes, ratio male/female...), because information for each factor was not
available for all strains used in our study. Our results can be impacted by this, and
future studies should take these effects into account. Moreover, both cancer and non-
cancer groups had some internal variability across pathologies included (Appendix E).
Strains came from diverse collections across the world, carried out by different clinic
or research groups using different staging systems to record lesions. Another potential
bias is the fact that only one strain was included in our dataset for each patient.
Stomachs can be colonised by multiple strains (Kibria et al. 2015; J. W. Kim et al.
2004; Ben Mansour et al. 2016). Some of the strains could have been linked to gastric
cancer, when they were actually not the strains driving the carcinogenesis. This would
also be a limitation for clinical application. Sequencing one strain from a single
colony would not be sufficient to make sure that the strain is safe and that the patient

should not be treated. More than one strain would have to be sequenced.

Moreover, as gastric cancer occurs after a long-term infection, some of the non-cancer
strains could have subsequently evolved into cancer strains if left longer in their host,
and causative strains could have disappeared at the time of isolation, or evolved into
the strains isolated. This variability can limit the power of the GWAS method.
Moreover, the genes identified as associated with gastric cancer can, indeed drive the
disease, but can also be the result of the changes occurring in the environment, such
as disruption of the epithelium and reduction of acidity. The genome of H. pylori
strains could have evolved alongside those changes in order to adapt and survive in
this changed environment. GWAS studies on complex phenomenon such as gastric
cancer, based on strains from healthy or diseased patients, cannot discriminate
between genomic traits that caused the cancer and genomic traits that were provoked

by the environmental changes in cancerous regions.

To address this issue, a prospective study would have been preferable, by collecting
strains from healthy patients and following the evolution of their symptoms. This was
not possible here but with suitable ethical and clinical support would be a study for
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the future. Such a study on other mammalian models might be a solution. For
instance, long-term infection of mice or primates with strains isolated from healthy
patients and analysis of the consequences on the stomach to assess the in vivo
virulence of the strain and perform a GWAS. However, not all human strains are easy
to use for assays in different hosts. Furthermore, another source of variability due to

interactions of the bacteria with this new host would be introduced (see Chapter 4).

Despite these limitations, GWAS study in H. pylori represents an important advance
in the way H. pylori is studied in relation to gastric disease. A large diversity is a
necessity in nature, and the definition of health is not the absence of disease, but “a
state of complete physical, mental and social well-being”. By systematically clearing
H. pylori from patients, even in the cases where it does not have negative impact on
its host, this diversity is reduced, and it frees the niche to other pathogens or disorders
to develop. Moreover, research uncovered positive impacts of H. pylori colonisation.
A robust GWAS, and a risk score such as the one built in this chapter, could be a
foundation for a sequencing-based detection method used in clinics to target high-
cancer risk strains and limit the pressure towards global increase of antibiotic

resistance.

In conclusion, we successfully applied the GWAS method to H. pylori cancer and
non-cancer strains, by comparing two different methods and using a large dataset with
a control on the population structure. This study identified genomic traits in 9 genes
that correlate with gastric cancer. These traits were used to build a risk score that
could be the first stone towards a new treatment strategy targeting only the strains at
risk while leaving the others to keep the microbiota balance in place and reduce the

rise of antibiotic resistance.
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6 Phenotypic characteristics of Helicobacter pylori European strains
Helicobacter pylori is a Gram-negative bacteria that inhabits a unique and harsh
environment, namely the human stomach (B. Marshall and Warren 1984). This
bacterium is well adapted to such a highly acidic environment, through expression of
factors such as enhanced motility and secretion of urease. The presence of H. pylori
induces inflammation in the host stomach, which may progress to more serious health
complications (e.g. ulcer, mucosa-associated lymphoid tissue (MALT) lymphoma or
gastric cancer). Indeed, H. pylori is associated with ulcer formation (Chamberlain and
Peura 1990; Oderda et al. 1990), and increases the risk of gastric cancer from 2 to 6
times compared to those without H. pylori infection (Parsonnet et al. 1997;
Wroblewski and Peek 2016; Ferlay et al. 2015). The exact mechanisms linking
presence of H. pylori in the stomach with gastric cancer are still partially unknown,
and a more precise view of what links H. pylori colonisation and carcinogenesis is
essential to be able to treat and prevent cancer development. The genomic variability
in H. pylori is one of the highest amongst bacteria, due to the ability of this micro-
organism to recombine (Go et al. 1996). Phenotypic variability has also been observed
between some specific strains of H. pylori.

Motility is essential for H. pylori pathogenesis in the human host (Eaton et al. 1996;
O'Toole, Lane, and Porwollik 2000). Most of the genes involved in motility are core
genes, present in all strains of H. pylori. However, allele variations in these genes are
common. In addition, a number of genes associated with motility were highlighted in
the genomic analyses carried out in previous chapters:

o Highly statistically significant gene hits in Genome Wide Association Studies
(GWAS) comparing gastric cancer strains with non-cancer strains (Chapter 5)
(HP0295, HP0685, HP1031 and HP1119, respectively known as flgL, fliP,
fliM and flgK)

¢ Identification of a gene showing Phase Variation (PV) in a MALT Lymphoma
strain re-isolated from mice (Chapter 4) (HP0685, also known as fliP)

¢ Identification of a gene showing a SNP during long-term colonisation in mice
(Chapter 4) (HP1041, also known as flhA)

When infecting a host, H. pylori causes inflammation through the mobilisation of

cells of innate and adaptive immunity (D. J. Evans et al. 1995; Satin et al. 2000;
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Unemo et al. 2005). Important differences exist between those inflammatory
pathways. Some research suggests that the type of strain is one of the key variables.
There is already some evidence of a difference in IL-8 production in response to
strains possessing the Cag Pathogenicity Island (CagPAI positive) and strains without
this island (CagPAl negative) (Fischer et al. 2001). NF-«kB activation is one of the
pathways linking CagPAI with IL8 production (Brandt et al. 2005). The role of TLR-
2 and TLR-5 has also been studied and linked to both cagPAIl dependant and
independent signalling (Kumar Pachathundikandi et al. 2011). A complete CagPAl
island seems to be needed to induce IL-8 production in AGS cells (Nilsson et al.
2003). The sequence variability observed in cagPAI genes, segregating between East
Asian-type and Western-type, is also linked to the production of IL-8, with the East
Asian-type being more virulent (Yuan et al. 2017). In brief, there is a wide variety of
pathways and actors involved in the CagPAI dependant induction of IL-8. Identifying
the bacterial genes linked to this IL-8 induction in different types of cells might help
bringing light on some of these pathways. A large number of genes from the CagPAl
island, alongside genes with functions associated with CagA secretion were identified
in GWAS comparing gastric cancer strains with non-cancer strain in Chapter 5. This
chapter will focus on two functions of H. pylori which were highlighted in the
previous chapters: i) motility and ii) induction of an immune response in epithelial
and inflammatory cells. Although motility of H. pylori and inflammation following
infection has been studied, as described in the previous paragraphs, questions remain
about the genomic basis explaining the variability of phenotypes between different
strains.

Motility will be studied in 56 strains of H. pylori, all isolated in Europe from defined
patients groups (including gastritis, gastric cancer, MALT lymphoma and ulcer).
Differences in motility linked to the pathology will be investigated. The genomes of
these strains will also be studied using whole-genome-based methods to identify a
genetic basis that could explain phenotypic differences.

Differences in inflammation triggered by H. pylori strains will also be studied in a
subset of 15 strains. Two types of cells (epithelial and macrophages) will be infected
with strains of H. pylori to confirm the importance of CagPAIl in generating early
inflammatory responses, and compare CagPAI positive strains isolated from patients
with different diseases. Again, genomic analysis will be performed to highlight genes
that could be involved in the possibility of differential immune responses.
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Three specific aims will be addressed in this chapter:
e Motility varies according to the pathology of the patient from which the strain
was isolated,
e Immune response is triggered differently according to the pathology of the
patient from which the strains was isolated,

e Some genes covary with phenotypic differences observed among strains.

6.1 Materials and Methods

6.1.1 Dataset

Thanks to a global effort in collecting samples during endoscopies and isolating
clinical strains of H. pylori, there is a large collection of strains available to be studied
in the laboratory. Fifty-seven strains of Helicobacter pylori isolated from European
patients were used in this study (kind gifts from Dr Alain Burette, Prof Francis
Megraud and Dr Sinead Smith). These samples come from a wide range of patient
clinical outcomes (Appendix C):
e 18 strains were isolated from patients with normal mucosa or asymptomatic
gastritis with no intestinal metaplasia,
e 18 strains were isolated from patients suffering from gastric cancer or
gastrointestinal stromal tumor,
e 13 strains were isolated from patients suffering from MALT Lymphoma,

e 8 strains were isolated from patients suffering from ulcer.

6.1.2 DNA extraction and sequencing

Whole genome sequences for 41 of these strains were already available. The average
genome size for these strains was 1614846.4 bp and GC content was 39.03%, inside
the normal range for this species (1.3.3.1). Three sequences were available but failed
quality control, so they were re-sequenced along with the 13 newly sequenced strains.
DNA was extracted and sequenced as described in 2.1.6. The average genome size for
these newly sequenced strains was 1623319.1 bp and GC content was 38.95%. All
available and newly sequenced strains were entered into BIGSdb to allow genomic

analyses.
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6.1.3 Enumeration of H. pylori

A subset of 10 H. pylori strains (from the 57) were chosen based on the patient groups
above and their ability to grow reproducibly. These were used in an enumeration
assay (Table 6.1). Five isolates were cancer strains and 5 were gastritis or control
strains. Those strains were grown on CBA plates in micro-aerophilic conditions as
described in 2.2.1. Once sufficient growth was observed on plates, the colonies were
resuspended into BB media and cultured for 20 to 24 hours at 37°C in an incubator as
described in 2.2.2. Enumeration was then performed following the protocol described

in 2.2.3, using 3 different dilutions spread in triplicate.

Table 6.1: Summary of the characteristics of the 10 H. pylori strains used
for enumaration.

CagPAlI status is defined as positive when more than 90% of the CagPAl
genes were present

Strain Name Pathology Cag PAI status Geographic
provenance
3697 gastritis Negative France
3802 gastritis Negative France
29373 control Negative Belgium
3699 gastritis Positive France
3824 gastritis Positive France
GC23 Gastric cancer Positive France
GCh4 Gastric cancer Positive France
GC65 Gastric cancer Positive France
30950 Gastric cancer Positive Belgium
38185 Gastric cancer Positive Belgium

6.1.4 Motility of H. pylori

Fifty-six H. pylori strains (Table 6.2) were grown on CBA plates as described in
2.2.1.

Once sufficient growth was observed on plates, the colonies were resuspended into
BB media and cultured in liquid media for 20 to 24 hours at 37°C in an incubator
(2.2.2). A motility assay was then performed as described in section 2.2.5 with
normalised cultures aliquoted onto motility agar plates. The motility was measured in
triplicate wells at least twice for each strain and the diameter of growth was compared
to the positive control (strain B24) in order to minimize experimental bias due to
differences in growth (C.-Y. Kao, Sheu, and Wu 2014; C.-Y. Kao et al. 2012).
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Table 6.2: List of the 56 H. pylori strains used for a motility assay and
pathology associated.

Strain Name | Pathology Strain Name Pathology

29009 control 31181 control

33375 control 3735 gastritis

SSR2 mild chronic gastritis SSR5 moderate chronic gastritis

SSR13 moderate chronic gastritis 3755 gastritis

3770 gastritis 3802 gastritis

3824 gastritis 3754 gastritis

3745 gastritis 3697 gastritis

3699 gastritis 30908 normal

31235 normal 27935 gastric cancer

28861 gastric cancer 34320 gastric cancer

GC11 gastric cancer GC23 gastric cancer

GC26 gastric cancer GC27 gastric cancer

GC31 gastrointestinal stromal | GC34 gastric cancer
tumor

GC54 gastric cancer GC65 gastric cancer

GC30 gastric cancer GC69 gastric cancer

21580 gastric cancer 30950 gastric cancer

38185 gastric cancer 19027 gastric cancer

GC62 gastric cancer B23 MALT lymphoma

B24 MALT lymphoma B25 MALT lymphoma

B26 MALT lymphoma B27 MALT lymphoma

B29 MALT lymphoma B30 MALT lymphoma

B31 MALT lymphoma B37 MALT lymphoma

B40 MALT lymphoma B41 MALT lymphoma

B44 MALT lymphoma B47 MALT lymphoma

3843 Ulcer ANT170 Ulcer

BON254 Ulcer CHA185 Ulcer

GRA185 Ulcer PHI1092 Ulcer

3738 Ulcer 3774 Ulcer

6.1.5 Infection of AGS and THP-1 cells with H. pylori

Fifteen strains of H. pylori were used in two independent infection experiments using
AGS and THP-1 cells (Figure 6.1).
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Figure 6.1: Protocol used for infection of AGS or THP-1 cells with H.
pylori strains.

AGS and THP-1 cells were grown in RPMI media supplemented with L-
glutamine and 10% Foetal bovine serum (FBS) as described in 2.1.7 and
2.1.8. In parallel, H. pylori strains were grown on blood agar plates until
sufficient growth was observed (2.2.1). AGS and THP-1 cells were seeded in
24 well plates at 50x10° and 100x10° cell/mL respectively (2.2.9). THP-1
cells were differentiated into macrophages, and both AGS and differentiated
THP-1 cells were incubated for 24 hours at 37°C (2.2.10). In parallel, the H.
pylori strains were cultured in liquid and diluted to an OD of 0.1 (2.2.2).
Cultures were induced with PMA as positive control and DMSO as negative
control (2.2.10). Each sample was done in triplicate wells. Supernatants were
collected after 24 hours, centrifuged at 4°C at maximum speed for 10
minutes then stored at -20°C until analysed.

Five of the strains used in this experiment were from patients with gastric cancer, and
10 were from patients with gastritis. CagPAI status is defined as positive when more
than 90% of the CagPAI genes were present. Amongst the gastritis strains, 5 were
cagPAI positive and 5 were cagPAIl negative. All the gastric cancer strains were
cagPAI positive (Table 6.3). For each strain, infections were repeated in triplicate,

during at least two independent experiments.
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Table 6.3: Summary of the characteristics of the 15 H. pylori strains used
for infection of AGS and THP-1 cells.

CagPAI status is defined as positive when more than 90% of the CagPAl
genes were present

Strain Name Pathology Cag PAI status Geographic
provenance
3697 gastritis Negative France
3745 gastritis Negative France
3802 gastritis Negative France
29373 control Negative Belgium
31235 control Negative Belgium
3699 gastritis Positive France
3824 gastritis Positive France
29009 control Positive Belgium
30908 control Positive Belgium
31181 control Positive Belgium
GC23 Gastric cancer Positive France
GCh4 Gastric cancer Positive France
GC65 Gastric cancer Positive France
30950 Gastric cancer Positive Belgium
38185 Gastric cancer Positive Belgium

6.1.5.1 Human Inflammation Antibody Array

Detection of 40 human proteins was carried out on 4 samples obtained from infection
experiments. Two samples were obtained from infection of THP-1 cells with two
strains and two from infection of AGS cells with the same two strains. The two strains
used were 30950 (CagPAl positive gastric cancer strain) and 31235 (CagPAI negative
non-cancer strain). The assay was performed using the RayBio® C-Series Kit
according to the manufacturer instructions and intensity of the spots was analysed
using ImageJ as described in 2.2.13. Only differences of more than 0.1 were

considered for further confirmatory investigation using ELISA.

6.1.5.2 Interleukin-8 and CCL4 ELISA

Concentrations of interleukin-8 (IL-8) were measured using an ELISA kit (DuoSet) in
half-area 96-well plates in all samples from infection of AGS or THP-1 cells
following the protocol described in 2.2.11. Concentrations of CCL4 were measured
using an ELISA kit (DuoSet) in half-area 96-well plates only in samples from

infections of THP-1 cells following protocol described in 2.2.12.

117




Each infection experiment with a strain of H. pylori on AGS or THP-1 was repeated 3
times. To reduce experimental variations between experiments, the average negative
control from each experiment was used as a unit value.

Supernatants from THP-1 cells were highly concentrated in cytokines, therefore
dilutions were needed for both IL-8 and CCL4 ELISA to obtain concentrations in the
kit range. For IL-8 concentration, dilutions in PBS did not show linear variation of
concentration with dilution, therefore dilutions were achieved in wash buffer
(containing Tween) to disaggregate proteins. Dilutions of 1 in 50 in wash buffer were
chosen for IL-8 (Figure 6.2A). Dilutions of 1 in 50 in PBS were chosen for CCL4
(Figure 6.2B). Positive and negative controls were not diluted. Results presented in

sections below are concentrations in non-diluted supernatants.
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Figure 6.2: Concentration of IL-8 (A) and CCL4 (B) in dilutions from
supernatants obtained after 24h infection of differentiated THP-1 cells
with H. pylori strains

A. Concentration of IL-8 in diluted supernatants. Diluent used was wash
buffer. Range of detection was between 31.2 and 2000 pg/mL. B.
Concentration of CCL4 in diluted supernatants. Diluent used was PBS.
Range of detection was between 15.6 and 1000 pg/mL.
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6.1.6 Genomic analyses

Two types of genomic analyses were performed based on the phenotype results. For
both methods, the dataset was divided into groups according to the results of the
studied phenotype. A binary dataset was created separating strains in the upper and
lower 33" percentiles for each phenotype. Both genomic analyses were based on a

genome comparator (2.3.2).

6.1.6.1 Identification of genes associated with phenotypes

This first analysis was based on a genome comparator performed with the genes from
a pan-genome built using the reference strain 26695 genes and all 57 strains used in
phenotypic assays following the method described in 2.3.2. This genome comparator
aimed to show whether some of the genes had higher incidence over the range of
phenotypes. Non-accessory variations were also investigated briefly by observation of
the allele numbers obtained by genome comparator. Functions of the genes were
searched for on NCBI and PATRICdb, and interactions of the gene products with
other proteins were queried on PATRICdb.

6.1.6.2 Attribution of functions to genes targets
The second analysis was a genome comparator (2.3.2) performed using all genes
identified in chapters 3, 4 and 5. This analysis aimed to link the genes highlighted in

silico to phenotypic characteristics of the strains studied in vitro.

6.2 Results

6.2.1 Enumeration of H. pylori

An enumeration experiment was performed on 10 strains of H. pylori, from different
collections and associated with different symptoms (Table 6.1). The number of colony
forming units (CFU) per mL of a bacterial solution with OD=0.1 was variable (Figure
6.3A). There was no significant difference in calibrated counts of H. pylori from
gastritis or gastric cancer patients (Figure 6.3B). The average for these 10 strains was
1.58.10" CFU/mL of OD 0.1 bacterial solution, which is consistent with values found
in the literature (Blanchard and Nedrud 2012). This average was used to estimate the

concentration of bacteria used in the remaining experiments.
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Figure 6.3: Enumeration carried out on 10 clinical H. pylori strains.

A. Each dot represents the number of colony forming units per mL of OD 0.1
bacterial solution calculated from one plate. Strains in black are gastric
cancer strains. Strains in grey are gastritis strains. Plain circles represent
CagPAI positive strains and empty circles CagPAI negative strains. B. Each
dot represents the average number of colony forming units per mL of OD 0.1
calculated from at least 3 plates for one strain. No significant difference was
observed between gastritis and gastric cancer strains (t-student).

6.2.2 Variability of motility in H. pylori
The relationship between the motility of 56 strains (Table 6.2) and disease

background was investigated (Figure 6.4).
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Figure 6.4: Motility measured in H. pylori strains from different patient
pathology.

Each dot represents the average motility score for one strain, measured at
least twice and corrected using the measure for control strain B24. Star
represents a p-value < 0.05 between groups (one-way ANOVA).
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Differences in motility between disease types were only statistically significant
between gastric cancer strains and MALT lymphoma strains (p-value < 0.05 with one-
way ANOVA). However, the standard deviations for MALT lymphoma and ulcer

strains were much smaller compared to gastric cancer and normal/gastritis strains.

6.2.3 The host-immune response triggered by H. pylori

Fifteen strains of H. pylori chosen for their disease background and CagPAl status
(Table 6.3) were used to infect AGS or THP-1 cells to investigate inflammatory
cytokine response to the live bacteria. Supernatants from these co-cultures were used
in three experiments focusing on a cytokines screen using a human inflammation

antibody array and further confirmatory ELISA assays.

6.2.3.1 Human Inflammation Antibody Array

Four samples of supernatants from infection experiments were used to perform a
human inflammation antibody array assay. This assay aimed to identify human
cytokines produced by AGS and THP-1 cells when challenged by different strains of
H. pylori. The strains used were 30950 (a cag-PAI positive cancer strain) and 31235
(a cag-PAI negative non-cancer strain). Optimised exposures of the assay membranes

are presented in Figure 6.5.
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Figure 6.5: Human inflammation antibody array comparing a clinical H.
pylori isolate associated with cancer (30950) against one associated with
gastritis (31235).

Each antibody is present in duplicate. In the top right corner are the two
positive controls, followed by the two negative controls. IL-8 is boxed in
black. CCL4 is boxed in grey. Complete map of the array is available in
Appendix G. A. AGS challenged with strain 30950 of H. pylori. B. AGS
challenged with strain 31235 of H. pylori. C. THP-1 challenged with strain
30950 of H. pylori. D. THP-1 challenged with strain 31235 of H. pylori.
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In AGS cells the only strong difference between the cancer and non-cancer strains
was for IL-8, with intensities of 0.82 and 0.32 respectively. This difference in IL-8
was also detected in THP-1, but was not as strong as for AGS cells, with intensities of
1.46 and 1.13 in the cancer and non-cancer strains respectively.

Other important differences revealed by this screening procedure were observed in
THP-1 cells, between cancer and non-cancer strains, in the MIP-1 family (CCL3, 4
and 15), and for IL-10, IL-12 p70 and 1-309 (TCA-3/CCL1). These differences were
weaker than the ones observed for IL-8, but were over 0.1, which was our defined
threshold.

This screening assay successfully identified two cytokines of interest, IL-8 and CCL4,
which were further investigated by ELISA assays on a larger number of strains in
order to confirm the observed difference in the two test strains. IL-8 was investigated

in both AGS and THP-1 supernatants. CCL4 was investigated in THP-1 supernatants.

6.2.3.2 IL-8 response to H. pylori infection in AGS cells

IL-8 was measured in supernatants from AGS cells infected with 15 H. pylori strains
in triplicate. Most of the strains showed little variation between replicate experiments,
with the exception of 4 of the CagPAI-positive non-cancer strains (Figure 6.6A).

CagPAIl negative strains induced no IL-8 response. A statistically significant
difference was observed between CagPAl-positive and CagPAl-negative strains
(Figure 6.6B) in non-cancer patients.

Despite a trend towards non-cancer strains inducing a higher IL-8 production in AGS

cells, there was no significant difference compared to the CagPAIl positive strains
causing cancer (Figure 6.6B).
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Figure 6.6: Concentration of IL-8 in supernatants obtained after 24h
infection of AGS cells with H. pylori strains.

IL-8 was measured by ELISA assay and adjusted to the negative control for
each experiment. Grey dots represent gastritis strains and black represent
gastric cancer strains. Plain circles are for CagPAI positive strains and empty
circles for CagPAIl negative strains. A. Each dot represents the average
concentration of IL-8 from triplicate wells of the same experiment. B. Each
dot represents the average from 3 independent experiments for one strain.
Star represents a significant difference between the groups, with a p-value <
0.05 (One-way ANOVA).

6.2.3.3 IL-8 response to H. pylori infection in THP-1 cells

The production of IL-8 in relation to CagPAI status has been largely studied in
epithelial cells. Little is known about the influence of CagPAIl to trigger the
production of IL-8 in other types of cells associated with gastric disease, such as
macrophages. To address this, an infection experiment using differentiated THP-1
cells as model macrophages was carried out, based on the cytokine array data.

Despite the difference in IL-8 production between the two sample strains used in the
human inflammation antibody array, measurement of IL-8 in supernatants from the
infection of THP-1 cells with 15 strains of H. pylori did not show differences, either
with respect to cancer diagnosis or CagPAI status of the strains (Figure 6.7B). A
closer look at the results from individual strains also shows a very wide variability

between replicates from the same sample (Figure 6.7A).
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Figure 6.7: Concentration of IL-8 in supernatants obtained after 24h
infection of differentiated THP-1 cells with H. pylori strains.

IL-8 was measured by ELISA assay and adjusted to the negative control for
each experiment. Grey dots represent gastritis strains and black represent
gastric cancer strains. Plain circles are for CagPAI positive strains and empty
circles for CagPAIl negative strains. A. Each dot represents the average
concentration of IL-8 in triplicate wells from the same experiment. B. Each
dot represents the average from 3 independent experiments for one strain.

6.2.3.4 CCLA4 response to H. pylori infection in THP-1 cells
Based on the results from the membrane assay showing a difference in CCL4

response from THP-1 cells between one cancer and non-cancer isolate, further
samples were investigated by ELISA.

All 15 samples previously described for study of IL-8 concentration in co-culture with
THP-1 were used for this experiment. Variability between replicates with the same
strain was significantly lower than for IL-8 in the same samples (Figure 6.7A and
Figure 6.8A). The results showed production of CCL4 in all samples, without a clear
difference between strains causing cancer and strains causing gastritis. No statistical

difference was observed between groups of strains based on disease or CagPAI status
(Figure 6.8B).
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Figure 6.8: Concentration of CCL4 in supernatants obtained after 24h
infection of differentiated THP-1 cells with H. pylori strains.

CCL4 was measured by ELISA assay and adjusted to the negative control for
each experiment. Grey dots represent gastritis strains and black represent
gastric cancer strains. Plain circles are for CagPAI positive strains and empty
circles for CagPAIl negative strains. A. Each dot represents the average
concentration in IL-8 from triplicate wells in the same experiment. B. Each
dot represents the average from 3 independent experiments for one strain.

6.2.4 Genomic origin for phenotypic variability

6.2.4.1 Pan-genome of strains used in phenotypic analyses

The pan-genome built from the set of 57 strains used for phenotypic assays included a
total of 1913 genes. A genome comparator using this pan-genome as a reference and
the 56 strains dataset identified 1319 core genes (present in more than 90% of these

strains), and 594 accessory genes (Figure 6.9).

6.2.4.2 ldentification of genes associated with motility
The 56 strains used for the measurement of motility were ranked according to motility
score. These scores were used to separate strains into three 33" percentiles:

e 19 strains with low motility,

e 18 strains with average motility,

e 19 strains with high motility.
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Figure 6.9: Composition of the H. pylori pan-genome based on the 56
strains used in phenotypic assays.

Core genome (black bar) was composed of all genes present in at least 90%
of the strains. Accessory genome (white bars) was composed of all genes
present in at least 1 strain, but less than 90% of the strains.

High and low motility strains were then compared using a genome comparator to
identify genes with function linked to an increase in motility. This analysis
highlighted 139 genes showing a difference of more than 0.2 in prevalence between
high and low motility (Figure 6.10). Of these genes, 62 were present in the reference
strain 26695.
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Figure 6.10: Pan-genome approach showing the number of genes with a
difference in prevalence of more than 20% between high motility strains
and low motility strains.



Only genes with a greater prevalence in high motility strains compared to low motility
strains was studied further. The 43 genes from 26695 genome were located across the
genome (Figure 6.11). Details for 26695 genes (outside the CagPAl island genes and
HP1243 described below) are presented in Table 6.4. Fifteen genes were not found in

the 26695 genome.
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Figure 6.11: Position (in 26695 genome) of the 43 genes showing an
increased prevalence in high motility strains.

Direct link to motility identifies genes for which the function is linked to
motility (flagella, urease, chemotaxis). Product interactions are based on
queries on the interactions of the gene products in PATRICdb revealing links
to motility.

HP1243 and cagPAI genes

HP1243 codes for babA, an outer membrane protein known to be highly associated
with the CagPAl pathway. This pathogenicity island is associated with gastric cancer.
HP1243 gene was highlighted as having higher presence in high motility strains in
our motility assay.

The CagPAl island has been divided in the literature into two distinct zones: cagll
(composed of 14 genes) and cagl (composed of 13 genes). Among the 14 genes

composing Cagll, only 12 were showing increased prevalence in high motility strains.
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Table 6.4: Genes with increased prevalence in high motility strains, product functions and predict
Interactions referenced in this table were obtained on PATRICdb. Only relevant interactions are listed.

Locus Product Predicted interactions
tag Flagella Urease Chemotaxis Others
HP0033 | CIpA (ATP-dependent Clp | HP0753
protease ATP-binding | (fliS)
subunit)
HP0052 | Putative type |1l DNA | HP0325
modification enzyme (flgH)
HP0053 | Hypothetical protein
HPO0054 | Adenine/cytosine DNA
methyltransferase
HP0462 | Type I restriction- HP0523
modification system,
specificity subunit S
HP0503 | Hypothetical protein
HP0504 | Hypothetical protein
HP0892 | YafQ (mRNA interferase) HP0073 HP0893, H
HP0893 | Hypothetical protein HP0892
HP0990 | Hypothetical protein HP0527, H
HP1079 | ATP/GTAP phosphatase HP0068, HP0072 HP1243 (b,
HP1192 | secreted protein involved in | HP0115, HP0068, HP0069, | HP0019, HP0103, | HP0520, H
flagellar motility HP0601, | HP0070, HPO0072, | HP0393, HP0599,
HP1585 HPO0073 HP1067
HP1366 | type IIS restriction enzyme HP1578 (L
R associated)
HP1367 | type IIS restriction enzyme HP1578 (L
M1 associated)
HP1368 | type IIS restriction enzyme HP1578 (L
M2 associated)
HP1383 | modification system S HP1208 (u
subunit
HP1433 | Hypothetical protein
HP1438 | lipoprotein HP0523




Genes not found in 26695

Fifteen coding sequences with increased prevalence in high motility strains were not
part of the annotated 26695 genome used as a reference for the construction of the
pan-genome. Annotations from RAST did not aid in elucidating the functions for
these genes. Twelve genes were annotated as hypothetical proteins. One gene was
annotated as an RIoF (R-linked ORF F) (005_4_1517). The remaining two genes were
closely positioned in the genome of the strain in which they were found. One was
annotated as coding for a transposase (004_3 0002), and one for a mobile element
protein (004_3 0003).

6.2.4.3 Identification of genes associated with cytokine production in
AGS or THP-1 cells

The 15 strains used for infection work were ranked by the concentration of either 1L-8
in AGS cells, IL-8 in THP-1 cells or CCL4 in THP-1 cells. A genome comparator was
performed using these 15 strains and the pan-genome constructed on the set of 57
strains in order to identify differences in prevalence between strains associated with
high production of these cytokines in AGS or THP-1 cells and strains associated with
low production of these cytokines in AGS or THP-1 cells. Only genes with
differences of more than 0.5 in prevalence between groups were considered relevant
(Figure 6.12).

This analysis highlighted very clearly (prevalence of 1 in high producing strains
against prevalence of 0 in low producing strains) a link between most cagPAIl genes
and IL-8 production in AGS cells, and with babA. babA was also identified in our
GWAS analysis as a risk factor for gastric cancer, and has been associated with
CagPAl. Confirmation of the relevance of these genes (cagPAIl genes and babA) with
the cytokine production is already present in the literature (Ishijima et al. 2011;
Fischer et al. 2001). A few other genes were covarying with IL-8 production in AGS
cells, with a lower difference (0.6) between high and low producers. Amongst them
were the replicates of tnpA and tnpB, which were also identified in the study of IL-8
in THP-1 cells. tnpA has been linked to more severe disease (Abadi et al. 2014;
Mattar et al. 2010), but its exact role has so far not been identified. Our finding could

be a lead to further investigation on the link of tnpA and tnpB with IL-8 production.
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HP1499 was identified as more frequent in non atrophic gastritis patients than in
gastric cancer or duodenal ulcer, and HP0962 was specific to gastric cancer strains
(Romo-Gonzélez et al. 2009), but no role was identified regarding IL-8 production.
One of the cagPAI genes, HP0524, encodes for a protein belonging to the TraG-like
protein (Schroder et al. 2002), therefore traG and the two genes positioned around
traG, HP1003 and HP1005, could be linked to immune response, but there is so far
no proof of it. HP0079, HP0356, HP0462, HP0593, HP0682, HP1078, HP1276,
HP1366/1368, HP1471, HP1517/1518/1519 were all uniquely identified by our study.
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Cag4 HP0593 HP1276
+strand | 1667892 bp
- iy l
HPOO79 HP0356 tnpB Cagl1£a9A tnpB A HP1499thpA
tnpA Cagl2 -0 tnpA B i HP1471 tpr
- T m Cag20 T T T T - s“rand
HPO0462 Cag21 HP0962 HP1078 babAHP1366  HP1519
Cag£?91%ag22 Hp1368 1P1517
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caglil

Figure 6.12: Position (in 26695 genome) of the main genes with increased
prevalence in strains triggering a high production of cytokines.

Only genes with a difference in prevalence of at least 0.5 between low and
high cytokine are represented.

6.2.5 Attribution of functions to genes highlighted by genomic

analyses
A genome comparator was performed on the 57 strains dataset using all 110 genes
highlighted in previous chapters of this thesis. It showed that 93 genes were core
(present in more than 90% of the strains from this dataset) and 17 were accessory.

6.2.5.1 Motility

Prevalence of the genes highlighted in previous chapters was compared in high and

low motility strains. A large majority (14 out of 17) of the accessory genes showed a

130



variation of more than 0.1 between prevalence in high and low motility. Two genes
which were part of the core genome in the global dataset were also identified to be
core in one of the motility groups but accessory in the other one, with a difference in
prevalence of more than 0.1 (Figure 6.13).

HP0544 - high motility
HP0540 T (] 0w motility

Figure 6.13: Genes highlighted in previous chapters showing a difference
in prevalence between strains with high and low motility.

A threshold of 0.2 difference in prevalence was used to select genes covarying with
motility, leaving 12 genes.

Two genes showed a higher prevalence in low motility strains than in high motility
strains, namely HP0855 and HP1004. HP0855 showed significant genomic variation
based on PV in both strains studied in long-term colonisation in mice. HP1004 was a
hit in the bugwas GWAS with a strong p-value of 2.73.10”. Function of this gene is
unknown as it codes for a hypothetical protein. The difference in prevalence observed
suggests that the function of this gene implies a reduction of strain motility.

All other genes showed a higher prevalence in high motility strains compared to low
motility strains. These included cagPAIl genes (HP0524, HP0528, HP0529, HP0531,
HP0532, HP0540, HP0541, HP0544, HP0547) and genes known to be associated
with CagPAI (HP1243 also known as babA).

An investigation of gene-by-gene alignment of the 7 non-accessory risk genotypes
identified in Chapter 5 was performed using Bioedit. This analysis recorded an

increased proportion of the risk genotype in low motility strains for HP0797 (Figure
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6.14A) and HP0747 (Figure 6.14B), and an increased proportion of the safe genotype
in low motility strains for the synonymous change of HP0468 (Figure 6.14C). Other
genotypes did not show increase or decrease related to motility.
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Figure 6.14: Proportion of risk and safe genotypes from Chapter 5
showing an increased or decreased allele presence according to motility.
A. Non-synonymous allelic change identified in HPO0797. B. Non-
synonymous allelic change identified in HP0747. C. Synonymous allelic
change identified in HP0468.

6.2.5.2 Triggering of cytokine production
Prevalence of highlighted genes and IL-8 production in AGS cells

Prevalence of the genes highlighted in previous chapters was also compared in strains
triggering high and low production of IL-8 in AGS cells. All but one (HP1045),
accessory genes showed a variation of more than 0.1 between prevalence in high and
low motility. However, as the number of strains used in infection experiments was
much lower than in the motility assay, the threshold was increased to 0.5. This limit
identified 10 genes previously identified in this thesis, all of them part of the CagPAlI
island (HP0524, HP0528, HP0529, HP0531, HP0532, HP0540, HP0541, HP0544,
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HP0547) or associated with CagPAI (HP1243 also known as babA) that were absent
from all 5 strains triggering low production of IL-8 in AGS cells and present in all 5
strains triggering high production of IL-8 in AGS cells. HP0527, also part of the
CagPAl island, was also absent from all 5 strains triggering low production of IL-8 in
AGS cells, but was only present in 3 out of the 5 strains triggering high production of

IL-8 in AGS cells (difference in prevalence of 0.6).

Prevalence of highlighted genes and IL-8 production in THP-1 cells

Prevalence of the genes highlighted in previous chapters was also compared in strains
triggering high and low production of IL-8 in THP-1 cells. Difference in prevalence
was lower than in AGS cells. No gene presented a difference in prevalence of more

than 0.5 between groups of strains in this comparison.

Prevalence of highlighted genes and CCL4 production in THP-1 cells
Prevalence of the genes highlighted in previous chapters was finally compared in
strains triggering high and low production of CCL-4 in THP-1 cells. Difference in
prevalence was again lower than in IL-8 production in AGS cells. However, one gene,
HP1004, was present in all 5 strains triggering high production of CCL4 and only
present in 2 of the 5 strains triggering low production of CCL4, therefore presenting a
difference in prevalence of 0.6. HP1004 was a hit in the bugwas GWAS with a strong
p-value of 2.73.107. The function of this gene is unknown as it codes for a

hypothetical protein. It was identified as being more present in low motility strains.

Non-accessory risk genotypes and cytokine production

An investigation on gene-by-gene alignment of the 7 non-accessory risk genotypes
identified in Chapter 5 was performed using Bioedit for each cytokine. Analysis of the
production of IL-8 in AGS cells recorded an increased proportion of the risk genotype
in low producers strains for HP0747 (Figure 6.15A) and both synonymous and non-
synonymous changes of HP0468 (Figure 6.15B-C). An increased proportion of the
risk genotype in low producers strains for the non-synonymous change of HP0709
(Figure 6.15D) was also identified. Other genotypes did not show increase or decrease

related to production of IL-8 in AGS cells.
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Figure 6.15: Proportion of risk and safe genotypes from Chapter 5
showing an increased or decreased allele presence according to ability to
trigger IL-8 production in AGS cells.
A. Non-synonymous allelic change identified in HP0747. B. Synonymous
allelic change identified in HP0468. C. Non-synonymous allelic change
identified in HP0468. D. Non-synonymous allelic change identified in
HP0709.

Analysis of the production of IL-8 in THP1 cells recorded an increased proportion of

the risk genotype in low producers strains for HP1055 (Figure 6.16A) and both

synonymous and non-synonymous change of HP0468 (Figure 6.16B-C). An increased

proportion of the risk genotype in high producers strains for the non-synonymous

change of HP0709 (Figure 6.16C) was also identified. Other genotypes did not show

increase or decrease related to production of IL-8 in THP1 cells.
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Figure 6.16: Proportion of risk and safe genotypes from Chapter 5
showing an increased or decreased allele presence according to ability to
trigger IL-8 production in THPL1 cells.
A. Non-synonymous allelic change identified in HP1055. B. Synonymous
allelic change identified in HP0468. C. Non-synonymous allelic change
identified in HP0468. D. Non-synonymous allelic change identified in

HPO709.

Analysis of the production of CCL4 in THP1 cells recorded an increased proportion
of the risk genotype in low producers strains for the synonymous change of HP0709
(Figure 6.17C) and both synonymous and non-synonymous changes of HP0468
(Figure 6.17A-B), and an increased proportion of the safe genotype in low producers
strains for the non-synonymous change of HP0709 (Figure 6.17C). Other genotypes

did not show increase or decrease related to production of CCL4 in THP1 cells.
Noticeably, the same increase was observed for all 3 cytokine production experiments

regarding the three risk genotypes HP0468 (synonymous and non-synonymous) and

HP0709 (non-synonymous).
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Figure 6.17: Proportion of risk and safe genotypes from Chapter 5
showing an increased or decreased allele presence according to ability to
trigger CCL4 production in THP1 cells.

A. Non-synonymous allelic change identified in HP0468. B. Synonymous
allelic change identified in HP0468. C. Synonymous allelic change identified
in HP0709. D. Non-synonymous allelic change identified in HP0709.

6.3 Discussion

The study of phenotypic characteristics of clinical strains of H. pylori isolated from
patients for whom pathologies were described sheds light on the phenotypic diversity
observed in sets of strains.

Motility is essential for colonisation, as a strain with no motility will not be able to
colonise the stomach long term, but not all strains with efficient motility will be
responsible for strong inflammation and progress towards gastric cancer. Motility is
only a pre-requisite for the pathogenicity of the strains to take its part, and it is only
indirectly linked to the development of complications in the host (1.2.6). Despite what
was previously described (C.-Y. Kao et al. 2012) motility was not associated with the
pathology associated with the strains in our experiment. However, a wide variability
was observed amongst our collection of isolates. Differences in terms of standard

deviations were also observed between pathologies. This could be explained by the
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smaller number of isolates available for MALT lymphoma and ulcer, but could also
be representative of a difference in the type of disease. MALT lymphoma and
duodenal ulcer are associated with a high level of acid production in stomach,
whereas gastric cancer is associated with a low level of acid production. H. pylori
strains isolated from MALT lymphomas and ulcers might be better adapted to a high
level of acidity, therefore reducing their motility capacity in the more neutral
conditions used in this in vitro experiment.

Pathologies left aside, a number of genes were highlighted as important in relation to
motility. One of them, HP1192 was already associated with motility in a motility
assay involving deletion and over-expression mutants for this specific gene (Tsao et
al. 2009). Products of other genes with increased prevalence in high motility strains
were interacting with colonisation-related genes. This was the case for the famous
cagPAIl genes (Vannini, Roncarati, and Danielli 2016) and babA gene (Rad et al.
2002). Products of HP0033, and of the group of 3 genes HP0052, HP0053 and
HPO0054 were respectively interacting with flagellar proteins fliS and flgH (J. S. Kim
et al. 1999). Products of the couple of genes HP0892 and HP0893 as well as product
of HP1079 were interacting with urease gene products HP0073, HP0068 and HP0072
(Mobley, Hu, and Foxal 1991). Finally, some genes had never been associated to
motility and/or were coding for unknown functions, which were found with higher
prevalence in higher motility isolates: HP0462, HP0503/HP0504, HP0990,
HP1366/HP1367/HP1368, HP1383, HP1433 and HP1438. These genes could be
associated with high motility and would require further research, for instance by
motility assays or colonisation experiments on mice with mutant strains.

IL-8 and CCL4 were identified in a semi-quantitative human inflammation antibody
assay as being differently produced in infection experiments with strains isolated from
cancer patient compared to a non-cancer patient. The smaller difference in IL-8
concentration for THP-1 cells compared to AGS cells can be explained by higher
concentrations in the THP-1 supernatants. In the membrane assay, samples were
diluted 1 in 2 for both types of cells, and therefore the dots corresponding to IL-8 in
THP-1 cells showed close to saturation intensities. The compactness of high
concentrations could reduce the observed difference. Measurement of the cytokines in
different types of mammalian cells significantly confirmed the role of CagPAI genes
in the epithelial cells host response (Ahmadzadeh et al. 2015; Hammond et al. 2015;
Censini et al. 1996). 1L-8 production in AGS cells was lower in gastric cancer cagPAl
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positive strains compared to non cancer cagPAI positive strains, which could suggest
that the gastric cancer strains could more easily elude the inflammation developed by
the epithelial cells and allow the bacteria to trigger other routes of inflammation in
order to develop cancer. However this difference was non-significant, and the number
of strains used very small. Pathology set aside, a number of genes were highlighted as
covarying with the IL-8 productions in AGS cells, on top of them are the cagPAlI
genes and genes related to the CagPAl, such as babA, tnpA and tnpB (Abadi et al.
2014). Other genes covarying with IL-8 production in AGS include HPO0079
(membrane protein), HP0462 (type | restriction-modification system specificity
protein), HP0593 (DNA methyltransferase (Banerjee and Rao 2011)), HP1276,
HP1499 (restriction endonuclease) and HP1519.

No difference was highlighted regarding both IL-8 and CCL4 production in THP-1,
neither according to CagPAIl status nor pathology. Considering the human
inflammation antibody assay was using samples diluted only 1 in 2, whereas the
ELISA measures were using dilutions of 1 in 50, the disaggregation of the proteins
obtained by dilution in wash buffer could have altered the results. The higher
concentrations observed in THP-1 cells could be due to the nature of the cells which
are prompt to adapt and react in a stronger way than AGS cells. Pathology set aside, a
number of genes were highlighted as covarying with the IL-8 productions in THP-1
cells, among them are tnpA and tnpB, which were also covarying with the IL-8
production in AGS cells. HP0356, HP0962 (acyl carrier protein), HP1078, HP1366
(type 1S restriction-modification system endonuclease), HP1367 (type IIS restriction-
modification system methyltransferase) and HP1471 were also co-varying with 1L-8
production in THP-1 cells. HP0682 was covarying with both cytokines tested in THP-
1 cells, IL-8 and CCL4, but its function is unknown as it is described as a hypothetical
protein. Also covarying with CCL4 in THP-1 cells were HP1003, HP1005, traG
(involved with T4SS (Schroder et al. 2002)), HP1517 and HP1518.

Genes identified in the previous results chapter (specifically chapter 4 and 5) also
showed co-variations with motility or cytokine production, which shed light on the
potential mechanisms involving those genes with change of host, long-term
colonisation or gastric cancer.

Experiments such as knocking out some of the genes identified could help confirm the
questions remaining on the exact functions linked to motility and triggering of
immune response in the host (O’Toole, Kostrzynska, and Trust 1994; Schmitz,
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Josenhans, and Suerbaum 1997; C.-Y. Kao, Sheu, and Wu 2014). This approach
would be especially interesting on genes for which function is unknown but are
highlighted in more than one aspect of our study. Other phenotypic experiments could
also have been carried out on this set of clinical strains in order to link disease
development in the host with phenotypic characteristics of the strains, and to identify
potential genes linked to these variations. Reactive Oxygen Species produced by host
cells when undergoing stress, could for instance be an interesting approach to the
study of H. pylori strains (Satin et al. 2000). Infection of THP-1 and AGS cells co-
cultures by H. pylori strains could also be performed, to model interactions between
these three actors during chronic inflammation caused by the bacteria (Fox et al.
2015).

In conclusion, variations in motility are not linked to the pathology of the patient
infected. However, some genes are co-varying with motility and could be investigated
further. Immune response measured in co-culture experiments with clinical strains
varies with the pathology of the patient from who the strain. Genes already known to
be associated with triggering of I1L-8 production in epithelial cells were identified in
our study but new ones were also co-varying with cytokine triggering phenotype.

These could be targets for experiments in order to confirm or dispute the association.
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7 General Discussion

This chapter will focus on answering the questions defined in introduction using the
whole results exposed in previous chapters. More precisely, the two first results
chapters, Chapter 3 and Chapter 4, focused on defining the genome evolution
occurring in H. pylori species, addressed four hypotheses:

e The genomic variability of H. pylori strains from the Americas reflects the
history of recent and ancient migrations which built the identity of these
regions,

e Core and accessory genomes are evolving in a similar way,

e H. pylori strains evolve when changing from one host to another,

e H. pylori strains infecting a stomach for a long time evolve alongside the
development of symptoms.

Mimicking genomic variability of H. pylori strains, a wide phenotypic variability is
observed in clinical strains. This was addressed in Chapter 6, with three hypotheses:

e Motility varies according to the pathology of the patient from which the strain
was isolated,

e Immune response is triggered differently according to the pathology of the
patient from which the strains was isolated,

e Some genes covary with phenotypic differences observed among strains.
Finally, GWAS methods were used on H. pylori clinical strains in an attempt to
identify genomic traits linked to gastric cancer (GC). Three hypotheses were tested in
Chapter 5:

e The GWAS method can be applied to H. pylori genome despite its high

variability,

e Specific genomic traits in specific genes can be linked with the progression of
GC,

e A risk score can be built in order to target strains with a higher risk for
triggering GC.

Limitations of the methods used in this study, as well as leads for future research, will

also be discussed.
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7.1 Genome evolution in H. pylori

The H. pylori species is particularly diverse (Dorer, Sessler, and Salama 2011).
Genomic variation can be observed at different levels. Firstly, traces of the history of
human migrations are conserved in its genome, due to their long co-existence (Falush
et al. 2003; Moodley et al. 2012). This was studied by MLST methods for old patterns
of migrations such as the ones originating in the current European population (Falush
et al. 2003). Indeed, European H. pylori populations are known to be a mix of Asian
and African populations. This was confirmed in a published study (Thorell et al.
2017) based on complete genomes (see Chapter3), both in the core genome, through
the use of FineStructure and Chromopainter (3.2.2), and in the accessory genome
through the use of a new method of analysis of accessory 3-dimentional plots (3.2.3).
These higher resolution methods, combined with the large global dataset which
included 198 strains from the Americas, allowed the identification of more recent
events of migration which are part of the history of the Americas, highlighting
differences between regions of this continent (Marangoni, Caramelli, and Manzi
2014). Different subpopulations were newly identified in the Americas, with different
levels of inputs from hpAfrical and hpEurope. Both core and accessory methods were
confirming this evolution in a similar way.

However, the genome of H. pylori not only comprises traces of ancient hosts, but also
evolves over a shorter scale (Cao et al. 2015; Avasthi et al. 2011). Colonisation of a
human host by H. pylori usually occurs in childhood, but can persist for years without
any symptoms (O’Ryan et al. 2015; Dooley et al. 1989). During this time, a single
strain of H. pylori can evolve, adapting to this host and sometimes causing gastritis or
more severe outcomes such as gastric ulcer (Lanas and Chan 2017), MALT
lymphoma (ML) (H.-C. Wang et al. 2015) or gastric cancer (GC) (Wroblewski and
Peek 2016; Figura et al. 2016). Different strains of H. pylori can also co-habit,
increasing the potentiality of genomic evolution through recombination (Cao et al.
2015; Kersulyte, Chalkauskas, and Berg 1999). An attempt to assess the usability of
murine model to study long-term colonisation evolution of H. pylori genome was
made in Chapter 4. The isolation of strains of H. pylori after colonisation of a mouse
host for different durations was an opportunity to study the evolution of a single strain
in its host during long-term colonisation, and to assess the changes occurring in H.
pylori strains when changing host. The two strains used in this study were originally
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isolated from human patients suffering from ML (Chrisment et al. 2014). Gastric
lesions similar to those observed in the human original host developed in the infected
mice after long-term colonisation, suggesting a bacterial origin to the symptoms over
a host pre-disposition. The genomic study made on these strains showed that specific
changes were observed during the change of host (4.2.2), and during long-term
colonisation (4.2.3). The genomic evolutions that were observed were of different
types, backed-up by literature: PV (Appelmelk et al. 1999; Bergman et al. 2006), SNP
(Furuta et al. 2015), deletion/insertion (Tsang et al. 2013) and repetition of a 21bp
sequence (Rasko et al. 2000). Functions of the genes evolving in this study comprised
outer-membrane proteins (Furuta et al. 2015), LPS biosynthesis (Stefan Odenbreit,
Faller, and Haas 2002; Chmiela, Miszczyk, and Rudnicka 2014; Appelmelk et al.
1999) and flagella (C.-Y. Kao et al. 2012; O'Toole, Lane, and Porwollik 2000), which

are all crucial for colonisation.

7.2 Phenotypic variations in H. pylori strains

Strains of H. pylori are not only variable in terms of genomes. Indeed, in most cases,
genomic variations affect the phenotypes of the strains. A collection of European
clinical isolates was gathered in order to study the phenotypic variations amongst
them (Chapter 6). The focus of our experiments was to target phenotypes that were
both (i) achievable for large number of isolates (ii) representative of the virulence of
the strains. No significant variation was found in motility between isolates from
different pathology. However, the ability to trigger an IL-8 response in AGS cells was
higher in gastric cancer isolates than in non cancer isolates reflecting the presence or
absence of the CagPAI island genes (Li et al. 1999; Sheh et al. 2013; Khatoon et al.
2017). No difference in the ability to trigger either an IL-8 or CCL4 response in THP-
1 cells was associated with the pathology of the isolates. However, 113 genes were
co-varying with the phenotypic variations measured in our set of isolates. These
covariations highlighted genes already known to be associated with such phenotypes
(CagPAI genes and babA with IL-8 in AGS cells), but also genes that were not
expected to covary with those phenotypes. Studying those genes, to confirm or refute
their association with phenotypes could be of interest to better understand the

mechanisms behind pathogenicity of H. pylori strains.
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7.3 Prediction of virulence

GWAS methods, initially developed for human genomics, have been increasingly
used in bacterial genomics (Power, Parkhill, and de Oliveira 2016; P. E. Chen and
Shapiro 2015; Alam et al. 2014; Sheppard et al. 2013). These methods, relying on a
statistical analysis of the prevalence of genomic traits in strains for which a binary
phenotype can be clearly identified, are powerful tools to investigate the virulence of
H. pylori strains. Application of GWAS to clinical strains of H. pylori from a single
population (hpEurope) highlighted 12 genotypes associated with gastric cancer
(Chapter 5). These genotypes were used to build a risk score that could allow
prediction of the virulence of a strain.

In the different chapters of this thesis, a large number of genes were highlighted,
linked to different evolutionary mechanisms. Markers of evolution in an animal
model, linked to both change of host or long-term colonisation, were identified in
Chapter 4. Co-variations of certain genotypes with phenotypes such as motility or
immune system triggering were highlighted in Chapter 6. Finally association of some
genomic traits with gastric cancer was verified using different GWAS methods in
Chapter 5. All these genes are referenced in Appendix H. Some of these genes were
highlighted by independent aspects of this thesis work, as well as other studies from
the literature. Independent studies converging towards individual genes are also a way
to understand and predict virulence of a strain. In total, 35 genes were highlighted for
more than one reason in this work. cagPAI genes and babA have already been highly
studied, and can be considered positive controls. Other genes highlighted at least
twice in this thesis are presented in Table 7.2. This list of genes could be investigated
more deeply to understand the functional reasons behind their identification in this

study.

7.4 Clinical applications of genomic-based prediction of virulence

Genomic-based prediction of virulence using GWAS presents the advantage of not
being based on assumptions of the function of the genes. In our method, all the genes
from all the strains from the dataset are equally considered, allowing the identification
of potential new virulence factors. In this work, a first attempt of risk score was made.
Such a tool could be of use in clinics, to decide whether or not the infection should be

treated. Indeed, most of the infected population remains asymptomatic (Dooley et al.
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1989). On the other hand, the consequences, when the infection is not asymptomatic,
can be lethal (Ferlay et al. 2015). For this reason, the current guidelines are to treat an
infection as soon as it is detected (Malfertheiner et al. 2017). All lines of treatment for
H. pylori infections being based on a combination of antibiotics, the resistance issue is
on the rise (lerardi et al. 2013). A more careful use of antimicrobial therapy, reserved
to those with the most virulent strains, could be a solution to the rise in antibiotic
resistance. Risk score, in combination with evaluation of symptoms, could determine

the choice of treatment.

Table 7.1: Summary of places in this thesis where cagPAI genes and
babA were highlighted

Gene Gene Chapter 2 | Chapter 3 Chapter 4

Tag name Change of | ClonalFrame | bugWAS | Motility | IL-8 in
Host GWAS AGS
HP1243 | babA X X
HP0544 | cag23 X
HP0524 | cag5
HP0528 | cag8
HP0529 | cag9 X
HP0531 | cagll
HP0532 | cagl?
HP0540 | cagl9
HP0541 | cag20
HP0547 | cag26 X
HP0520 | cagl
HP0522 | cag3
HP0523 | cagd
HP0525
HP0526 | cagZ
HP0527 | cag7 X
HP0530
HP0534 | cagl3
HP0537 | cagl6
HP0538 | cagl?
HP0539 | cagl8
HP0542 | cag21
HP0543 | cag22
HP0545 | cag24
HP0546 | cag25

+

XX XX

X[ XXX
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Table 7.2: Genes highlighted in one or more study in this thesis
Gene tag Gene | description Chapter 2 Chapter 3
name Change Colonisation | ClonalFrame | BugWAS
of Host GWAS
HP0068 ureG | urease accessory protein X X
UreG
HP0462 hsdS | type I restriction-modification
system specificity protein
HP0468 hypothetical protein X X
HP0503 hypothetical protein X
HP0685 fliP flagellar biosynthesis protein | X X
FliP
HP0855 peptidoglycan O- X
acetyltransferase
HP1004 hypothetical protein X
HP1177 hopQ | membrane protein X X
HP1252 oppA | oligopeptide ABC transporter | X X
substrate-binding protein
0010 9 0525 hypothetical protein




Leaving less virulent populations of H. pylori in place could also be beneficial.
Indeed, a small number of studies have highlighted beneficial effects of H. pylori
infection for the host (O’Connor, O’Morain, and Ford 2017). These positive effects
do not outweigh the negative effects, but if one could predict the virulence of the
strain, this could change the treatment regimens in the future. Sequencers are
becoming cheaper and easier to use, and it becomes more and more realistic to be able
to use such techniques for standard diagnosis in a public health context (Pallen,
Loman, and Penn 2010). New sequencers are developed and some of them are small
and portable, such as the Oxford Nanopore MinlON (Lu, Giordano, and Ning 2016;
Walter et al. 2017). It could soon be a reality to sequence the strain from a biopsy, run
an application and obtain a risk score, used to help the clinician in the decision to treat

the infection.

7.5 Limitations of the thesis

Although prediction of virulence through GWAS methods shows promises, there are a
number of limitations to this method, some of which could be avoided by future
research on the subject. The first limitation is the fact that GWAS requires a binary
dataset. H. pylori linked pathologies are not binary, and therefore choices have to be
made to turn the dataset into a usable binary dataset. The robustness of this binary
dataset relies on the quality of information given with the sequences. Moreover,
virulence of H. pylori expresses itself in many different ways, and there are many
outcomes with symptoms often highly divergent. In our study, genotypes linked to
gastric cancer were identified, leading to the construction of a risk score.

This risk score was built as a short proof of concept study. Indeed, there was no
dataset at the time of this work to allow validation of the risk score in an independent
dataset. A validation in a dataset outside hpEurope, the population used in the creation
process, could be considered, but the genomic differences between two H. pylori
populations are too important and there is a high risk that the risk score could not be
used in another population. For these reasons, the risk score built in this thesis should
not be used as it is for clinical decisions. A GWAS and risk score should be
performed for each H. pylori population, validated on independent datasets, and the
relevant risk score should be used in clinics, based on the population to which the

clinical isolate belongs. Population can be determined quickly by the position of the
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isolate on a reference phylogenetic tree containing 5 isolates per main population
(Vale et al. 2017).

Finally, all genomic analyses rely on clinical isolates. As it is considered unethical to
not treat a patient when the infection is detected, it is impossible to have isolates from
symptomatic patients before the development of the symptoms. This is a limitation, as
symptoms can develop after a long-term infection during which the infecting strain
can evolve. Considering the slow and large alterations of the stomach in some of the
outcomes, such as gastric cancer, it is highly possible that the strain triggering the
cancer is not present in the same version anymore, if at all, at the time of sampling.
This is therefore a bias, which could lead to GWAS identifying genomic traits
common to strains able to survive in the gastric cancer conditions, instead of genomic
traits common to strains triggering this gastric cancer.

Limitations in terms of isolates used also impact Chapter 4. Indeed, this analysis
relied on only 2 clinical strains from MALT lymphoma patients. Each of these two
strains were used to infect mice, but only 3 isolates were re-isolated for each time-
point, which is a very low number for genomic analysis. A larger number of isolates
would be necessary to increase the reliability of the results and allow statistics to be

made.

7.6 Future directions

If this thesis work could be taken further, different leads could be followed. First,
there is a need for strong GWAS based not only on gastric cancer strains, but also
ulcer or MALT lymphoma. More rigorous patient data associated with the strains
used would also increase the quality of such analyses. To achieve this, a large number
of strains would be needed, with information about the patients, and controlled
population structure. Indeed, GWAS requires a large number of strains to be robust (a
minimum of 100 strains per binary group), due to its fundamental principle based on
statistics. A collaborative project named Helicobacter pylori Genome Project (HpGP),
presented at the European Helicobacter and Microbiota Study Group (EHMSG)
conference in 2017 (http://ehmsg.org/2017/programme.htm), is leading the way

toward an increase in quality and volume of H. pylori strains collections. Once
suitable collections are available, it will be possible to achieve GWAS, on different
datasets corresponding to the different outcomes of an H. pylori infection, which will
give us a more global view of the virulence of H. pylori. These GWAS will have to be
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achieved on different Hp populations, to take into account the differences between
those populations (Thorell et al. 2017). Validation of risk scores using independent
datasets from the same population are also a necessity for risk scores to be used in
clinics.

A new GWAS method, based on phylogeny (Collins and Didelot 2018), could also be
considered in order to account for population structure and recombination while
achieving a high power and specificity. Indeed, despite the recombination being taken
into account in the two methods used in this thesis, these methods presented
limitations in terms of specificity.

Even with strong datasets made available for GWAS studies, and optimal GWAS
methods, validation of the genotypes identified in genomics studies remains essential.
This can be done with conventional laboratory methods such as creation of mutants,
and studies of these mutant strains in vitro and in vivo (Schmitz, Josenhans, and
Suerbaum 1997; C.-Y. Kao, Sheu, and Wu 2014). Even though construction of mutant
strains was not an option during this thesis, phenotypic studies were achieved. They
could have been taken further through the co-culture of H. pylori clinical strains AGS
in combination with THP-1 (Fox et al. 2015). This would model more closely the
reality of the stomach environment. pH could also be controlled, as we identified a
few genes related to the buffering of pH in our genomic studies. Relationship between
H. pylori and other components of the gastric microbiota could also be investigated.
Long-term colonisation in vivo experiments would also be highly valuable to H.
pylori research. Animal models such as the one presented in Chapter 4 could be taken
further, with larger number of replicates, but also with controls for the evolution of
the experimental strains in a laboratory or in different hosts. Colonisation of healthy
human hosts and genomic analysis of original and re-isolated strains from such
experiments would also shed light on the genomic aspects of long-term colonisation
by H. pylori. Such a study would require strong ethics, and a research group from
Germany presented an on-going project that could address this question at the CHRO
conference in September 2017 (http://www.chro2017.com/content.php?PAGE=11).

In conclusion, multi-disciplinary collaborations are the key to a complete picture of H.
pylori role in the diverse clinical outcomes following infection. And this picture,
when complete, will have to be included in a bigger one, by taking into account the
role of host genetics and environmental factors in the development of disease, as well
as the complex interactions between these three interdependent factors.
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This review article was published in the Helicobacter Journal in 2016 on invitation by Prof Francis
Megraud.
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The development of high-throughput whole genome sequencing (WGS) technologies
is changing the face of microbiology, facilitating the comparison of large numbers of
genomes from different lineages of a same organism. Our aim was to review the main
advances on Helicobacter pylori "omics” and to understand how this is improving our
knowledge of the biology, diversity and pathogenesis of H. pylori. Since the first
H. pylori isolate was sequenced in 1997, 510 genomes have been deposited in the
NCBI archive, providing a basis for improved understanding of the epidemioclogy and
evolution of this important pathogen. This review focuses on works published between
April 2015 and March 2014. Helicobacter "omics” is already making an impact and is a
growing research field. Ultimately these advances will be translated into a routine
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This research article was published in the Scientific Reports Journal in 2017 by Filipa Vale. My
participation in this article was in identification of populations of the H. pylori genomes used.
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Helicobacter pylori genetic diversity is known to be influenced by mobile genomic elements. Here we
focused on prophages, the least characterized mobile elements of H. pylori. We present the full genomic
sequences, insertion sites and phylogenetic analysis of 28 prophages found in H. pylori isolates from
patients of distinct disease types, ranging from gastritis to gastric cancer, and geographic origins,
covering most continents. The genome sizes of these prophages range from 22.6-33.0 Kbp, consisting
of 27-39 open reading frames. A 36.6% GC was found in prophages in contrast te 39% in M. pylori
geneme. Remarkably a conserved integration site was found in over 50% of the cases. Mearly 40% of
the prophages harbored insertion sequences (15) previously described in H. pylori. Tandem repeats were
frequently found in the intergenic region between the prophage at the 3 end and the bacterial gene.
Furthermore, prophage genomes present a robust phylogeographic pattern, revealing four distinct
clusters: one African, one Asian and twe Eurapean prophage populations. Evidence of recombination
was detected within the genome of some prophages, resulting in geneme mosaics composed by
different populations, which may yield additional H. pylori phenotypes.

Helicobacter pylori is a major widely distributed human pathogen, with one out of two persons being colonized
by this bacterium. Infection by H. pylorf s associated with gastritis and may progress to more severe conditions,
including peptic ulcer and, in rare cases, gastric adenocarcinoma and gastric MALT (mucosa associated lymphoid
tissue) lymphoma. H, pylori presents a phylogeographic distribution, reflecting a pattern of co-evolution with the
human host',

Genome rearrangement and high rate of mutation are characteristics of H. Ir:;-ﬂrrrj'! 1 described as a highly
genetic diverse’, Furthermaore, this variability is reinforced by epigenome diversity™*, Among the factors for
increased diversity there are mobile genomic elements, including the cag-pathogenicity island (PATY, insertion
sequences”, restriction-modification ﬁystcms""" and pruphagi::i”_ Furthermare, H. pylori is among the most
recombinogenic known human pathogens'?,

Hest-Pathagen Interactions Unit, Research Institute for Medicines (IMed-ULisbea), Faculdade de Farmacia
da Universidade de Lisboa, Lisboa, Portugal. “Université de Bordeaux, Centre Mational de Référence des
Campylobacters et Hélicobacters, Bardeaux, France, ‘Bininformatics Unit, Department of Infectious Diseases,
Mational Institute of Health, Lisboa, Pertugal. *National Reference Labaratary of Gastrointestinal Infections,
Department of Infectiows Diseases, National Institute of Health, Lishoa, Portugal. *Innavation and Tecnhalogy Unit,
Department of Human Genetics, Mational Institute of Health, Lisboa, Portugal. "Department of Biochemistry and
Human Biolegy, Faculdade de Farmacia, Universidade de Lisboa, Lisboa, Pertugal. Departrment of Microbiology,
Tumar and Cell Biolagy, Karalinska Institute, Stockhalm, Sweden. "The Milner Centre for Evalution, Department
of Biclogy and Biochemistry, University of Bath, Bath, UK. ®Institute of Life Science, Swansea University Medical
Schoal, Swansea, UK. UM Marshall Centre and Department of Medical Micrebiolagy, University of Malaysia,
Kuala Lumpur, Malaysia. " INSERM UL053, Bordeaus, France. Correspandence and requests for materials should be
addressed to F.FV. (email: vale filipa@gmail.com or fvale@ff.ul pt)ar P.L. (email: philippe.lehours@u-bordeaus.fr)

FICREPORTS | 7:42471 | DOI: 10.1038/srep4 2471 1

156



Appendix B: Published article: Genomic structure and insertion sites of Helicobacter pylori prophages from various [...]

www.nature.com/scientificreports/

There are about 10431 phages on the planet, with phages exceeding bacteria in number by tenfold, but less
than an estimated 1% have been described™. Temperate phages contribute to the evolution of most bacteria, by
promoting the transduction of various genes involved in virulence, fitness, and antibiolie resistance'. Despite
the putative bacterium-phage evolutionary conflict, phages profit from promoting the survival and proliferation
of their hosts'™, Likewise, prophages may harbor cargo genes, or “morons”, which while are not essential for the
phage, benefits the host. Some very well known lysogenic phages carry genes that enhance the virulence of the
bacterial host'", In addition, the deletion of prophages from E, coli revealed that prophages improved the surviv-
ing under adverse environmental conditions, including acid stress or early biofilm formation'’. Prophages may
therefore work as gene reservoirs, many of which benefil pathogens, in ways which are only just beginning to be
determined’®, In a hostile environment like the human stomach, any metabolic advantage or resistance/tolerance
mechanism provided by prophages should be important in improving bacterial host competitiveness. Prophage
induction may also be used as a weapon for colonizing new niches!, displacing native strains, although this
strategy may be rarely used, first by the creation of lysogens in the susceptible population, second by the cost of
cell lysis in a fraction of the population, and third due to the purifying selection of prophages®. Taken together,
these properlies may explain why prophages are more frequent in pathogenie bacteria®. Host-prophage driven
selection and genetic flux occurs even for prophage genes that do not effect host physiology™. Thus, the role of
prophages in disease establishment is being progressively acknowledged.

The first deseriptions of H. pplori phages came from the observation of micrographs where particles compat-
ible with phages are observed™ *", The development of the genomic studies, especially using high-throughput
genome sequencing led to the first reports of prophages, some remnant®’, others apparently complete and capable
of going through a lytic eyele!' %% Strains carrying prophages do not appear to have a higher pathogenicity or
association with particular disease patterns'*%, but it has been suggested that the presence of phage orthologous
genes correlates with the presence of cagA and/or vacA virulence genes™. The population to which prophages
belong is determined by prophage sequence typing (PST), which targets two prophage penes (integrase and
haolin) of H. pylori and applies a Bayesian clustering analysis for the identification of distinct genetic populations.
Currently there are 4 prophage populations described, hpAfrical, hpEastAsia, hpNEurope and hpSWEurope™.
On the other hand, the bacterial population is determined by MultiLocus Sequence Typing (MLST), which
is based on the analysis of 7 bacterial housckeeping genes. Presently, there are 7 seven H. pplori populations
described, hpAfrical, hpAfrica2, hpNEAfrica, hpSahul, hpAsia2, hpEastAsia and hpEurope™, Recently, using the
PST method, we determined that H. pylori prophage genes, namely integrase and holin genes present a phyloge-
ographic distribution. Furthermore, the Furopean H. pylori population (hpEurepe), which could not be discrim-
inated using the MLST method, was separated into two different populations (hpNEurope and hpSWEurape)
using these two prophage genes™.

The number of complete phage genomes available in GenBank is low, Despite the recent discovery of the
importance of prophages in the diversity of H, pylari'!, they remain poorly characterized, The lack of information
on bacteriophages of H. pyleri prompled this study. Based on the presence of the prophage integrase gene we
determined that an estimated 20% of H. pylori strains carry prophages' ', Based on PCR screening, we compiled
a collection of H. pylori strains carrying prophages™. We therefore undertook a more holistic approach, using the
next generation sequencing (NGS) method to study the [ull genome of strains (Whole-genome sequencing) from
this collection as well H. pylori strains presenting prophages found in public databases, This information allowed
us 1o identify phage sequences, which were then used for comparative genomics, Our results have increased our
knowledge on H. pylord prophage genomic organization into syntenie blocks, insertion sites, phylogeography, and
diversity. The detailed genomic structure of 28 prophages reported here will provide in the future an important
basis to identify the function of prophage genes and to verify if prophages provide advantageous phenotypes.,

Results
A summary of H, pyleri sequenced genomes can be found in Table 51 (Supplementary Information).

Prophage genome characteristics.  We were able to close the physical gaps between contigs in over 90%
aof the prophage genomes using PCR and Sanger sequencing. In most cases the prophage contigs were sepa-
rated at insertion sequences, repetition zones and/or sequences showing homology with other bacterial genes.
A prophage was considered intact if the size was larger than 20 Kb. According to this criterion, prophages were
found to be intact in 23 of the 28 genomes (82%) (Table 1). The other five genomes showed remnant prophages
{Table 52, Supplementary Information) between 11.6 Kb and 19.8Kb. Intact prophages were initially divided in
several contigs (min 1- max 7) and have an average of 34 predicted genes (min 24, max 39), 28.7Kb (min 22.6,
max 3300, and 36.7% GC, which is in line with other H. pylori prophages described "5 The bacterial average GC
percentage was 39.0%, suggesting horizontal gene transfer of the prophage region.

The gene content of intact prophages was similar to phage KHP30, 2 known complete phage with lytic cycle™.
The intact prophage genomes bad a rather similar sequence (Figures 1 and 51, Supplementary Information) with
a reasonably conserved gene order (Tables 53 and 54, Supplementary Information] and in clear contrast with the
hast H. pylori, where the occurrence of genome rearrangement is well known'. Genome annotation of prophage
genes produced with either RASTY or PHAST™ revealed that most of the open reading frames (ORF) corre-
sponded to hypothetical proteins, disclosing the diversity of prophage genes and the consequent difficulty in
the annotation process, The annotation with Phages 1.0 (http:/fwww.phantome.org/ PhageSeed Phage.cgitpage=
phast) did not add more information and was not further considered.

The similarity of prophage genomes was also quantified as a heat-map (Figure 52, Supplementary Information),
This similarity matrix confirmed the percentages of bases which were identical. Only one prophage genome,
strain PL-4481-G, harbored a rearrangement (Figure 33, Supplementary Information), where the first segment of
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Table 1. Intact prophage genomes identified after whole genome sequencing. Number of coding sequences
{CDS} detected according to web service used; GC: guanine-cytosine; PST: prophage sequence typing; MLST:
multilocus sequence typing,

approximately 10.4 Kb appeared to be inverted. The second segment of about 15 Kb had the same gene order as
all of the other prophages.

Regarding remnant prophages (Table 54, Supplementary Information), different scenarios were observed: (i)
one phage (Sw-C388-G) has lost the putative DNA primase and helicase, among other proteins of unknown func-
tion placed in the first half of the prophage genome; (i) two phages (Sw-C520-G and Pt-259-G) most likely lost
the second half of the prophage sequence; and (i) another two phages (Is-3180-G and Pt-5303-G) most likely
lost specific ORFs. Among the later, only Is-3180-G could be assembled, vielding less than 20kb.

Insertion Sequences. Insertion sequences {15), comprised of two ORFs inserted into prophage genomes
were found in 39.1% (9/23) of complete prophages (Table 55, Supplementary Information) classified {accord-
ing to PST typing) as hpMNEurope (n=2), hpAfrical (n=5) and hpEastAsia (n=2), and in 50% (3/6) of rem-
nant prophages classified as hpNEurope (n= 1), hpAfrical (n =1} and hpSWEurope (n= 1), The complete
prophages Uk-EN31-U, Uk-EN32-U, Pt-B92-G and Fr-GC43-A had 15605 inserted once in the first three cases
and twice in the last case. Interestingly, in Fr-GC43-A one copy of [S605 was inverted in relation to the other copy
{Figure 54, Supplementary Information). 15605 was inverted in Uk-EN31-U, Uk-EN32-U and in one of the IS of
Fr-GC43-A. The prophages Pt-228_99-G, Fr-ANT170-U and Fr-MEG235-U had two copies of ISHp&08. The IS
was inserted in a reverse order in relation to the other copy in Fr-ANT170-1], and twice with the same orientation
in Pt-228_99-G, The third IS found was 15607 in genomes Pt-1293-U1 and Fr-B538-M,

Concerning remnant prophages, Sw-C388-G has the 15606 inserted at its 3" end and the second ORF is again
truncated in two. Fina]l}', Is-3180-G carries ISHp60&. The remnant pN}phagc Pt-5303-G could not be completely
assemnbly but ISHp&0R was also found in a separate contig. Despite all of our efforts, we were not able to determine
if this 15 was inserted into the prophage genome or not.

15 were not always found at the same position in the prophage genomes, but prophages from strains of the same
country of origin tended to present the same 5 at same genome context [Table 55, Supplementary Information).
Nevertheless, IS were present in most cases (9713, 69%) immediately before DINA helicase (2/9), either before or
after DNA primase (4/9), after structural protein (2/9), or after holin gene (1/9), which therefore could be consid-
ered as hotspots for 15 in prophages.

The transposase genes from 15605 were inserted near the lysis cassette, as described for Mu-like phages™,
DMA helicase and DNA primase. 15607 was located adjacent to DNA primase or a structural protein and ISHpa08
near DNA primase, portal protein or structural protein, In a few cases 15 were inserted into a coding sequence
of a structural protein (Pt-1293-U and Pt-228_99-G} or a hypothetical protein (Pt-B92-G, Fr-ANTI170-U
and Fr-MEG235-10), which may impinge on transcription, and the prophage genes may be non- functional.
Accordingly, 15 do not appear to be randomly inserted inte prophage genome, Our hypothesis is that the presence
af IS within the prophage genome may inactivate the lytic cyele, benefiting the host.

Prophage insertion site.  Knowledge of the insertion site of prophages provides clues about ancient acqui-
sition and vertical heritage, Accordingly, prophages at similar loci in different genomes can derive from a single
ancestral prophage™. Furthermore, H. pylori prophage insertion sites have not been extensively studied before.

Prophage insertion site was mostly conserved among H. pylori PST populations. Interestingly, about 50%
of the prophages enrolled in the present study and especially for the populations hpAfrical and hpMEurope
are inserted between the same two genes, S-adenosylmethionine synthetase (synthesizes S-adenosylmethionine
{AdoMet)), and UDP-3-0-[3-hydroxymyristoyl| glucosamine N-acyltransferase (metabaolic pathway of lipid A).
These two genes are usually contiguous in the H. pylori genome, Prophages classified as belonging to the hpEastA-
sia population, although represented in a very small number, appear to be inserted between genes coding for a
competence protein ComGF and a putative outer membrane protein. Phages from hpSWEun}p: appear to be
inserted at random locations (Table 1 and 52, Supplementary Information),
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The presence of tandem repeats at the 3 end of the prophage insertion site was often verified for prophages
integrated between S-adenosylmethionine synthetase and UDP-3-O-[3-hydroxymyristoyl] glucosamine
N-acyltransferase (Table S6, Supplementary Information).

Prophage phylogenetic relationships. To get insight into the genetic backbone of the identified
prophages and to infer their phylogenetic relationships in the frame of the well-known H. pylori geographic
distribution, all 23 intact genomic sequences (Table 1) as well as the publicly available complete genomes of
six Helicobacter phages (India7, Cuz20, 1961 P, KHP30, KHP40 and phiHP33) and the outgroup H. acinonychis
prophage, were selected for increasing genetic diversity and were analyzed. Figure 2 shows the phylogenetic
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Figure 2. Phylogenctic trees based on (A) prophage genomes and {B) prophage sequence typing (PST).
Neighbour-joining trees, Kimura two-parameter model, complete deletion option and 1000 resampling using
MEGA 6.0 software, Phage population: brown triangles: hpNEurope; pink triangles: hpSWEurope; dark-blue
triangles: hpEast Asia; light-blue triangles: hpAfril:a'l_ Hac - Helicobacter acinonychis prophage. « - highlights
recombinogenic prophage genomes,

inferences found for the complete prophage genome and the concatenated integrase and holin prophage genes
[P5T). We observed that the majority of the prophages gather by phylogeographic group, clustering accordingly
to their population assigned by STRUCTURE®*, in a similar lashion to what we described previously for the
concatenated integrase and holin genes only™. However, evident exceptions were noted for some prophages,
namely Pt-4472-G, Fr-G12-G, Fr-CG43-A, Pt-B92-G, Pt-21293R-U and Cuz20, which displayed a discrepant
phylogeographic segregation from their PST classification, suggesting the existence of putative recombination
events. For instance, Pt-4472-G prophage which, according to STRUCTURE analysis, belongs to hpSWEurope,
appears to be a genomic mosaic composed of both hpSW Europe and hpAfrical populations, This is clearly evi-
dent in Figure 3A, where P1-4472-G is = %0% similar Lo the latter in the genome central region, whereas the simi-
larity to the hpSWEurope population reached values < 50%, Curipusly, the regions where the opposite is observed
(Le., =90% similarity to hpSW Europe) encompass both the integrase and holin genes that are used for PST clas-
stfication. Another clear example of prophage recombination is exhibited by Pt-B92-G, which was PST-classified
as hpAfrical, Although most of its genome appears to be inherited from a hpAfrical or hpNEurepe papulation,
it displays a small middle region where similarities to the hpSW Europe population reached =95% while is strik-
ingly different from the remainder {Figure 3B). Although less evident, we would also like o highlight two other
interesting cases involving mosaicism between hpSWEurope and hpAfrical populations, namely Fr-G12-G and
Pt-21299R-10. Despite the fact that the former was PST-classified as hpEastAsia, most of its genome was clearly
inherited from a hpSWEurope population with the exception of a small 3-end region which is highly similar 1o
an hpAfrical population (data not shown). To the contrary, most of the Pt-21299R-U genome is similar to hpAf-
rical, except for its 3'-end which is highly similar {=93%) to an hpSWEurope population (similarity to hpAfrical
is as low as 40%). Interestingly, the holin gene is absent in this prophage and, in the integrase-involved region,
both hpAfrical and hpSWEurope populations are almost equally represented (data not shown). Considering
the huge genomic diversity observed among all prophage genomes, a precise identification of the location of the
breakpoint regions for all of the deseribed recombination events was not possible.
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Figure 3. Genomic mosaicism of Pt-44772-G and Pt-B92-G prophages. (A) SimPlot showing the genetic
similarity of PT-4472-G (PST-classified as hpSWEurope) to both the hpSWEurope and hpAfrical populations.
(B) SimPlot showing the genetic similarity of Pt-B92-G (PST-classified as hpAfrical) to hpSWEurope,
hpAfrical and hpNEurope populations. For both plots, the Kimura 2-paramter model was used to calculate
nucleotide similarities in a sliding-window of 1500 bp and a step size of 150 bp, with gap strip on. Cut-off of 90%
similarity is shown in a blue dashed-line.

Discussion

Most phages identified in the present study, showed a remarkable genetic synteny among themselves (Figure 1,
Table S1, Supplementary Information). However, in comparison with phage KHP30, the synteny was punctuated
by deletions of certain genes which were replaced by additional IS throughout the prophage genome. When
prophages are present, the tendency in H. pylori is to have just one prophage per genome, which is in accordance
with the small genome size of H. pylori, which is expected to have less neutral targets for prophage integration.
Furthermore, H. pylori has slow bacterial growth, and a population at low density provides few resources for the
production of virions, favoring lysogeny*'.

Prophage ORFs were typically found in the same direction, which was opposite to that of the bacterial flanking
genes. Concerning annotation most ORFs have an unknown function, as described for other species phages*’.
Although no known virulence gene was found in prophage genomes, the role of prophages in the virulence of
H. pylori should not be immediately discarded. Frequently phages do not code for toxin genes, as they are not able
of directly convert their host into a toxin producer, but they can, however, indirectly modulate toxin production,
such as TedA and TedB in Clostridium difficille®.

Considering the bacterium’s ecological niche, H. pylori’s persistence might be associated with both its broad
genetic variability'® and its capability of biofilm developing'’**. In both cases the presence of extracellular DNA
(eDNA) is important, either as a source of DNA taken up by the naturally competent H. pylori, promoting recom-
bination or contributing to biofilm development*. Apart from outer membrane vesicle shedding, cell lysis via
spontaneous prophage induction might be a source of eDNA release, contributing to survival and to the wide
genomic variability of H. pylori.

The IS found in the present study were previously described in H. pylori but outside a prophage context®. IS
were described to be present in about one-third of a set of 238 independent isolates of H. pylori™®. Bacterial IS
of 1S200/15605 and 1S607 family often encode a transposase (TnpA) and a protein of unknown function, TnpB,
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which were hypothesized to act as a methyltransferase™; furthermore, orfB is also related to the Salmonella viru-
lence gene gipA, a Salmonella prophage gene which enhances bacterial growth in Peyer’s patches™,

As I8 found within prophage sequences showed robust homology with those found in the H. pylori genome,
it can be hypothesized that prophages mediate the transfer of IS, further contributing to the genome plasticity
of H. pylori. In contrast, we cannot exclude that the transfer of 15 otherwise from bacteria to prophages may
also be feasible. Remarkably, 1S have been described in other prophages, including eyanophage Ma-LMMO1,
specifically-infecting Micracystis agruginosa and mediating the transfer of [S607 to the bacterial genome™.
Besides prophages, 15605 is also associated with the cag pathogenicity island, dividing this island into two parts
called cagl and cagll by insertion of one or two copies of 13605, providing intermediate phenotypes™. Prophage
inactivation should be under selection because Iytic cycle induction may kill the cell. Correspondingly, we find
five remnant prophages that might result from these evolutionary dynamics, even though defective prophages can
still provide an adaptive function to bacteria®™. Recombination with incoming phages can also imprint a signal
tor puritying selection. In addition, 15 present in prophages have been postulated to play a role in the inactivation
and immeobilization of incoming phages™.

We showed thal the prophage insertion sites can be diverse in H. pylori genomes although with some com-
mon traits among H. pylori populations, as discussed below. All prophages from hpNEurope from the present
study and from H. pylori Cuz20 and India7 genomes (available at the NCBI), as well as most prophages from
hpadrical populations, have the same genomic context, presenting the bacterial genes S-adenosylmethionine
synthetase and UDP-3-0-[3-hydroxymyristoyl] glucosamine N-acyltransferase at the 5° end and 3’ end,
respectively. Interestingly, the prophages genomes integrated between these two loci usually present tandem
repeats at the 3" end, between the last prophage gene and the first bacterial gene after the prophage (Table 56,
Supplementary Information), most often in noncoding regions. DNA tandem repeats or satellite DNA, are inter-
or intragenic nucleotide sequences repeated two or more times in a head-to-tail manner. Because these repeat
tracts are prone to strand-slippage replication and recombination events causing their copy number to increase
or decrease, loci containing tandem repeats are hypermutable™. Tandem repeats may reversibly shut down or
modulate the function of specific genes, allowing them to adapt te changing environments on short evolutionary
time scales without an inereased overall mutation rate. The environmental adaptability in H. pylori depends pri-
marily on tandem repeat variations, which may cause gene phase switching, DINA tandem repeats may modulate
gene expression affecting transcription initiation by modifying binding affinity of regulatory proteins (upstream
of —35 site) or altering the distance to promoler elements (between — 35 and — 10 sites), modifying the affinity of
regulatory proteins or mENA stability (between the transcriptional start and an ORF). The most frequent bacte-
rial gene at the 5 end of prophage codes for S-adenosylmethionine synthetase, which catalyzes the synthesis of
AdoMet. AdoMet is an essential metabolic intermediate involved in many biochemical processes, such as a donor
of methyl groups that allows IDNA methylation (reviewed in ref. 37). Once DNA is methylated it may switch

£nes”,

; All hpEastAsian prophages either deseribed in the present study or found in the genomes of H. pylori YN4-84,
LIMO38, FD430 and UM114 Asian strains (available at the NCEI) were inserted in the same genomic region,
including the competence protein ComGE which plays a role in transtormation and DNA binding, at the 5" end
and a putalive outer membrane protein at the 3 end. The gene at the 5" end is important for genetic variability of
H. pylori®™, while H. pylori outer membrane proteins are known to mediate adherence to gastric epithelium, and
ultimately are associated with clinical outcome of the infection™, All things considered, the prophage insertion
site may not be neutral for H. pylori gene expression and further studies are needed to evaluate the impact of
prophage insertion on gene expression,

In general, the phylogenetic analysis of intact prophages presents clusters according to prophage population
structure (exceplions are discussed below), conlirming our previous resulls obtained by prophage sequence typ-
ing". The prophage genomes cluster in four groups corresponding to the hpSWEurepe, hpNEuwrope, hpAfrical
and hpEastAsia phage populations. The strong phylogeographic signal of prophage genomes is in agreement with
a model of co-evolution between the virus and its bacterial host. Indeed, prophages and bacteria are linked by a
long history of co-evolution, but the genetic dimension of this co-evolution cannot be defined at present'*, The
phylogeographic clustering was in agreement with integration sites of prophages (discussed above). As suggested
by others™, this could be explained by a vertical transmission of the phage rather than by random insertions
which are commaon to prophages.

Phage evolution is driven by a horizontal exchange of functional modules between more or less related phages,
achieved by DNA recombination, explaining the genomie mosaieism among phages®. Recombination is a factor
of rapid variability in H. pylori, which is among the most recombinogenic known pathogens'®. In parallel, in
the present study, phage genomes were shown to be prone to recombination events. Indeed several prophage
genome mosaies were detected, involving, for the vast majorily of the cases, both hpAfrical and hpSWEurope
populations. This is not surprising considering that both populations were detected in the same geographic area.
Nevertheless, most phage ORFs are of unknown function, so no assumptions can be performed regarding a pura-
tive impact of these recombination events on pathogenicity. These mosaic structures also highlight the need for a
prudent use of the PST-based classification, In fact, although an agreement is observed for most of the cases, for
the studied mosaic structures, for some of the studied mosaic structures only the integrase andfor the holin genes
appeared Lo support the PST-based classification.

The remnant prophages encountered in the present study as well as in other H. pylori strains™" and in
non-pylori Helicobacter species™ highlight an evolutionary scenario consistent with a prophage decay process
during the complex interaction between H. pyleri and the prophage. However, a model in which H. pylord straing
from different geographical regions may have been infected by distinct phage lineages after the geographic separa-
tion of the bacterial host is also feasible'!, but less likely due to the high genetic synteny between prophages from
different geographic areas. Allogether, the integration at the same locus and a gene repertoire relatedness points 1o

G
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avertical transmission, suggesting the so called pervasive domestication of prophages by the bacterial host which
may drive bacterial adaptation®. Remarkably, the most divergent H. pylori prophage population (hpSWEurepe),
presented neither conserved lod for integration site nor 1S,

This work not only provides a compendium of novel sequences, but also sets the stage for future studies
aimed at better understanding the virus-host relationship. Results of the present study showed that prophages are
more common in H. pylers than initially expected and that, in most cases, prophages appear to be intact, with a
sequence size of over 20 Kh. Remarkably, we show for the first time that for phages classified as hpNEurope, hpA-
frica and hpEastAsia, the insertion site appears to be preserved {Table 1). Furthermore, the phylogenetic analysis
for a vast majority of phage genomes is similar to the phylogenetic analysis previously presented by our team®
using two phage genes (integrase and holin}, confirming our previous findings and reinforcing the hypothesis
of co-evolution between prophages and H. pylori. Some recombinant phages were found, suggesting additional
genetic diversity that hypothetically may provide H. pylorf with advantageous phenotypes. Major challenges al
present are to identify the function of prophage genes, to understand if the insertion site is neutral for the host
and whether prophage presence plays a role in the adaptation of H. pylori to its host, or if prophage genes belong-
ing b the lysis cassette are uselul for bomedical applications, namely phage therapy.

Material and Methods

Bacteria and cell gmwth conditions. A total of 28 H. prylori strains carrying prophages were analyzed
{Table 51, Supplementary Information). These included 15 strains iselated from patients with gastritis, nine
from peptic ulcer patients, three from MALT patients and one from gastric cancer patient. The present study
included strains from Portugal (n = 14), France (n =), Sweden (n =4}, UK (n=2), Germany (n= 1} and Israel
{n=1). Prior to each assay, bacteria were grown in H. pylori selective medium (Biogerm, Portugal) at 37°C
in a microaerophilic environment {Anoxomat®, MART Microbiology BV, The Netherlands) for 24 h to 48 h.
The H. pylori strains belong to the collection of the French National Reference Centre for Campylobacters and
Helicobacters (F. Mégraud and P Lehours, Bordeaux, France); the Department of Microbiology, Tumor and Cell
Biology, Karolinska Institute (Lars Engstrand); the Klinikum Rechts Der Isar 11, Medical Department, Technische
Universitdt, Munich, Germany (M. Gerhard); the Department of Infectious Diseases, National Institute of Health,
Lisbon, Portugal (M. Oleastro); and the Rabin Medical Center - Beilinson Hospital, Petah Tikva, Israel (T.T.
Perets and Y. Niv).

Whole-Genome Sequencing. Genomes were sequenced at the National Institute of Health, Lisbon,
Portugal, with exception of four strains (Sw-577-G, Sw-A626-G, Sw-C388-G and Sw-C520-G) that were
sequenced at Karolinska Institute, Stockholm, Sweden, and four strains (Fr- ANT170-U, Fr-MEG235-1,
Fr-GC43-A and Fr-B41-M} that were sequenced at the Institure of Life Sciences, College of Medicing, Swansea,
Wales, UK.

Total DNA was extracted using the QLAmp DNA Mini Kit (Qiagen, UK) according to the manufacturer’s
instructions,

For genomes sequenced in Portugal and Sweden, the yield and integrity of the purified DNA were then
assessed through a Qubit assay (Quanti-it dsDNA Assay Kit, Broad Range; Lifetechnologies, Paisley, CA, USA)
and agarose gel electrophoresis (0.7% gel), respectively, High-quality DNA samples were then applied to pre-
pare Nextera XT Hlumina paired-end libraries. These were subsequently subjected to cluster generation and
paired-end sequencing (2 =% 250bp, 2 = 150bp and 2 = 100bp) by using the lumina MiSeq {Portugal) and Hi%eq
2500 (Sweden) platferms (llumina Inc., San Diego, CA, USA}, according to the manufacturer’s instructions,

The number of passing filter reads obtained per sample ranged from 0.6-2.7 million reads. The FastQC (hrrp://
www.bioinformatics babraham.ac.uk/projects/fastqe/) and FASTX (http://hannonlab.cshledu/fastx_toolkit/}
tools were applied to evaluate and improve the quality of the raw sequence data, respectively. Subsequently,
high-quality reads were de nove assembled using Velvet (version 1.2.10)* (several assemblies using different
k-mer sizes were run), where the best assembly was assumed as the one with the best cumulative ranks for N5,
number of contigs/scaffolds, and length of the largest contig/scaffold. The obtained mean depth of coverage
ranged fram 135- to 195-fold. The final contigs/scatfolds were visually inspected (using Tablet 1.14.04.10)" and
corrected.

Far genomes sequenced in UK, quantification of DINA was assessed after DNA extraction with a Nanodrop
spectrophotometer, as well as the Quant-iT DNA Assay Kit {Lite Technologies) prior to sequencing.
High-throughput genome sequencing was performed using a HiSeq 2500 machine (Ilumina Inc.), and the 100 bp
short read paired-end data was de novo assembled using Velvet (version 1.2.08)™, The VelvetOptimiser script
{version 2.2.4) was run for all odd k-mer values from 21 to 99 (several assemblies using different k-mer sizes
were run), with all program settings unchanged apart from a minimum output contig size set to 200bp and the
scaffelding option switched off.

All genomes were annotated using the RAST server (https//rast.nmpdr.org/)™, the NCEI Prokaryotic
Genomes Annotation Pipeline version 2.3, and PHAST web server”, The respective trimmed reads were submit-
ted to the Sequence Read Archive (SRA],

.ﬂssemhw of pruphage genomes. For prophage identification two strategies were taken. First, the
PHAST web server™ was used to identify putative prophages within contigs of each H. pylori genome. Second,
MEGABLAST™ was used to align the genome of H. pyplori phage KHP30 or phiHP33 with the contigs of each
sequenced H, pylori genome, FHAST analyses (httpe//phast.wishartlab.com/) applied over contigs allowed us to
check homology, and to identify, annotate and graphically display prophage sequences, providing information on
prophage completeness, categorized as either intact, incomplete, questionable or not detected. MEGABLAST was
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run using KHP30 or phiHP33 as reference since these prophages genomes were the most commonly found to be
similar with the prophages detected by PHAST.

The MEGABLAST analysis results were particularly useful to determine which conligs were from phage origin
and the order in which they probably appear, Based on this predicted contig order, primers flanking the contigs
were designed, using primer3 v. 0.4.07, to bridge gaps in the assembly in order to close the gaps (the gaps were
af few bases to about five hundred bases). The PCR mix included Promega (Madison, WT, USA) bulfer {1X),
ANTPs (0.2 pM), primers (0.5 M each), GoTag polymerase (1.5 U, water to complete 25 1] and DNA sample
(25 to 50 ng). The PCR cycle was composed of a first cycle at 95°C for 4 min, 35 cycles at 95°C for 30 sec, 59°C
for 30sec and 72°C for | or 2min. A last cyele at 72°C for 7 min was applied. The PCR products were purified
using MicroSpin 5-400 or 5-300HR columns (GE Healthcare, Velizy-Villacoublay, France) and directly sequenced
on both strands using an external sequencing service provider { Eurofins Genomics, Regensburg, Germany, and
Stabwida, Lishon, Portugal). A multiple sequence alignment®™ was carried out using lanking parts of the contigs
and the PCR sequenced product after assembly of the forward and reverse sequences.

The insertion sequences of the prophages were identified whenever the prophage 5" and 3’ ends were contig-
uously fanked by bacterial genes in a contig. The last bacterial gene belore the prophage sequence and the first
bacterial gene after the prophage were identified as well as the homolegous locus_tag for the reference genome
H. pylori |99°, ‘The presence of repeated sequences at prophage insertion sites was verified using Tandem Repeat
Finder™ (available at https:/itandem bu.edu/trfitrfbasic submit html).

Comparative genomic analyses of prophages.  The assembled prophages were analyzed using FHAST
to provide a first annotation, The annotatien of prophage genomes was carried out further using Phages v. 1.0
{http:/ fwww phantome. org/PhageSeed Phage cgi? page=phast), and RAST™. The annotation of coding sequences
(CI%) found by the three different methods were compared.

The annotation of both H, pylori India? (accession number CPO02331) and Cuz20 (CPI2076) prophages, as
well as that of the Helicobacter 1961P {(NC_019512.1), KHP30 (NC_019928.1), KHP40 (NC_019831.1), phiHP33
(NC_D16568,1) phages, were used for comparative purposes.

‘The annotated prophages were aligned using the progressive Mauve algorithm software (version 2.3.1)", to
check the order of the CDS in the prophage genomes and the existence of a consensus sequence. In order to infer
phylogenetic relationships among prophages, the intact genomes of the 23 prophages identified in the present
study, were aligned using MAFFT version 7'' together with other six phage Helicobacter genomes available at
public databases (19615, KHP30, KHP40, phiHP33, H. pylori India7, and H. pylori Cuz20) as well as with the
H. acironychis {accession number NC_008229.1) prophage used as an outgroup. A nucleotide Neighbour-joining
phylogenomic tree was constructed using the MEGA {Molecular Evolutionary Genetics Analysis) 6.0 software™,
with distances estimated using the Kimura lwo-parameter model™. Considering the huge genomic diversity
ohserved among all prophage genomes as well as their different lengths, both complete and pairwise deletion
options were nsed. While the former removes all sites containing missing data or alignment gaps before the dis-
tance estimations begin, in the palrwise-deletion, option sites are only removed during the analysis as the need
arises. Branching significance was estimated using bootstrap confidence levels by randomly resampling the data
1,000 times with the referred evolutionary distance model,

To determine the population structure of prophages, we use prophage sequence typing (PST), as previously
described™. Briefly, the multi-fasta file with the alignment of integrase and holin gene sequences was converted
to the STRUCTURE 2.3.4"" program input file using xmfa2structure by X. Didelot and D. Falush (http:/fwww.
savierdidelot xtreemhost.com/elonalframe htm). STRUCTURE was used 1o study the number of K populations
using the admixture, performing runs in duplicate. In each run, a Markov Chain Monte Carlo (MCMC) of 10,000
iterations and a burn-in peried of 10,000 iterations were chosen. The highest mean value of In likelihood was
compared lor multiple rans of 2 < K <6,

The existence of putative recombination phenomena within prophage genomes was first evaluated using
the Recombination Detection Program version 4 {RDP4)™ with default settings. RDP4 simultaneously applies
different methods for detecting and characterizing individual recombination events that are evident within a
sequence alignment without any need for predefined sets of non-recombinant reference sequences. SimPlot soft-
ware (http://sray.med.som jhmieduw/ SCRoftware/simplot) was also used for characterizing with higher detail the
genomic mosaicism of the identified recombinant prophages, as previously described for bacterial pathogens™.
The similarity estimations were performed by using the Kimura two-parameter model with sliding window and
step sizes that varied according to each recombinant genome,

Data Availability. The genomes of the prophages are available with the accession numbers KX119174 1o
KX 119206, The trimmed reads were submitted to the Sequence Read Archive (SRA), with the accession num-
bers SRPO64T06 to SRPOG4TL0, SRPOT1062, SRPOT1067, SRPOT1Z71, SRPO71274, SRPO71276 to SRPOT1280,
SRPO71282, SRPO71284, SRPOT 1289 to SRPOT1296, and SRPO72438 1o SRPOT72441.
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T umouun B paysignd I4YOSTINYD LTl
T T umaLyun B3 paysijgnd LEFEINYD 9zL
T T usouyun Bl pays||gnd IYIFTINTD STL
1 1 umouyun BILY pays|gnd IS HTINGD vTL
T T usouyun Bl paysi|gnd IR FZINYD ETL
1 1 umouyun BILY pays/|gnd IGRETINYD Fedd
T T usouyun EJLY paysijgnd ITTETINYD 1L
T umoLun B3y paysignd IB0TZINYD 0zL
T T umouyun EJLY paysijgnd IWTOZIN YD BTL
1 1 umouyun BILY pays||gnd IFTZTINYD BTL
S r £ payyduns ajajdwod
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Appendix C: Information Table on all strains used in this thesis

1 JyewoydwAsy 5131435 EJLIAWY YHON pays/|gnd td-dH Fa a3
1 1 J1i3ewoydwhsy s1313sed EJLIBWY YHON pays/|gnd 0Ed-dH org
T T ewoydwAsy siyysed EJLIAWY YUON paysijgnd £d-dH BEE
1 1 umouyun EJLIBWY YHON pays/|gnd 027d-dH LE8
T T J3ewoydwAsy s[yd35ed BRIy YUON paysijgnd 9zd-dH 9E8
T JewoydwAsy S[335ed EJ|JAWY YUON paysijgnd Szd-dH 34
1 1 HyewoydwAsy 51315 EJLISWY YUON paysignd £7d-dH Fig:]
1 1 J13ewoidwAsy s13135eF EJLIAWY YHON pays||gnd 7d-dH €8
T T MewoydwAsy siyaysed EJLIAWY YUON paysijgnd 9Td-dH 628
T T JjewoydwAsy siyLysed EILIBWY YUON paysijgnd STd-dH [rd:
1 1 JyewoydwAsy 51314358 EJLIBWY YHON pays/gnd £Td-dH [543
T T J3EwoydwAsy S[335ed EI|JAWY YUON paysijgnd TTd-dH £78
1 1 Hyewoydwhsy S13L15EE EJLIBWY YUOoN paysignd Td-dH Frd: ]
1 1 JyewoydwAsy sIIIsed EJLISWY YUON paysignd 6H-dH tie
T J3ewoydwAsy s[yd3sed BBy YUON paysignd gH-dH 18
T 1 LUmOUNUn EJLIBWY Yo N pays/|gnd q5H-dH Fa ]
1 1 133N Ja3|n |euapaonp EJLIAWY YUON pays/gnd SrH-dH 118
T T UmaLyun EJLIAWY YUON paysijgnd tH-dH (1183
1 1 =N J32|n |euaponp EJLIAWY YHON pays/|gnd EvH-dH 608
1 1 umouyun EJLIBWY YHON pays/|gnd TrH-dH 808
T T 23N 433|n |EUapanp EJLI2Wy YHON paysignd TFH-dH L08
T 1 JyewoydwAsy sIIsed EJLIBWY YUOoN paysignd tH-dH 908
1 1 umouyun EJLIBWY YUON pays/gnd 9fH-dH c0g
T T J3ewoydwAsy siuised EJLIAWY YUON paysijgnd FEH-dH g
T T 23N 123|n Juysed BRIy YUON paysijgnd DEH-dH €08
1 1 JewojdwAsy sised EJLISWY YUON paysgnd £H-dH og
T T UmaLyun B3Iy YHON paysijgnd 6TH-dH 108
1 1 umouyun EJLIBWY YHON pays|gnd f7H-dH oog
1 1 =N J323|n Ju3sed EJLIBWY YHON pays/|gnd LTH-dH 664
T T 23N 133|n Juysed EJLIAWY YUON paysijgnd tFZH-dH 96L
T T J3ewoydwAsy s[y3sed EJLIAWy YUON paysignd ETH-dH S6L
1 1 JyewoydwAsy suIsed EJLISWY YUON paysignd I7H-dH 6l
T T J3ewoydwAsy s[y3sed BBy YUON paysignd ETH-dH E6L
T T umaLyun EJLIAWY YUON paysijgnd 8TH-dH Z6L
1 SELTT] J32|n [euaponpouised EJLIAWY YHON pays/|gnd gIH-dH 164
1 1 Jniewoidwhsy s133sed EJLIAWY YHON pays|gnd ITHdH 06L
1 1 umouyun EJLIAWY YHON pays/|gnd 0TH-dH 68L
T 1 JiyewoydwAsy sI3sed EJLIWY YUON paysignd TH-dH 88/
1 1 umouyun EJLIBWY YloN pays/gnd av-dH I8
T T JewoydwAsy siysed EJLIAWy YION paysijgnd gv-dy 98L
1 1 HyewoydwAsy 51315 EJLISWY YLIoN paysignd gy-dH [<:74
1 1 §ELTT] Ja2|n J13sed EJLIAWY Yo N pays||gnd oy-dH veL
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Appendix C: Information Table on all strains used in this thesis

1 1 =N aseas|g 30| mday BISY pays/|gnd 290N TSET
1 1 SELTT aseas|g J32|n day EI5Y paysignd 990N BVET
I 1 SELTTY aseas|q 42| mdag EI5Y pays||gnd S90mN BYET
1 1 umouyun eisdadsAg Jaajnuoy EI5Y pays/|gnd BEOWIN LVET
T 433UET) JIISED JOWN} sNpUng Y2ewois EI5Yy paysijgnd LEOWNN 9vET
1 1 23N aseas|q 39| andad BlIsy paysgnd ZEOWN PPET
1 1 121N aseas|g 430 mdag EISy pays/gnd E70WN EVETL
T 1 umouyun BILY pays||gnd 0SB JFLINoS THET
T T umouRun EILYY paysijgnd 0ZEIL JLIN0S TFET
T T LmoLUn BISY paysijgnd 50N 8288
1 umouyun EIsY paysijgnd SFOIN £88
T 1 umouyun EISY paysijgnd FEOINN ogg
1 T uMOUNUN BISY paysijgnd 10N S88
I I uMOoUYUn 15y pays/jgnd 00N vag
1 1 Uumouyun BBy YUON paysignd TO-gln E88
1 1 JewojdwAsy Jewojdwase EJLISWY YUON paysgnd qz7ed 788
1 1 Umouyun EJLIBWY YUON paysjgnd BESSOH o028
T T ewoydwAsy yewodwise EJLIBWY YUON paysignd EMSTOY 6LE
1 1 nyewoydwhsy nyewoydwdse EJLIAWY YHON pays/|gnd QRE0Y 8.8
1 1 J1i3ewoydwhsy ajewoidwise EJLIBWY YHON pays/|gnd JLEOM frs:
1 1 Umouyun EJLIAWY YUON paysijgnd PIEDY 9.8
1 JyewoydwAsy nyewoydwise EJLIBWY YUOoN paysignd qoEDM SIB
1 1 umouyun EJLIBWY YO paysgnd JRTOW vig
T T Blse|delaly [eulisanu| Blse|delaw [eujsagu| EJLISWY L3nog paysignd 8ZZFON g
T 1 umoL{Un eise|dsAp Joy 3yuyapul 33y LInog paysiignd 9TZFDN 18
1 1 eise|delaly |BuIlsaiu) eise|delaw [Busagul EJLISWY YInog pays/|gnd 00ZF0N oLg
1 1 siysed sydouyy eise|dejaw ofm sipuysed Jydouge (@303 EJLISWY YInog paysignd T9TFON 898
1 1 si3Lsed yydoayy eise|dejaw ofm sipLysed JiydoJye |esoyynu EJLIW Y YInog paysignd OTTFON {98
1 1 umouyun eise|dshp 1oy ayuyapul EJLIAWY YInog pays/|gnd BEOFON gg9g
1 T siyysed oydouyy s13435e8 J/ydouie [Baoyynw EJLIBWY YInog paysignd 9/ OFON 998
T 1 umo{Un else|dsip Joy 3yuyapu) 33l YInos paysiignd £S0FDN £98
I I 12310 133\ fS13LISED EJLISWY YINos paysgnd OFON 798
T T snLsed nydoyy sised ajydogge [eaoynuw BRIy inag paysijgnd TOLTON e58
1 1 siyysed oydouyy s13435ed Jjydouaie B30y nw EJLIBWY YInog paysignd TL9TDN S8
1 1 Umouyun ElUEa 2] paysignd LESTTILIN £S8
1 SELTT J30|n |[euaponp BISY pays|gnd TavN 758
T T =N J32|n |euaponp BISY paysijgnd LEEYN 158
T T Jiyewoyd wAsy sI3sed EIsy paysignd ap psg
T JNyewoydwAsy 5(3435eF EJLIBWY YUON paysignd 2d-dH |8
T T JewoydwAsy S[335ed EJ|JAWY YUON paysijgnd tLd-dH irg
1 HyewoydwAsy 51315 EJLISWY YUON paysignd 794-dH ot
1 J13ewoidwAsy s13135eF EJLIAWY YHON pays||gnd Ttrd-dH g
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Appendix C: Information Table on all strains used in this thesis

T T usouyun Bl paysignd VEEWS EEVT
1 1 umouyun BILY pays/|gnd VESTYS IErT
T T UmaLyun EILYY paysijgnd YEELWS SIFT
1 1 umouyun BILY pays/|gnd VITTYS VIvT
T T umaLuyun EILY paysijgnd YILLWS EIFT
T T umaLyun B paysijgnd YTIZWS 6IPT
T T umouyun EJLY paysijgnd YTIZWS LIPT
1 1 umouyun BILY pays||gnd YOTTYS STIHT
T T UumaLyun EILYY paysijgnd YITEZWS TTFT
T T UmaLyun EILYY paysijgnd YETZWS OTFT
T T usouyun Bl paysi|gnd YETWS 90rT
T T umaLuyun EILY paysijgnd YSLTWS O T
T usouyun EJLY paysijgnd VirLTWS EOFT
1 1 umouun B3 paysgnd YELTWS TovT
T umaLlyun B paysignd JTLTIWS 0OFT
T 1 LUmOUNUn B3 pays/|gnd YTLTWS LEET
1 1 umouyun B3 pays/gnd LTS ORET
T T UmaLyun EILYY paysijgnd J69TVS FEET
T T usouyun Bl paysignd YEITWS ZBET
1 1 umouyun BILY pays/|gnd Y99I WS IGET
T T umaLuyun EILY paysignd YITVS LBET
1 1 umouun B3 pays/gnd YTOTYS EVET
T T umouyun EJLY paysijgnd YTI9TWS TBET
T T umaLyun B paysijgnd YESTWS BLET
T T umaLyun B paysijgnd YISTWS 9LET
T T LumouUn B3 pays/|gnd YSSTWS VIET
T T UmaLyun EILYY paysijgnd YIrTVS TLET
1 1 umouyun B pays|gnd VTS DLET
T T usouyun Bl paysi|gnd VLSTWS BIET
T 1 umMouyun BISY paysijgnd AN BOET
T T umaLyun EJLY paysignd IFLTTINGD LOET
1 1 umouun EJLIBWY YINog paysgnd 980sZd goET
T T umaLlyun BRIy inag paysignd 0805Zd SOET
T T umaLyun EJLIAWy inag paysijgnd 9505Zd FOET
1 1 umouyun EJLIAWY YInog pays/|gnd 9z705Zd E9ET
1 umouyun EJLIAWY YInos pays|gnd YZ05Zd TOET
1 1 umouyun EJLIAWY YInog pays/|gnd w057 d T9ET
T T 121N aseas|q433|n Jndad EI5y paysijgnd FITINN 9%ET
1 1 umouyun eisdadsAg Jaonuop EISY paysignd TITWN SSET
T T umouyun e|sdadsAg Jaanuon E|SY paysijgnd SBOWMMN PSET
T T 1231 aseas|q 4330 ondad EI5Y paysijgnd FEOWMN ECET
T T 231N aseas|g 43a|n apdad EISY pays||gnd LLOWN ZSET
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Appendix C: Information Table on all strains used in this thesis

1 1 13IUEBT] JLIISED) J3IUED J1IISED) adoung prneadam siouely TH-£229 SO9E
T 1 J30UED) JNAISED) J3IUED J1135ED) adoung pneadam siouely TH-9229 ¥09E
T 1 13IUBT) JLIISED) 13U 31IISED adoung preada siauely TH-£229 £09E
T 1 J30UED) JNAISED) J3IUED J1135ED) adoung prneadam siouely TH-TT2SD Z09E
1 ewoydwAl [1¥ 1IN adaouang preJdam souely Y-/ 8 T08E
T BLoydwAT TV IM adoung pneJdaly spuely TH-L1E DO9E
1 ewoydwhy 111 adoung presdam souery TY-/+9 BESE
1 1 1 ewoydwiy 1A ewoydwh| 179N adouany preJdam siouely A8 BESE
T T ewoydwA] [T9IN elwoydwd| [y adoung preidajy spoue.d ! LESE
T ewoydwA] [T9IN el oydwd| 1IN adoun3 preidajy spoue.d £+4 965E
1 1 ewoydwhy 1y ewoydwd) 17y adouany prneadam siouely 1ta SESE
T T eloydwA LTI BloydwA| ITYIM adoun3 pneJdaly spuely o8 vESE
1 1 ewoydwiy 11N ewoydwi| 17y adoung presdan soueld /59 EB5E
1 ewoydwiy 1T ewoydwi| 17y adoung presdam souely oEg T6SE
T T eloydwAT LTYIN eloydw| ITIA adoung pneJday spuely T€8 DESE
1 1 ewoydwiy 1Ty ewoydwd| 17y adoung presdal souely 0£g GESE
T 1 ewoydwiy 1T ewoydwd| 17y adaouan3 presdal souely 678 88SE
T ewoydwA] LT9IN el oydwA| 1IN adoun3 preidajy spoue.d k4| LBSE
1 1 ewoydwhy 1y ewoydwd) 17y adouany prneadam siouely 978 98SE
1 1 ewoydwhy 1y ewoydwd| 17y adouanz pneadam siouely 578 GESE
1 T ewoydwAT LTI eloydwd| ITvIM adoun3 pneJdagy spuely tzd vESE
1 T ewoydwiy 11 ewoydwd| 17y adoung presdan souely £79 EHGE
1 umoLun s1juydau pue sijulsed nuoaya BISY pays/gnd £-G-5|Mm BSE
T umoLun siuydau pue s|juised Juoiya EISy paysijgnd TT-5-5|M TVSE
T 433N AsEasIp 433N JU1sed BRIy inag paysijgnd DEOYYAH ETLE
T JyewoydwAsy S1315EE Juoayd EJLISWY YInog pays/|gnd £904YdH TILE
1 13IUBT) LIS ED) Jasued apysed adoung pays!gnd T-£TH LIZE
T JiyewoydwAsy SIyJ3sed oy adouny paysignd 23 9IzZE
1 umoLyun S13u3sed | ejue Juoly] ‘eisdadshig BIUE320) paysignd anyes SIZE
T T umaLuyun EILY paysijgnd Y09TWS BSPT
T T umaLyun EJLY paysignd ViPWS 9%t
1 1 umouun B3 paysgnd J9S SSHT
T T umaLlyun B paysignd Warvs ESPT
T T umaLyun B paysijgnd VOrvs ISPT
T T usouyun Bl pays||gnd VLEWS BT
1 1 umouyun BILY pays|gnd J9EWS BT
1 1 umouyun B3 pays/|gnd YSEWS LPT
1 1 umouyun BILY pays/|gnd YEEWS ST
1 1 umouyun B3 pays/gnd YOEYS T
T T umaLyun B paysijgnd JEQEVS THrT
T T umouyun EJLY paysijgnd YZOEWS BEPT
1 1 umouyun BILY pays||gnd YTIDEWS LEVT
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Appendix C: Information Table on all strains used in this thesis

1 1 1 JyewoydwAsy SI3YSED adouany prneadam siouely StiE 6SOE

1 T T Jyewoidwisy SIUISED) adoung preldajy siuely FSLE BSOE

T UAouHUn usouyun |IEYHIA auer 66-5995 E£59E

1 SELTT Ja0jn |euapong umouyun eI BUE FADTNL DS9E

1 1 JNyewoydwAsy SIILISED) adaouan3 preJdam soueld tIBE 6YOE

1 I JIyewoydwAsy SLISED) adoun3 pneldaly souely TOBE BF9E

1 1 HyewoydwAsy SIISED adoung presdan souely DORE L¥aE

1 1 J13ewoidwAsy SRLISED adaung preJdam siouely DLLE of9E

T 1 JyewojdwAsy SI3UI5ED) adauang presda souely ool E CHaE

I 13IUBD) JNIISED) J3JuBD) JUISED) adoung preada siauely TH-T539 traE

I 1 130UB]) JLSED) J3IUED J1II5ED) adoung prneadam siouely TH-0E29 EV9E

T 1 1 12N 123N adaung preJdam souely T60IHd TFaE

I 1 1 SELTT] 133N adoung prneada siouely LHTTHD It9E

T 1 1 12N 13310 adoung pneada sioueld SETIYHD DF9E

T 1 1 =N 133N adaung preJdam souely FSTNOE GEQE

1 1330 133N adoung preada siaueld LETD REQE

I 1 133N 133N adoung preadaly siaueld 04T LNY QEQE

T I 1330 1330 adoung preada siauely ViLE FEIE

I 1 umouyun adoung YW peaulg EHSS TE9E

1 1 umowun UOREJULWE|IU| JIUOJYD PUE 33NJE PIyJEn adoung YIWs peauls 0SS TE9E

1 1 JnewojdwAsy NI JO 23U3pIAS OU “SIILISET MuaUyd 3IRIBpOW adaung YHWS peaulg EEWSS DE9E

1 T JnewoydwAsy || J0 BauapIAa oU SLSER Juouyd pliw adoung yHws peaug ETHSS BT9E

T T mewoydwAsy A1 ON AJALIE pOW O3 pliW Y3m spUIsed Juoay) adoun3 YHws peaulg ZTHSS BT9E

1 1 JewojdwAsy |l 4O 23UIpIAS OU “SIILISER Juauyd pliw adoung YHwWS peaulg 0TYSs LT9E

1 1 JyewoydwAsy |l 4O 23UIPIAS OU “SIILIISES Juauyd pIw adaouany YHWS peaulg L THSS c7aE

1 1 eise|delaly |Bulsaiu) A Uaa SILIISEE JIU0UYD POLU LY3IM I[N [Bauy adoung YW peaulsg FTHSS tZ9E

1 1 1 JpewojdwAsy W 40 33UapIAS OU 135e8 NU0UYD 3IRIBPOY adoung YHwg peaulg ETHSS E79E

1 1 eise|dea|y |eu3sau) juasaud |y (B304 's13uIsER JIU0IyD AjeIRpO adoung YIws peauls FA TT9E

1 1 JnewojdwAsy N1 40 22UAPIAD OU "SI3LISET JIUCJYD 3jRIApalN adoung WS peauls GHSS DT9E

1 1 JewojdwAsy UOIJELLILW EjJU] JIUDJIYD POLW PUE 33NIE |EJ04 adoung YHwWS peaulg FUS 6T9E

1 1 yewoydwhsy NI 40 23UIpIAS OU “SIILIISET MUaIYD 31RI3pOW adoung YHWS peaulg LY55 BTOE

1 1 1 JnewoydwAsy W1 40 20UapIAa OU "SILSEE Ju0Jyd alelapoy adouan3 yHws peaug oHSs LI8E

1 1 JewojdwAsy NI 40 23U3pIAa oU 1sed NUDLYD 3IRIpOLA adaung YHwWS peaulg FHES L I:1

1 1 JewojdwAsy |l 4O 23UIpIAS OU “SIILISER Juauyd pliw adoung YHwWS peaulg £Y5S GI9E

1 1 1 JyewoydwAsy |l 40 23UAPING OU SIILSET JJUCJYD plIY adouany YHwWs peauls 7Hss t19€

1 eise|dea|y |eul3sagu) A UR3X3 "SI3ISET JIU0UYD PO Y3IMm J3aN [BLIUY adoung YIWS peauls Tyss ET9E

1 130UB]) JLSED) 130U ED J1II5EG) adoung prneJdam siouely TH-£929 TTI9E

I 1 J30UED) JNAISED) J3IUED J1135ED) adoung prneadam siouely TH-5929 TI9E

I 1 130UB]) JLSER) 13U ED JLIISEE) adoung prneada sioueld TH-t529 609E

1 130UBD JLISED) 13IUED JLIISED) adoung presda soueld TH-EF29 809E

I 1 130UB]) JLSED 130U ED J1IISEG adoung prneada sioueld TH-+E29 £09E

1 1 130UBD) JLISED) 1519 adoung presdan souely g-TEJD 909E
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Appendix C: Information Table on all strains used in this thesis

1 1 umouyun EISY EYOBLWIE ) O/YSOH ToleLuueAp Livt

1 1 umowun BISY EYOBLIE )| O/YSOH goJe LUl BA (A 9ivY

T T UmaLyun EISY EYOBLWIES OIYS04 FOdN Sivty

T T umoLun BISY EHOELIE, OIYS04 SOT-50dN vivt

T T umaLyun BI5Y EHOBLIE S 04504 LOT-50dN ELvY

T T umaLyun EISY EYOELIE ) QIYSOL ZTT-50dN Zivy

T T umoLun BISY E}OBWIE ) OIYS04 TZT-50dM Tivt

1 umouwun BISY EYOBLUE | O/YSOA FTT-50dM Divt

T umoLun BISY EHOBLUE ) 01504 LTT-50dN 69t

T umoLpun BISY EYOELUE ) OIYSOL FET-S0dN Bovy

T T usoLun BISY EHOELWIE S O1YS04 05Z-50dN Lot

T umoLun BISY EYOELIE ) QIYSOL T9Z-50dN 99t

T usoLun BISY EYOBLIE ) OIYS04 99Z-50dM Sort

T T umoLun BISY E}OBLIE ) OIYS04 TLZ-50dN Fort

T T umaLun BISY EHOELIE ) OYS04 BL7-50dN E9vt

T LUmOL U BISY EYOBLUE | OIYS04 787-50dN 7ot

1 1 umouyun BISY EYOBLWIE, OISO SOdN 19t

T umoLun Aydouyy 3seD Bisy paysijgnd zOTho 09t Y

1 umouyun BISY EYOBWIE, O/YSOH TETUCEUES 6Stt

1 1 umouyun BISY EYOBLWIE) O/YSOL ThTucsuey 8Stt

1 1 Umouyun EISY EYOELLEA OISO GSTUCEUES LSt

1 1 umouun BISY EYOBWIE, O/YSOH £ TUOSUES LI

1 1 umouyun BISY EYOBWE, OISO 6 TUOSUEA [

1 Umouyun BISY EYOELL B, OISO FRETUCTUEL St

1 1 Umouyun BISY EYOELWL B, OISO DETUCEUE EStt

T T LumouUn BISY EYOBLWUE, OIYSO4 ZOFucsues IStt

1 1 umouyun BISY EYOBWIE, OIYS04 TETuUcsuey ISkt

1 1 umouyun BISY EYOBLWIE) O/YSOH EEFUCTUEY oSt

1 1 umouyun BISY EYOBWIE, O/YSOH trFucgUEy (% ad

1 Umouyun eisdadsAg Ja0nuap adaouanz paysignd 66-559 gttt

T 23N 433|7 JUI5ED) adoun3 paysignd Z0-6Gt Lyt

1 umouyun eisdadsAg Jaonuop adoung paysignd B6-/07 ottt

T 23N 433N [euapong adoung paysignd FO-86TT St

T 23N 433N [eUapong adoung paysijgnd PO-ZSTT Evbt

1 1 13IUEBD JIIISED) J3IUED J1IISED) adoung prneada sipuely TH-6929 vL9E

1 umowun [JURWIWOD Ul 5|1E33P) UOIIEWLIE U] 3I3N35 adoung BN BUE IFETMS T{9E

1 umouyun UOIJELUWIE U | [EJNWISURIY JIUOIY]) adoung eIy BUEr WIZMS 699E

1 eise|de3ajy |eu3sagu) Al Y3IA LOIELWILLE|JUI JIUOIYD 3AIIE SJI3pOLY adoung eI BUE VLS £99E

1 1 Hyewoydwhsy S[IIISED adoung presdan souely gt € gogg
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Appendix C: Information Table on all strains used in this thesis
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Appendix C: Information Table on all strains used in this thesis
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Appendix C: Information Table on all strains used in this thesis
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Appendix C: Information Table on all strains used in this thesis
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Appendix C: Information Table on all strains used in this thesis
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Abstract

For the last 500 years, the Americas have been a melting pot both for genetically diverse
humans and for the pathogenic and commensal organisms associated with them. One such
organism is the stomach-dwelling bactarium Helicobacter pylori, which is highly prevalent in
Latin America where it is a major current public health challenge because of its strong asso-
ciation with gastric cancer. By analyzing the genome sequence of H. pylorfisolated in Morth,
Central and South America, we found evidence for admixture between H. pylori of European
and African origin throughout the Americas, without substantial input from pre-Columbian
(hspAmerind) bacteria. In the US, strains of African and European origin have remained
genetically distinct, while in Colombia and Micaragua, bottlenecks and rampant genetic
exchange amongst isolates have led to the formation of national gene pools. We found
three outer membrane proteins with atypical levels of Asian ancestry in American strains, as
well as alleles that were nearly fixed specifically in South American isolates, suggesting a
role for the ethnic makeup of hosts in the colonization of incoming strains. Our results show
that new H. pylori subpopulations can rapidly arise, spread and adapt during times of demo-
graphic flux, and suggest that differences in transmission ecology between high and low
prevalence areas may substantially affect the composition of bacterial populations.

Author summary

Helicobacter pylori is one of the best studied examples of an intimate association between
bacteria and humans, due to its ability to colonize the stomach for decades and to transmit
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from generation to generation. A number of studies have sought to link diversity in H.
pylori to human migrations but there are some discordant signals such as an “out of
Africa” dispersal within the last few thousand years that has left a much stronger signal in
bacterial genomes than in human ones. In order to understand how such discrepancies
arise, we have investigated the evolution of H. pylori during the recent colonization of the
Americas. We find that bacterial populations evolve quickly and can spread rapidly to
people of different ethnicities. Distinct new bacterial subpopulations have formed in
Colombia from a European source and in Nicaragua and the US from African sources.
Genetic exchange between bacterial populations is rampant within Central and South
America but is uncommon within North America, which may reflect differences in preva-
lence. Our results also suggest that adaptation of bacteria to particular human ethnic
groups may be confined to a handful of genes involved in interaction with the immune
system.

Introduction

In 1492, Christopher Columbus initiated a rapid colonization of the New World, principally
by European migrants and Africans brought as slaves that had catastrophic consequences for
the indigenous population. The new migrants brought unfamiliar weapons and pathogens [1],
including new populations of the stomach-colonizing bacterium Helicobacter pylori. H. pylori
can persist for decades in the stomach, and is often transmitted vertically from parent to child
but can also be acquired from individuals in close proximity. H. pylori evolves rapidly by both
mutation and homologous recombination with other co-colonizing strains [2].

Studies of the global diversity of H. pylori have shown that Europeans, Africans and Native
Americans carry genetically distinct populations of bacteria; named hpEurope, hpAfrical and
hpAfrica2, and hspAmerind, respectively [3]. The relationships between bacterial populations
reflect differentiation that has arisen during the complex migration history of humans, with
the prefix “hp” indicating a population and “hsp” indicating a subpopulation, which are genet-
ically distinct from each other but less differentiated than populations. hspAmerind bacteria
are presumed to be descendants of the strains present in the Americas prior to 1492, and are a
subpopulation of hspEAsia, which is found in Asian countries such as China and Japan. How-
ever, these strains are rare even within groups with substantial Native American ancestry and
may being dying out in competition with other strains, due to low diversity within the popula-
tion or other factors [4]. hpEurope bacteria are themselves ancient hybrids between two popu-
lations, whose close relatives are currently found in unadmixed populations in North East
Africa (hpNEAfrica) and central Asia (hpAsia2). The Tyrolean Iceman, Otzi, who died 5300
years ago in central Europe, was infected by an hpAsia2 strain with little or no African ancestry
[5], suggesting that the admixture probably took place within the last few thousand years.

In Latin America, gastric cancer is a leading cause of cancer death, and some countries in
the region have among the highest mortality rates worldwide [6]. However, the mortality rates
vary in different geographic regions, both between neighboring countries and within nations
[6,7]. Several studies have been performed comparing H. pylori ancestry in high- and low risk
areas and have linked phylogeographic origin of the bacteria, as well as discordant origin of
bacteria and host, to increased risk of gastric cancer development [3,8]. However, these studies
have been performed using MLST analysis that, being based only on seven housekeeping
genes, is limited in its resolution compared to whole-genome comparisons,
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To investigate it American H. pylori strains have differentiated from those found in the Old
Waorld by mixture, genetic drift or natural selection, we combined hundreds of publicly avail-
able genomes with over hundred newly sequenced genomes of H. pylori sampled in Latin
America (Mexico, Nicaragua, and Colombia), Europe, and Central Asia. We show that the
American bacterial populations have undergone substantial evolution within 500 years and
our results also suggest that H. pylori transmission biology has been as important as human
migration in determining extant patterns of diversity.

Resulis

We used the Chromopainter/fineSTRUCTURE pipeline [4,10] to assess the population structure
within our global collection of isolates (n = 401, described in 51 Table]. Insight into the ancestry
of each isolate is obtained by treating it as a “recipient” and using Chromopainter to fitit asa
mosaic of DNA chunks, i.e. sets of contiguous SNPs, from a “donor panel” of other genomes.
The painting can be interpreted genealogically as described in more detail in [9], namely in the
local genealogy for any of the sites within a given chunk, the most recent coalescence involving
the recipient individual is with the donor individual for that chunk. Each chunk thus provides
information on the most recent clonal relationships and/or genetic exchange between different
strains in the sample. In H. pylori recombination rates are very high and unless individuals in
close proximity are sampled, it is rare to find clear evidence of direct clonal descent [11].

We used two different donor panels. A first consisted only of Old World (European, Afri-
can and Asian) isolates. Since we expect that almost all of the gene flow historically has been
from the Old World to the New World, using an Old World panel allows us to investigate the
origins of each New World H. pylori, without the complication of determining how the strains
are related to each other. Although we are principally interested in gene flow within the last
500 years, hspAmerind strains are excluded from the donor set because many of the strains
have undergone post-Columbian admixture with other populations. The DNA in any case
originated from the Old World, albeit probably = 10,000 years ago.

The second global painting panel includes all New Warld strains, apart from the specific
individual being painted. Many, although not all of the chunks inferred to be donated by other
New World strains in this painting will represent coalescent events that happened in the New
World. Therefore using this painting panel allows us to investigate recent demography within
the New World.

[ineSTRUCTURE uses the output of Chromopainter to assign individuals to populations
with distinct ancestry profiles. We applied fineSTRUCTURE to the global painting to identify
subpopulations in the dataset (Fig 1). In order to make display and reporting of the results trac-
table, we merged the most similar populations until 12 distinet populations remained, 5 of
which are restricted to the New Waorld. The “palette” of each strain, representing the proportion
of chunks that come from each population in the donor panel, was determined for both the Old
World (Fig 2A) and the Global (Fig 2B) painting. One of the twelve populations, hspMiscAmer-
ica, contains isolates that are not particularly closely related to each other and should not be
thought of as a coherent population (Fig 1). The fineSTRUCTURE results are congruent with
those obtained by Principal Component Analysis, PCA, which show differences between the
subpopulations within the first 5 Principal Components (51 Fig) but are easier to interpret.

Increased number of isolates reveals substructures in the Old World
populations

Each of the 7 populations found in the Old World has been reported previously with the excep-
tion that, with the addition of the large number of isolates in this study, hpEurope isolates
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Fig 1. Population structure of global H. pylori strains. The colour of each cell of the matrix indicates the expected number of DNA chunks imported from
a donor genome (column) to a recipient genome (row). The boundaries between named populations are marked with lines, with New World populations
marked with an asterisk. The colour bar on the left indicates the geographical locations where the strains were sampled.

d0i:10.1371/journal pgen. 1006546.9001

separated into two distinct groups, which we provisionally label hspEuropeN and hspEuropeS
(Fig 1). Our geographical sampling within Europe is limited but this split is likely to reflect the
previously observed North to South gene frequency cline [12,13], with the hspEuropeS isolates
having a larger fraction of their palette from African populations and hspEuropeN having a
higher proportion from hpAsia2. The other five populations, hpAfrica2, hspAfricalSAfrica,
hspAfrical WAfrica, hpEastAsia and hpAsia2 are highly distinct from each other, each receiv-
ing more than half of their palette from their own population in the Old World painting.

Distinct subpopulations of mixed hpEurope and hpAfrical ancestry in
American H. pylori

Among the isolates from the Americas, five additional subpopulations could be distinguished;
four have palettes consistent with being European/African hybrids, according to the Old
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Fig 2. Ancestry of H. pyloriinferred by chromosome painting. Each vertical bar represents one isolate, which are ordered by geographical origin (1~
11). 1: West Africa, 2: South Africa, 3: Central Asia, 4: East Asia, 5: Australia, 6: Europe, 7: US and Canada, 8: Mexico, 9: Central America, 10: Colombia,
11: Peruvian Amazon. The colour composition of each bar indicates each of the subpopulations’ contribution to the core genome of that isolate. A) Old world
painting where only isolates from Old world areas (1-6 on map) have been used as donors in the chromosome painting. B) Global painting in which all
populations have been used as donors.

doi:10.1371/jounal pgen.1006546.9002

World painting (Fig 2A). The population with the highest African ancestry is hspAfrica I NA-
merica, isolated from 30 individuals in the US, one in Canada, one in Nicaragua, and one in
Colombia, followed by hspAfrical Nicaragua, which only contains isolates from Nicaragua;
hspMiscAmerica, which consists of a number of strains of Mexican and Colombian origin; and
hspEuropeColombia, which contains most of the Colombian isolates in our data set, and hasa
palette similar to hspEuropeS (Fig 1). The fifth population, hspAmerind, has a palette similar
to hpEastAsia but with more hpEurope ancestry. These results are congruent to those obtained
using D statistics (Table 1), which also imply that European and post-Colombian New World
subpopulations are hybrids.

Table 1. D-statistics.

Population 1 | Population 2 ' Population 3 :Population 4 | D-statistic
hpAfrica2 | hspAfrica1WAfrica hpAsia2. | hspAfricaNAmerica . 0538
hpAfrica2 | hspAfrica1WAfrica hpAsia2 | hspAfricaiNicaragua 0.456
hpAfrica2 | hspAfrica1WAfrica  hpAsia2 | hspMiscAmericas | 0.454
hpAfrica2 | hspAfricalWAfrica hpAsia2 hpEuropeColombia _ 0.289
hpAfrica2 hspAfricalWAfrica hpAsia2 | hspEuropeS 0.274
hpAfrica2 | spAfrica1WAfrica  hpAsia2 | hspEuropeN , 0102
hpAfrica2 hspAfrica1WAfrica hpAsia2  hspAmerind , 0058
hpAfrica2 hspAfricalWAfrica hpAsia2 | hpEastAsia -0.072

doi:10.1371/journal. pgen. 1006546.1001
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In our sample, several isolates from the Americas cluster within the two hpEurope subpop-
ulations (Fig 1). The hpEurope strains from North America largely cluster with hspEuropeN
while those from Central and Southern America cluster with hspEuropeS. There was also sub-
stantial variation in the proportion of the genomic palette stemming from hspAfrical WAfrica
and hspAfricalSAfrica, both between and within New World populations. hspAfrical W Africa
is the major African source in isolates from hspMiscAmerica, hspEuropeColombia as well as
hspEuropeS while hspAfrical SAfrica is a more important source for hspAfrical N America and
hspAfrical Nicaragua populations. A handful of isolates from both hspEuropeColombia and
hspAfrical Nicaragua populations have elevated hspAfrical SAfrica proportions, consistent
with recent genetic mixture (Fig 2A).

The distinct New World subpopulations show evidence of both drift and
mixture

In the global painting, the strains from the New World populations received a large proportion
from their palette from within their own subpopulation, meaning that they have differentiated
both from the Old World isolates as well as from the other New World subpopulations. The
formation of differentiated populations in the Americas is suggestive of recent demographic
bottlenecks (see discussion below) but the New World populations have nucleotide diversity
as high as or slightly higher than the Old World populations from which they evolved (Fig 3},
presumably because the diversity lost in bottlenecks has been replaced by admixture.
Identifying the components of the ancestry of the New World populations that have under-
gone higher levels of drift provides insight into the process of differentiation. Drift is likely to
be caused by the expansion of particular clones or lineages, for example, due to transmission
bottlenecks. Specifically, we focused on signatures of DNA that had the most recent coalescent
with other members within the same population. We tabulated the proportion of such sites
with each distinct ancestry source in the Old World painting that were inferred to instead be
derived from other members of their own population in the New World painting (Table 2). Bot-
tlenecks allow small numbers of clones to propagate, leading to high rates of within population
coalescence for genomes sampled from the population. This will in turn increase the proportion
of sites inferred to have donors within the same population in the New World painting, rather
than from Old World or other sources. Diversity acquired by admixture on the other hand, is

u - b ] ° — =
Er e i R e R
£ +~ — B3« | — ;
o : : i _ a
tol =2 e — ! T
i — b H ] :
E o . ° i
K : : 3 ..
S a @
T T T T T T T T T T
hpAfrica2 hspAfricalSafrica hpEastAsia hspEuropeN hspEuropeColombia  hspAfricalNicaragua
hspAfricalWafrica hpAsia2 hspEuropes hspAmerind hspAfrical NAmerica hspMiscAmerica

Fig 3. Pairwise sequence divergence within populations. For the two hepEurcpe populations only the Old World isclates are included.
doi:10.1371/journal pgen.1006546.9003
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Table 2. Proportion of ancestry assigned to each Old World population {columns) in the Old World painting that have a more recent common
ancestor within the same subpopulation in the Global Painting.

hspAfrical-SAfrica hspAfrical-WAfrica hspEuropeS hspEuropeN hpAsia2 hpEastAsia

hspEuropeColombia
hspAfnca1NAmearica

hspAfrical Micaragua
hapMiscAmerica

hspAmerind

doi: 100371 jowrnal pgen, 10065461002

0.43
0.42
Q.61
0.11
0.48

D.44 0.48 048 0458 0.35
0.41 0.34 0.27 0.27 0.29
0.66 043 0.45 0.47 0.50
0.21 0.06 0.06 0.06 0.06
0.45 0.44 0,47 0.50 0.53

more likely to be copied from other populations, unless the admixture sources have themselves
been subject to a strong bottleneck.

For hspAfricalNAmerica and hspAfricalNicaragua, the most drifted component is the
African component. The level of drift of the African component is significantly higher than
that of other components (p < 1077 and p < 107* by Wilcoxon's rank sum test in hspAfrical -
M America and hspAfrical Nicaragua, respectively). [t suggests that African lineages may have
undergone rapid demographic increases during their spread in the Americas and thus that
they may have a transmission advantage.

Aside from the isolation of hspAmerind strains from three countries and a single hspAfri-
calMAmerica isolate from Colombian and Nicaraguan, there was no indication of sharing of
ancestry between North, Central and South American gene pools. There is also no evidence
from the palettes of hspAmerind having contributed DA to any other New World strains.
Amongst the Mexican isolates, a few hspMiscAmerica isolates have a substantial hspAfrical-
MAmerica component but there is no sign of elevated ancestry from the Colombian or Nicara-
guan populations.

The palettes provide evidence of genetic mixture between populations within countries.
The hspEuropes isolates from Nicaragua have more hspAfrical Nicaragua in their palette than
those from other locations, while Colombian isolates that are not assigned to the hspEurope-
Colombia have a higher ratio of hspEuropeColombia/hspEurape$ than found elsewhere,
which is consistent with recent genetic exchange. Conversely, there is no evidence for elevated
hspAfrical N America ancestry in hspEuropeN isolates from North America. The hspAfrical-
MNAmerica population has mare hpEurope ancestry than hpAfrical isolates from Africa but
there is little variation between strains, contrary to what would be expected if there was sub-
stantial ongoing gene flow.

Several genes have ancestral origin distinct from the overall core
ancestry

The spread of H. pylori populations in the Americas provides an opportunity to investigate
adaptive introgression as the bacteria encountered new populations of humans, as well as
novel diets and environmental conditions. This is of specific interest since H. pylori has an out-
standing capacity for recombination between co-colonising strains [2,14]. We performed a
scan of the core genome for genomic regions with enrichment of specific ancestry compo-
nents, To this end, we painted the strains from each New World population, using Old World
strains as donors and recorded whether the donor was European, African or Asian in origin.
We found several genes where alleles showed significantly higher or lower ancestry from
another Old world donor population than would be expected based on the overall ancestry of
that isolate (p < 107", Table 3). Among these were three genes that had ancestry from an unex-
pected Old World source in more than one of the New World populations. These were the

PLOS Genetics | DOI:10.1371/journal pgen. 1006546  February 23, 2017 7
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Table 3. Genes carrying position(s) with enrichment of a specific ancestry components.

Locus tag
HFOO26
HPO042
HFQ099
HPO160
HPO216
HF0252

HPO272
HPO408
HPO486

HPO4582
HPOS6S
HPOS97
HPO&0S
HFO&07
HPOG10
HPO&ET
HFO&72
HPO813

HF0953
HPOa78
HF 1055
HF 1086
HP1156
HF 1332

HF 1395
HF14&7
HP1512

Gene

gltA

tipA

hofC

hefl

phnA
alpBhopB

axbB

froB4

Description

type Il citrate synthase

triol protein

methyl-accepting chemotaxis protein

hypothetical pratain

1-deoxy-D-xylulose S-phosphate reductcisomerase
hypothetical pratein

hypothetical protein
hypothetical profein
outer mambrana protein

hypothetical protein

hypothetical profein

penicillin-binding protein 14 (PBP-1A)
hypothetical protein

acriflavine resistance protein

toxin-like outer membrana pratain (vacA paralog)
hypothetical protein

alkylphosphonate uptake protein

outer mambrana protein Omp21

hypothetical protein

call division protein (fisA) protein
hypothetical protein

hemotysin (thy)

hypothetical pratain

biopolymer transport protein

hypothetical protein
hypothetical protein
iron-requiatad sutar membrane protein

*the lowest P-value among polymaorphic sites in a gene

dni: 101371 Journal pgen, 1006546 1003

Population showing the enrichment

hpEuropeCalambia
hpEuropeCaolombia
hspAfricalMNAmerica
hpEurapeCalombia
hpEuropeColombia
hpEuropeColombia

hpEuropeCaolombia
hpEuropeCaolombia
hpEuropeCalombia

hapAfricalNAmerica
hspalrical MNicaragua
hpEuropeColombia
hpEuropeCaolombia
hpEuropeCalombia
hpEuropeColombia
hpEuropeCalombia
hpEurapeCalombia
hpEuropeColombia
hpEuropeCalombia
hpEuropeCalombia
hapafrical Micaragua
hpEuropeCaolombia
hpEuropeCalombia
hpEuropeColombia
hpEuropeColombia
hspAfrical NAmerca
hpEuropeColombia
hpEuropeCaolombia
hspalricalMicaragua
hpEuropeColombia
hpEuropeCaolombia
hpEurapeCalombia
hspafrical Nicaragua
hspéfricalMicaragua

Enrichment
Asia_high
Africa_high
Africa_low
Europa_high
Africa_high
Africa_low
Europe_high
Eurcpe_high
Europe_high
Asia_high
Europe_high
Asia_high
Europa_high
Eurcpe_high
Africa_high
Africa_high
Aszia_high
Africa_low
Europe_high
Africa_high
Asia_high
Asia_high
Azia_high
Europe_high
Alrica_low
Africa_high
Europe_high
Alrica_low
Africa_low
Europe_high
Europe_high
Eurcpe_high
Africa_high
Asia_high
Aszia_high
Europe_high

P-value*
1.4E-10
1.0E-09
1.2E-09
4 1E-12
3.9E-10
4.3E-09
2.8E-13
3.4E-10
2.1E-13
7.3E-09
1.2E-10
T7.BE-15
8.8E-11
9.0E-05
2.2E-09
9.5E-10
H.8E-11
24E-09
31E-02
3.5E-09
3.9E-11
9.8E-15
1.1E-12
2.5E-11
4 6E-09
4.8E-09
2.8E-10
§.8E-09
5.5E-09
8.2E-15
14E-12
6.9E-10
5.5E-09
3.6E-10
3.5E-10
4.1E-13

genes encoding for AlpB (HP0913), HofC (HP0486), and FrpB4 (HP1512), which notably all
are outer membrane proteins (51 Fig) and all enriched for Asian ancestry in at least one popula-
tion. The regions in alpB (S1A Fig) consist of clusters of 24 and 32 polymorphic sites enriched
for Asian ancestry {lowest p-value 9.8 x 107"%) within 49 and 65bp in hspEuropeColombia and
hspAfrical Nicaragua populations, respectively, The regions in hofC (S1B Fig) consist of 2 SNPs
with interval 171bp and 4 successive SNPs enriched for Asian ancestry (lowest p-value 7.8 x
107"} in hspEuropeColombia and hspAfrical NAmerica populations, respectively. The regions
in frpB4 (S1C Fig) consist of 2 successive SNPs and 26 SNPs within 156 bp enriched for Asian
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i

Fig 4. Maximum likelihood phylogenetic trees of alpB and hofC genes. Leaves are shaded according to gecgraphical origin and the H. pylor
population assignment according to the FineSTRUCTURE analysis is marked at the base of each leaf. A) AlpB. A black dot with an asterisk marks the
branch for which the joint Latin American and Asian clade segregate from tha others, B) HotC, Tha black dot with an asterisk marks the branch at which
the South American clade segregates from the others.

doi-10.1371/jowrnal. poen. 10065469004

ancestry (lowest p-value 3.5x 107"

tions, respectively,

To investigate the basis of the low p values in more detail, we first constructed phylogenetic
trees of the three genes. Linkage disequilibrium extends over very short distances in H. pylori
s0 these trees do not necessarily reflect the genealogy of the gene as a whole, Nevertheless inter-
esting patterns were found in alpB and hofC trees (Fig 4). For each gene at least one major sep-
arate clade of Latin American isolates could be abserved, regardless of H. pylori population.
The tree for frpB4 can be found in 52 Fig.

For alpB there are three major clusters; one predominantly Asian cluster including a major-
ity of the Latin American strains, both Amerind isolates and isolates from the New World sub-
populations, one predominantly European cluster, also with a number of Latin American
strains, and one African cluster where isolates from Africa group together with isolates the
hspAfrical N America. Notably, in the Asian group the Latin American isolates from multiple
H. pylori populations cluster together while in the European group they are interspersed with
the other isolates (Fig 44).

For hofi” there is one clearly distinct South American clade, including all the Amerindian
strains excepl for Aklavik117 and a majority of the strains belonging to the New World sub-
populations hspMisc Americas, hspAfricalNicaragua and hspEuropeColombia. The other
three main clades are dominated by either: (i) hspAfrical W Africa, hpAfrica2 and hspAfrical-
MAmerica isolates; (if) hspAfrical SAfrica, European and US/Canadian hpEurope isolates or;
(ifi) Asian isolates, respectively (Fig 4B). Notably, for hofC the Mexican isolates did not group
within the main South American clade but within clade ¢ and .

Investigating the hofC gene alignment in more detail using F,, values revealed that the
sequence variation strongly contributing to the tree clade structure were nucleotides 826-926
of the gene. We found 10 nucleotide positions with a Fixation index of higher than 0.3 in the

) in hspEuropeColombia and hspAfrical Nicaragua popula-
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Table 4. The ten core genome positions of highest Fst values in Latin American Isolates compared to the rest of the World.

Locus tag
HPO486
HP1333
HFO486
HPO486
HPO4EE
HPO486
HPO486
HP 486
HPO175
HPO175

Gene
hotC
exbB
hofC
hofC
hofC
hofC
hotC
hofC
ppiC
ppiC

doi: 10037 1 joumal pgen, 10065461004

Description Position in 26695 Fst
Outer mambranea protein HolC 879 0.61
Biopolymer transport protein ExbB 112 0.61
Quter membrane protein HofC 885 0.61
Outer mambrana protein HalC 971 0.60
Outer membrane protein HofC 972 0.60
Quter membrans protein HofC 967 0.59
Outer mambranea protein HolC 970 0.58
Quter membrane protein HofC 921 0.56
Putative peptidyl-prolyl cis-trans isomerase PpiC 550 0.44
Putative peptidyl-prolyl cis-trans isomerase PpiC 635 0.44

Latin American isolates compared to isolates from rest of the World {544 Fig), out of which
the 8 highest were localized in the above-mentioned region. Notably, these F,, values were also
among the highest out of all nucleotide positions in the core genome (Table 4),

Within this stretch, several amino acids were completely fixed in the South American clade
and were not found in the other isolates (Fig 5). The ones with strongest Fy and unique to the
South American clade were a Glutamic acid instead of a Glycine at position 278, Asparagine or
Aspartic Acid instead of Leucine at position 280, a strong tendency to have Glycine instead of
Glutamic Acid at position 292 and a Serine instead of Aspartic Acid at position 309 (Fig 5).
These changes, which in most of the cases entirely changes the residue characteristics have
spread to a large proportion of isolates in all of the populations found in South America, sug-
gesting they confer an adaptive advantage, and stand out strongly in the F;; analyses even
though this includes all Latin American isolates and not only the specific clade in the tree.

Accessory genome analysis shows similar but not identical ancestral
patterns to the core genome

Our collection of multiple genomes from each population allowed us to examine patterns of
gene presence and absence. A neighbour-joining tree based on gene sharing distance between
isolates largely recovered the populations and sub-populations identified based on core genome
sequence, but with distinct clusters for isolates carrying the Cag Pathogenicity Island (cagPAl)
positive and for cagPAI negative isolates respectively (55 Fig). The cagPAT is an approximately
40 kb cluster of genes encoding for a Type IV secretion system. This secretion system is translo-
cating the CagA protein into host cells and has been shown to be of high importance for bacte-
rial virulence [15,16],

In order to assess whether the pan genome evolved by the same processes of clonal descent
and genetic exchange as the core genome, we examined the frequency of different pan genome
elements in different populations. Specifically, we jointly analysed the frequency genes of trip-
lets of populations, two of which are close representatives of the presumed ancestral source
population and a third putative hybrid, with projections of the resulting 313 plots shown in Fig
6, Fig 64 shows the expectations if the pan genome of the descendent population had identical
gene frequencies to either source or a 50-50 hybrid.

It has been previously shown that for the core genome, hpEurope bacteria are hybrids
between hpAsia2 and hpNEAfrica (which is related to hpAfrical), with higher hpAsia2 ances-
try proportions in Northern Europe [12,17]. The same pattern for the pan genome could also
be observed in our analysis, where the hpEurope population has a profile that is intermediate
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Fig 5. Fst values and WebLogo representations for amino acids 275-312 of HofC. The upper rows are Fst values for the triplets of
nucleotides in each codon, calculated for isolates originating from Latin America compared to isolates from the rest of the world. WebLogo
representations of the region are showed for i) the South American clade in Fig 48, ii) All isolates from Latin America (for which the Fst was
calculated), and iii) Isolates from the rest of the world. Shaded residues are synonymous in all three populations.

d0i:10.1371/journal pgen.1006546.9005

between that of hpAsia2 and hpAfrical, but with considerable variation in the pattern amongst
genes, consistent with genetic drift in the thousands of years since hybridization (Fig 6B, 51
Movie). We confirmed this visual impression using an ANOVA (53 Table). Specifically, we
tabulated the genes that differed in frequency amongst the three populations and found that
the average deviations from equality were largest for genes with pattern showing either hpEu-
rope being similar in frequency to hpAsia2 or hpEurope being similar in frequency to
hpAfrical.

For the New World populations, hspEuropeColombia has a profile that is intermediate
between Africal and European isolates (Fig 61, S3 Movie), with the ANOVA implying that
gene frequencies are more similar to hpEurope than to hpAfrical (53 Table).

PLOS Genetics | DOI:10.1371/journal.pgen. 1006546 February 23, 2017 11/21
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frequancias in all three appear at the cantre of the plot. Genes with large freguancy differances batween papulations are labelled in
cobours, accerding to the triangular legend. Colours shown on the vertices indicate genes that differ substantially between one
population and the other two (according to the criteria that X is considered substantially bigger than ¥ if X=¥ =>=0.5, X>=0.5and

Y <01, 0r X = 0.8and ¥ < =0.5), while colours on the edges indicale genes where the two populations on the vertices differ
substantially in frequency, with the third population having an intermediate frequency. A) Plot showing resulis obtained if the frequency
of genes in the hybrid population is either identical to Ancestor 1 {line ending in magenta), to Ancestor 2 (line ending in orange) or a 50—
50 hylorid (line anding in red). B) Comparison between Old world populations hpEurepe, hpAsia2 and hpAlricat, C) Comparison of
hspEurapeCalombia to hpEurcpe and hpafrica, D) Comparison of hapAfrical Micaragua to hpEurope and hpAdrica, E} Comparison of
hspAfrical MAmerica to hpEwrope and hpAfrica,

doiz10.1371 fjournal_pgen. 10065469006

hspAfrical Nicaragua and hspAfrical NAmerica have pan genomes that are more similar to
those of hpAfrical than hpEurope (Fig 6C-6E, 52 and 54 Movies, 53 Table).

Discussion

Millions of people from diverse geographical and ethnic backgrounds have migrated from the
Old World to the Americas in the last 500 years and it is likely that a majority carried H. pylori,
Transmission between ethnicities and DNA exchange between strains might be expected to
scramble the relationship between bacterial and human ancestry at the individual level, but in
the absence of selection or bottlenecks, overall H. pylori ancestry should largely recapitulate
the ancestry found in humans [12,17,18]. Consistent with this expectation, we find diverse
populations of hpEurope bacteria in Northern and Latin America, with chromosome painting
prefiles comparable to those found in European isolates. We find a broad North-South divide
amongst hpEurope isolates, both in the New and Old World, with higher relatedness to hpA-
frical DNA in the southern populations. This is consistent with the gene frequency cline
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already observed in Europe and known differences in the colonization history of North and
South America [19].

However, H. pylori genomic variation does not necessarily recapitulate patterns found in
humans. The Americas constituted both a new physical and dietary environment and a new
ethnic mix of hosts. Particular bacterial lineages may have had, or acquired, traits that adapted
them to these new conditions. In extreme cases, human migrations that have little or no effect
on human ancestry might precipitate substantial changes in H. pplori populations. For exam-
ple. hspAmerind strains are rare even in populations with substantial Native American ances-
try [3]. This suggests that after more than 10,000 years of independent evolution, resident H.
pylori lineages were poorly equipped to compete with incoming lineages or with changes in
the environment caused by the new settlers. We also found evidence of substantial differentia-
tion of New World H. pplori populations from their ancestors, which suggests that there have
been bottlenecks with particular lineages contributing disproportionately to extant popula-
tions. These bottlenecks have most strongly affected African components of ancestry (Table 2),
suggesting that bacteria of African origin may have been particularly effective in colonizing the
new continent.

We identified three differentiated populations in the Americas, in addition to hspAmerind.
The hspAfrical NAmerica population includes the non-European isolates from the US, also
tound in single Canadian, Colombian and Nicaraguan isolates. This population has an ances-
try profile consistent with it being a mix of West African, South African and European sources.
However, our global chromosome painting results (Fig 2B) show that within genomic regions
of African origin, the DNA of hspAfrical NAmerica is distinct from that found in modern
Gambian and South African populations. Differentiation at the DNA sequence level is also
found in the hspEuropeColombia and hspAfrical Nicaragua populations, whose gene pools are
distinct from each other and from those in Mexico and Europe.

The three larger groups of samples, from Mexico (Mexico City), Nicaragua (Managua) and
Colombia (Bogota) respectively, were all collected at hospitals that are tertiary referral centres
tor endoscopy with large catchment areas, while all but one of the US isolates came from a hos-
pital in Cleveland, a cosmopolitan city. Therefore, our findings likely reflect broad patterns of
diversity within large geographic regions. Within our sample, there are regional differences in
the proportions of European, African and Amerind ancestry and wider sampling might have
differentiated the picture further. Nevertheless, the distinct patterns of H. pylori ancestry in the
four countries indicate that recent population movements have been strongly influenced by
national boundaries,

H. pylari can undergo high levels of recombination during mixed infection. Over time, this
might lead to bacteria acquiring an ancestry profile that reflects their local gene pool rather
than their continent of origin. Recombination has not proceeded this far anywhere in the
Americas and multiple populations with distinct ancestry profiles are found in most locations.
hspAmerind strains have not contributed substantially to the ancestry of bacteria from any
other population, but do appear to have acquired hpEurope DN A themselves. In Nicaragua
and Colombia, recombination has transmitted distinctive DNA between populations, e.g. the
brown shaded component in the hspEurope$ isolates from Nicaragua (Fig 2B), leading to what
can informally be thought of as a national signature in the H. pylori DNA. There is no equiva-
lent signal of hspAfrical N America DNA amongst the hpEurope bacteria from the US, indicat-
ing that recombination between these populations has been less extensive, and there is also no
evidence within our sample of a distinctive population of hpEurope bacteria evolving within
the US. Similar patterns of higher admixture in African American and Hispanic American
individuals than in American individuals of European descent have been observed also on
human genomic level [19].
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The differences in the extent of admixture in the New World populations can have several
explanations including differences in dates of colonization and extent of European and African
influx/admixture in Latin Ametica compared to the US. Another important factor can be the
prevalence of infection in different areas. The prevalence of H. pylori infection remains high in
Latin American countries, ranging from 70.1% to 84.7% of adults in a recent multi-country
study [20]. In the US, the prevalence has been declining from high levels and according to data
trom the end of the 1990's, is around 32.5% [21]. The prevalence was different between the eth-
nic groups: 52.7% in non-Hispanic blacks; 61.6% in Mexican Americans and; 26.2% in non-
Hispanic whites [21]. High prevalence likely entails higher occurrence of horizontal transmis-
sion and mixed infections and thus the possibility of recombination between distantly related
strains [22] [23].

Our sample of Old Werld sources is incomplete, both in Africa and Europe, and therefore
it is likely that Old World sub-populations exist that are more closely related to the New
Waorld populations than those in our sample, one such area being the Iberian peninsula. Also,
even if we sample extensively in modern human groups, this may not fully reflect structure
500 years ago. The absence of sampling of close surrogates of the true ancestral subpopulations
may alter our conclusions about selection or drift, which we have interpreted to have taken
place in the New World rather than in the Old World. Sampling limitations for example make
it unclear how much of the extensive mixture between African and European DNA observed
in many Central and Southern American isolates actually took place in the Americas. Never-
theless, it is difficult to explain the local affinities within the diverse gene pools in both Nicara-
gua and Colombia, except by local genetic exchange. The hspAfrical N America isolates are
homogeneous in their ancestry profile, suggesting that they also form a distinct gene pool that
has acquired its characteristics through substantial evolution within the USA, although some
of this evolution may have happened in an as yet unsampled subpopulation in Africa.

hspAfrical N America appears to be an approximately panmictic population. For example,
all isolates have approximately the same level of hpEurope ancestry in Fig 1. This feature is dif-
ficult to reconcile with the low levels of genetic exchange observed with hpEurope isolates
from the US. Since it has been shown that H. pplori from the same population (hpEastAsia)
can exchange 10% of their genome during a single four year mixed infection in human [24],
the ancestral pattern in US H. pylori implies barriers to recombination between the two popu-
lations. Such barriers may be the result of ethnic segregation and thus less diverse co-infec-
tions, of differential uptake or incorporation of DNA from different populations, or of
efficient competitive exclusion of bacteria from one population by bacteria from the other
within individual stomachs.

In the New World populations, four genes encoding for outer membrane proteins have
sequence with ancestry that differed from that inferred for the overall core genome in more
than one of the New World population. Interestingly, several of these variants were common
for Latin American isolates regardless of which ancestral population they belonged to. AlpB is
an adhesin binding to laminins in the extracellular matrix [25] that is present in all H. pylori
strains [26]. Together with AlpA, it is required for colonization in experimental models and
for efficient adhesion to gastric epithelial cells [27]. The HofC protein is also required for H.
pylori colonization in mice and gerbils [28,29] but is not well characterized and little is known
about its function. FrpB4 is important in the bacterial adaptation to variation in the microenvi-
ronment. FrpB4 is regulated by the levels of nickel, a micronutrient essential for H. pylori sur-
vival, growth and expression of virulence factors in the human stomach [30-32].

The enrichment pattern in hofC in a high number of the South American isolates was
largely explained by the positions in region 276-309 of the 528 amino acid protein. The vari-
ants were found in all the South American Amerindian strains as well as almost all of the
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hspAfrical Nicaragua and a majority of hspEuropeColombia strains together with strains from
Peru and El Salvador. No Mexican strains were found in this clade. Since the HofC protein
structure and function are not characterised in detail, we are unfortunately unable to predict
how these alleles contribute to the function or specificity of the protein. Interestingly, also in
FrpB4 there were several positions of high Fstin Latin America compared to the rest of the
world (54 Fig) but nor in this case we are able speculate in the functional impact of these spe-
cific positions. Nevertheless, the very pronounced enrichment pattern, as well as that in the
other genes, is consistent with the New World H. pylori having adapted to their respective
human poepulations, allowing certain traits to propagate relative to the overall genetic back-
ground. This could be important in understanding the differences in pathogenicity in different
areas and different host/bacterial interactions, suggesting a need for further investigation of
the function of these proteins.

Our analysis of the accessory genome shows that H. pylori gene content, as well as nucleo-
tide composition, is mixed during admixture between host populations. For example, the gene
content of hpEurope is intermediate between that of hpAfrical and hpAsia2, but with substan-
tial variation that may reflect the large time that has elapsed since admixture. hspEuropeCo-
lombia is more African in genome content than the average hpEurope bacteria from Europe,
as would be expected because of its higher African ancestry at the nucleotide level, However,
the genome content of strains from the hspAfrical Nicaragua population is more African than
would be expected given its substantial co-ancestry with hpEurope within the core genome.
This observation is concordant with recent observations showing that restriction modification
inhibits non homologous but not homologous recombination [33], suggesting that core
genome ancestry may mix more readily between populations than accessory elements if
restriction modification is an important barrier to exchange.

Our results on the population structure in the Americas sheds new light on the relationship
between human migration and H. pylori diversity. In particular, we show that at least during
human population upheavals, evolution within geographic locations is far more dynamic than
the broad correlation with human genetic variation would suggest and that novel subpopula-
tions can arise by a combination of genetic drift and admixture within hundreds of years.

Materials and methods
Helicobacter pylori whole genome sequencing data

We used both publicly available and newly sequenced genomes of H. pylori isolates, 401 in
total {51 Table). Nicaraguan isolates were collected at Hospital Escuela Antonio Lenin Fonseca
(HEALF) in Managua, within the international collaboration “Immunological Biomarkers in
Gastric Cancer development” and previously described in [34]. Colombian isolates that are
not previously described were collected at the Oncology hospital (INCAN) in Bogota, and the
Mexican isolates were collected at the Oncology and General Hospital in Mexico City. All
three hospitals are tertiary referral centres for endoscopy and patients may thus come from
other locations within the countries. For the cases we had more detailed data on the origin of
the individuals, this is noted in 51 Table,

The publicly available Colombian and North American genomes were those reported in
preceding studies, Le [35-37].

Data preparation

All of the genome sequences were imported into the Bacterial Isolate Genome sequence data-
base (BIGSdb) [38]. After this, a gene-by-gene alignment was performed using CDS sequences
of the H. pylori 26695 strains as reference, and the alignments were exported from the
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database. Both the genome sequences and the alignment are available at the public data reposi-
tory Diryad (hitp://datadryad.org/}, with doi doi:10.5061/dryvad Bqp4n. We conducted SNP
calling for each alignment, and imputation for polymorphic sites with missing frequency

< 1% using BEAGLE [39] as our preceding study [10]. We combined in total 401350 SNPs in
1232 genes while preserving information of SNP positions in the reference genome, to prepare
genome-wide haplotype data,

Population structure analysis

We inferred population structure among the strains from the genome-wide haplotype data by
using the chromosome painting and fineSTRUCTURE [9], according to a procedure of our
preceding study that applied them to H. pylori genomes [10]. Briefly, we used ChromoPainter
(version 0.04) to infer chunks of DNA donated from a donor to a recipient for each recipient
haplotype, and summarized the results into a “co-ancestry matrix” which contains the number
of recombination-derived chunks from each donor to each recipient individual. We then ran
fineSTRUCTURE (version 0.02) for 100,000 iterations of both the burn-in and Markov chain
Monte Carlo (MCMC) chain in order to conduct clustering of individuals based on the co-
ancestry matrix.

Principal Component Analysis was performed by applying the standard PCA implemented
in Eigensoft to our data (more precisely, all biallelic data after pruning of SMPs with 12 = 0.7).

D-statistics were calculated by using popstats (hitps://github.com/pontussk/popstats) and
specifying POP1 as hpAfrica2, POP2 as hspAfrical W Africa, POP3 as hpAsia2, and POP4 as
either of the remaining 9 populations, respectively.

Stratified chromosome painting

We conducted two types of chromosome painting: “Old World chromosome painting” using
only Old world isolates as donors, and “Global chromosome painting” in which each isolate is
painted using all of the others. For this purpose, we used ChromoPainterV2 software [9].

To identify genomic regions with enrichment of unexpected ancestry components in the
New World populations hspAfrical NAmerica, hspAfrical Nicaragua, and hspEuropeColom-
bia, we conducted a novel statistical test for each of the 401350 SNPs. This was done using the
Old world strains as donors, grouped into African, Asian and European geographic origin
respectively.

We aim to count the number of recipient haplotypes from a certain donor population at
each SNP. However, we do not observe whether a recipient { uses a particular donor popula-
tion a, but instead the probability that it does at each locus [. The distribution of the total num-
ber of isolates at locus ! from donor population a is ~ Poisson-Binomial(py, ). 1f we let the
genome-wide painting probability be p,, = (37 p,.)/L, then the distribution expected under
the null that there is no local structure to the painting donors is ~ Poisson-Binomial(p,, ). We
therefore report the p-values to test whether locus § has significantly enriched for donor a {and
likewise to test for de-enrichment). We used P< 10 *asa significance level, which corresponds
to P=<20.05 after Bonferroni correction,

Because a) the variance of a Poisson-Binomial is highest when is close to 0.5, and b) the
distribution is discrete, this statistic has less power to detect high ancestry contributions
from components that have high genome-wide ancestry, especially when sample size is
small. In practice this has limited our power to detect regions that have an excess of Afri-
can ancestry.
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Phylogenetic analysis of genes with enriched ancestry

Multiple alignments of the genes were performed using MUSCLE [41] and the alignment
manually inspected to remove sequences with incomplete coverage before a PhyML maximum
likelihood tree was created using the SeaView software [42]. All trees were visualized using
Evolview [43].

Fixation index (Fst) analysis

Fixation index (Fst) analysis was performed using the R package PopGenome [44]. For all the
1232 core-genome multiple alignments were converted to VCF format using SINP-sites [45]
and site-wise Fst was calculated over all biallelic sites for the subpopulation consisting of all
isolates that were geographically originating from Latin America. In total 164 358 positions in
933 of the genes were eligible for the analysis, Of those 187 positions had an Fst of more than
0.25 in the Latin American isolates compared to strains from the rest of the World (52 Table).
WebLogo plots were generated using [46].

Analysis of gene presence/absence and accessory genome

A pan-genome was constructed with all loci present in at least one of our 401 strains to exam-
ine presencefabsence of all H. pylori genes. This pan-genome list of 2462 genes was used as
queries of BLASTN against each genome analysed in this study through the BIGSdb Genome
Comparator pipeline [38]. Gene presence was judged by a BLASTN match of =70% identity
over =50% of the locus length [47].

Accessory presence/absence tree

The Genome Comparator Output matrix obtained with BIGSdb was used to build a distance
matrix (MATLAB E2015a, The MathWorks, Inc., Natick, Massachusetts, United States). A
tree was obtained using SplitsTree4 [48] and was visualised with Evolview [43].

Supporting information

51 Fig. PCA plots describing the relationships between populations.
[TIF}

52 Fig. P-values for enrichment of European and Asian ancestry over genes. Each dot corre-
sponds to a polymorphic site that was tested statistically. The three genes in Table 3 satisfying
significance level p < 107 (p < 0.05 after Bonferroni correction) in more than one of the New
Waorld populations are shown. Blue symbols indicate the strength of statistical evidence for
Asian enrichment and green European enrichment, Gaps represent sites where the missing
frequency > 1% and sites in non-coding regions. A) alpB, B) hofC, and C) frpB4.

(TIF}

53 Fig. Maximum likelihood phylogenetic trees of the frpB4 gene. Leaves are shaded accord-
ing to geographical origin and the H. pylori population assignment to according to the FineS-
TRUCTURE analysis is marked at the base of each leaf.

(TIF)

54 Fig. Fst over the hofC and frpB4 genes. Each dot represents a nucleotide position. For
positions with Fst = (.25 the nucleotide position in 26695 is denoted.

(TIF)
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§5 Fig. Accessory genome tree. Neighbour-joining tree based on gene sharing distance
[absence and presence of genes). The outer circle shows the Old World chromosome painting
as in Fig 24, Cireles denote geographical origin and squares the H. pylori population assign-
ment according to the FineSTRUCTURE analysis. Red stars are marking strains without the
Cag Pathogenicity Island (CagPAl)

(TIF}

51 Table, Detailed information of isolates included in the study.

(XLSX)

52 Table. Fst values of over 0.25 in comparison of Latin American isolates with those from
the rest of the World.
(XLSX)

53 Table. Comparisons between scenarios in Fig 5B, based on hpEurope as a hybrid
between hpAsia2 and hpAfrical.
(XLSX)

51 Movie. Comparison between Old world populations hpEurope, hpAsia2 and hpAfrical.
[AVI)

52 Movie. Comparison of hspEuropeColombia to hpEurope and hpAfrica.
(AVI)

§3 Movie. Comparison of hspAfricalNicaragua to hpEurope and hpAfrica.
[AVI)

54 Movie. Comparison of hspAfrical NAmerica to hpEurope and hpAfrica.
[AVI)
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Appendix F: Table referencing all gene hits from ClonalFrame based GWAS with an association score of more than 24
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Appendix F: Table referencing all gene hits from ClonalFrame based GWAS with an association score of more than 24
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Appendix G: Map of the Cytokine Array used on supernatants in Chapter 6

Map of the Cytokine Array used on supernatants in Chapter 6
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Appendix H: Table referencing all genes highlighted in at least one chapter of the thesis
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Appendix H: Table referencing all genes highlighted in at least one chapter of the thesis
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Appendix H: Table referencing all genes highlighted in at least one chapter of the thesis
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Appendix H: Table referencing all genes highlighted in at least one chapter of the thesis
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Appendix H: Table referencing all genes highlighted in at least one chapter of the thesis
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