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CHAPTER |

INTRODUCTION

Helicobacter pylori Prevalence and Disease

Helicobacter pylori is a Gram-negative bacterium that colonizes the gastric mucosa
in about 50% of the world’s population. The acquisition of H. pylori occurs most often
during childhood (1). The mechanisms by which H. pylori is transmitted and acquired are
incompletely understood. Humans are the only known reservoir for H. pylori, and it is
proposed that transmission occurs through both oral-to-oral and fecal-to-oral routes. The
prevalence of H. pylori infection is associated with factors such as age and socioeconomic
status (2-4), and H. pylori infections are more prevalent in developing countries than in
developed countries (5, 6).

H. pylori colonization of the stomach is a strong risk factor for the development of
peptic ulcer disease and gastric cancer. As such, H. pylori has been classified as a Class
| carcinogen by the World Health Organization (WHO) (7, 8). Gastric cancer is the fourth
leading cause of cancer-related death worldwide, accounting for about 0.8 million annual
fatalities (9). The incidence of H. pylori-related gastric cancer varies markedly throughout
the world. In many regions of the world, rates of H. pylori infection and gastric cancer are
concordant. Conversely, the prevalence of H. pylori infection in some African countries
can be as high as 91% but these countries have a relatively low incidence of gastric
cancer. This phenomenon is known as the “African Enigma” (10-12).

The factors that determine whether H. pylori infection remains asymptomatic or

progresses into peptic ulcer disease or gastric cancer are not completely understood.



However, it is clear that disease progression is influenced by multiple factors, including
characteristics of H. pylori strains, host genetic variation, and environmental exposures.
For example, individuals infected with strains of H. pylori that produce CagA (a secreted
effector protein encoded by cagA, cytotoxin-associated gene A), sl forms of VacA
(vacuolating cytotoxin A, a secreted toxin), or BabA (blood group antigen binding adhesin
A, an outer membrane protein) have an increased risk of developing gastric disease
compared to individuals infected with H. pylori strains that do not produce these proteins.
Similarly, infected individuals who have variant forms of IL-1(3, IL-10, and TNF-a genes
have an increased risk of gastric cancer. Environmental exposures, such as smoking and

the consumption of a high-salt diet, are also important risk factors for gastric cancer.

General information about the H. pylori outer membrane

A defining feature of Gram-negative bacteria is the presence of an outer
membrane. The Gram-negative outer membrane is an asymmetrical bilayer with
phospholipids in the inner leaflet and lipopolysaccharide (LPS) in the outer leaflet (13).
LPS has three distinct domains: a lipid A anchor, a core oligosaccharide, and an O-
antigen polysaccharide. Unlike most Gram-negative bacteria, which produce a hexa-
acylated form of lipid A, H. pylori produces a modified tetra-acylated lipid A molecule. This
alteration confers resistance to antimicrobial peptides and allows the bacteria to evade
detection by TLR4 (14, 15).

The outer membrane is further distinguished by the presence of B-barrel outer
membrane proteins (OMPs) (16-19). Generally, B-barrel OMPs are composed of eight or
more anti-parallel B-strands that come together to form a B-barrel structure (20, 21).

These B-barrels are folded and integrated into the outer membrane by the barrel-



assembly machinery (BAM) complex (22). B-barrel OMPs can have many functions,
including roles as active/passive transporters, enzymes, receptors, or adhesins (20, 21,
23). Approximately 4% of genes in the H. pylori genome (64 genes in the prototype strain
26695) are predicted to encode outer membrane proteins (OMPs). The exact number of
OMP-encoding genes varies among different H. pylori strains. These OMPs have been
classified into several families, including the Hop (outer membrane porins), Hor (Hop-
related), Hof (H. pylori OMP), and Hom (Helicobacter outer membrane) families, as well
as iron-regulated OMPs and efflux pump OMPs. Phase variation is commonly used to
regulate the production of H. pylori OMPs (21, 24, 25). Some OMPs are also regulated
by two-component systems, the ferric uptake regulator (Fur), or other transcriptional
regulatory systems. For the purposes of this study, we focused on the importance of

members in the Hop family in H. pylori fitness in vivo, but not in vitro.

The Hop family of outer membrane proteins in H. pylori

In H. pylori strain 26695, 21 OMPs belong to the Hop family. All Hops have a highly
conserved N-terminal motif (AJEX[D,N]G, where the | represents the signal sequence
cleavage site) and are structurally characterized by a novel type 5-like interrupted p-barrel
composed of 7 antiparallel B-strands at the C-terminus and one at the N-terminus (26).
Conserved sequences at the 5’ and 3’ ends of the genes are sites of homologous
recombination among different Hop-encoding genes (27, 28).

Hops are classified into two subgroups, F-Hops and Y-Hops, based on the identity
of the C-terminal residue. Hop proteins that end with the characteristic phenylalanine
residue are termed F-Hop proteins and those that end with tyrosine are termed Y-Hop

proteins (29). Members of the Y-Hop subgroup share remarkable identity and are tightly



clustered on the phylogenetic tree, whereas members of the F-Hop subgroup display a
higher level of diversity (29).

The extracellular variable domains located between the N-terminal and C-terminal
B-strands display a relatively high level of sequence divergence compared to non-
exposed regions and therefore are presumed to be determinants of each Hop protein’s
distinct functions. The extracellular Hop domains have a predominantly a-helical
structure. One study identified three monophyletic groups with distinct architecture in the
variable domains via structural and phylogenetic analysis (26). The first group, termed
the Hop-I subfamily, is characterized by an extracellular region with both a head domain
and coiled-coil stem domain. This group includes many Hops with predicted adhesive
functions, such as SabA, BabA, and HopQ. Specifically, x-ray structures showed that
BabA, SabA and HopQ ectodomains form a 3+4 helix bundle ‘head’ domain connected
to a coiled-coil ‘stem’ domain (26, 30-33). The second (Hop-Il) and third (Hop-IIl)
monophyletic groups are highly divergent from the conserved topology seen in the Hop-l

subfamily, lacking both the Hop-I head domain and coiled-coil stem domain.

Outer membrane protein-mediated adhesion

Adhesion is predicted to play a pivotal role in H. pylori colonization. H. pylori can
potentially use a variety of adhesins to bind target receptors within the gastric mucosa.
Therefore, multiple H. pylori Hops with adhesin activity may have redundant functions.
Most H. pylori can be found free-swimming in the mucus, but some attach directly to
gastric epithelial cells. This interaction is predicted to provide nutrient access to the
bacteria, promote delivery of bacterial toxins to the host cells, and prevent mechanical

clearance from the stomach.



Expression of several OMPs is regulated in response to changes in gastric pH and
inflammation, thereby allowing H. pylori to adapt to environmental changes. A pH gradient
is present between the gastric epithelial cell layer and the gastric lumen (~pH 6 to pH 2).
One study reported that the H. pylori BabA adhesin is acid-responsive and BabA-
mediated attachment is reversible, which enables H. pylori to escape from epithelial cells
and mucus that are shed into the acidic lumen (34). H. pylori also uses adhesins to adapt
to changes in the gastric microenvironment, such as inflammation-mediated changes in
glycosylation patterns, to efficiently colonize the gastric mucosa. For instance, BabA
binds to Lewis b (LeP) blood group antigens expressed in glycoproteins from normal
gastric tissue (35). H. pylori adhesion to gastric epithelial cells enables the translocation
of bacterial virulence factors in host cells. This, in turn, stimulates a gastric mucosal
inflammatory response. As a result, there is a shift in glycosylation patterns to express
increased levels of sialylated glycans, which promotes SabA-mediated H. pylori

attachment (35-37).
Role of OMPs in H. pylori colonization of the stomach.

Bacterial colonization of the gastric environment is a complex process. In order to
establish a successful infection, H. pylori must be able to survive the acidic pH of the
gastric lumen, swim towards the gastric mucosa and localize within the gastric mucus
layer. OMPs have been shown to be important colonization factors in multiple bacteria,
but little is known about the contribution of OMPs to H. pylori colonization of the stomach.
As such, it is important to identify OMPs that contribute to H. pylori fitness in the gastric

environment.



Previous studies have used Signature Tagged Mutagenesis (STM) and
Microarray-Based Tracking of Transposon Mutants (MATT) to identify H. pylori genes
essential for gastric colonization (38, 39). In a previous STM study, gerbils were infected
with pools of 24 individually tagged H. pylori mutants for 21 days (38). Mutants present in
the input pool but absent in the output pool were then identified using a tag-specific PCR
method. Both flaA (major flagellin A; important for motility) and ureA (urease subunit a;
important for acid resistance) were identified as essential for gastric colonization (38).
Another study used MATT to identify genes that contribute to gastric colonization (39). In
that study, mice were infected with pools of 48 H. pylori transposon mutants. For each
experiment, the input pool was labeled with Cy-3 (green) and the output pool was labeled
with Cy-5 (red). Microarray methodology was then used to quantify the red/green ratio for
each gene. Numerous genes, including ureA, were essential for gastric colonization. The
two studies described above, as well as others, suggest that FlaA and UreA are required
for H. pylori colonization of the stomach (40-44).

Generation of comprehensive transposon mutant libraries is more challenging in
H. pylori than in several other bacterial species, and the studies conducted thus far to
identify H. pylori genes required for gastric colonization have had several limitations. The
two previous studies described above relied on random transposon mutagenesis for
generation of mutants to identify genes essential for gastric colonization. For example,
the MATT study tracked 1,378 mutants corresponding to 758 different gene loci.
Therefore, it can be presumed that numerous non-essential genes were not evaluated.
Similarly, the mutant library analyzed in the previous STM study was probably not

comprehensive (44). For example, the MATT study did not include analysis of oipA, hopF,



sabA, or babA mutants. As such, little progress was made to evaluate the importance of
these OMPs, and possibly others, in H. pylori fitness in vivo. Furthermore, neither study
used methods allowing a quantitative determination of relative levels of colonization
among the pooled mutant strains. The genetic barcoding approach we used in the current
study (discussed in Chapters Il through 1V) overcomes some of the limitations of previous
transposon studies. This approach allowed us to evaluate mutant pools with known
composition and to quantify the proportional abundance of individual mutants within a
mixed population, thereby assessing whether mutagenesis of target genes leads to a
fitness advantage, disadvantage, or neutral phenotype (relative to one or more barcoded
control strains). An important goal of my project was to identify OMPs that contribute to
H. pylori fitness in vivo, but not in vitro. The following sections provide a detailed
description of many of the H. pylori OMPs analyzed in the current study, as well as control

genes analyzed in the current study (flaA and ureA).

H. pylori Hops with Reported Adhesive Activity

BabA/HopS

Blood group antigen-binding adhesin (BabA) is a Hop outer membrane protein with
an approximate molecular weight of 75-80 kDa. Its structure includes two diversity loops
(DL1 and DL2) and one conserved loop (CL2) (32). The BabA adhesin plays a pivotal
role in H. pylori attachment to H-type 1 and ABO/Lewis b (LeP) blood group antigens
expressed by the human gastric epithelium (45). Previous studies have shown that most
humans are blood group antigen [Le(a-b+)] secretors (46). Interestingly, Lewis antigens

can also be components of H. pylori lipopolysaccharide. This is proposed to be a form of



molecular mimicry to evade host immune detection (47-49). Among H. pylori strains, there
is substantial variation in babA alleles. For example, some H. pylori strains contain a babA
gene and others do not. Some strains contain more than one copy of the babA gene.
Some BabA proteins bind Lewis b and others do not (27, 50-52).

H. pylori attachment to gastric epithelial cells facilitates the delivery of toxins (such
as CagA or VacA) to host cells and can stimulate inflammatory responses (52-56).
Moreover, gastric colonization with H. pylori strains expressing babA is associated with
increased disease severity in humans, including peptic ulcer disease (PUD) and gastric
cancer (GC), compared to colonization with strains that do not express babA (53-60).

Interestingly, several studies have reported that BabA is selected against, either
by phase variation or gene conversion, in various hosts, including rhesus macaques,
Mongolian gerbils, and mice (51, 52, 61-63). Another study showed that the loss of BabA
expression occurs in Le® transgenic mice, similar to the loss of BabA in wild-type mice
(52). To examine the effect of LeP binding on stability of BabA expression in mice, the
investigators generated an H. pylori mutant that produced a form of BabA that could not
bind Le® (BabACL2). Wild-type and transgenic mice that express Le®? were infected with
wild-type or BabACL2 H. pylori. BabA expression was frequently lost in both H. pylori
strains (wild-type and BabACL2) in both mice backgrounds (wild-type and transgenic
mice that express LeP) (52). Therefore, it was proposed that the loss of BabA expression

is not dependent on presence or absence of LeP nor the ability of BabA to bind LeP.
SabA/HopP

Sialic acid-binding adhesin (SabA) binds primarily to sialyl-lewis X antigens found
on the gastric epithelium. Like BabA, the expression of SabA is regulated in response to

8



changes in the gastric environment. H. pylori-mediated gastric inflammation has been
shown to result in upregulated production of sialyl-Le* antigens in the stomach, which
promotes the SabA-mediated attachment to the gastric mucosa. SabA can also mimic
selectin to activate host neutrophils, leading to the production of reactive oxygen species,

which contributes to a persistent inflammatory response (64).

OipA/HopH

Outer inflammatory protein A (OipA), also known as HopH, has been reported to
play a role in H. pylori adhesion to KATO-III cells (a human gastric carcinoma cell
line)(65). The production of an intact OipA protein is regulated by slipped strand
mispairing (SSM) (66). Murine infections with strains expressing oipA have also been
associated with higher colonization density and severe neutrophil infiltration compared to
strains not expressing oipA (67). The functional oipA “on” genotype has been associated
with the capacity of H. pylori strains to stimulate increased IL-8 secretion by gastric
epithelial cells in vitro and increased gastric inflammation in vivo. However, other studies
reported different results (57, 68, 69). Nevertheless, many studies have shown that in-
frame OipA is associated with the presence of cagA and with an increased risk for

developing peptic ulcer disease and gastric cancer (70).

AlpA/B

Two OMPs, designated “adherence-associated lipoproteins” AlpA (HopC, or
OMP20, ~56kDa) and AlpB (HopB, or OMP21, ~57 kDa), are encoded by highly
homologous genes (alpA and alpB) within the same operon (71-73). These genes are
expressed by most H. pylori isolates (57, 74). Both AlpA and AlpB have been shown to

9



contribute to H. pylori adhesion to the gastric mucosa by host laminin binding (75-78),
and Escherichia coli expressing plasmid-born alpA or alpB exhibits a laminin-binding
phenotype (77). AlpB has also been shown to play a role in biofilm formation (79). Strains
lacking AlpA/AlpB have been reported to have defects in the ability to colonize the
stomachs of guinea pigs and Mongolian gerbils and to poorly colonize the stomachs of

mice (80, 81).

HopQ

HopQ contributes to H. pylori adhesion by binding to members of the
carcinoembryonic antigen-related cell adhesion molecule family (CEACAM1, CEACAMS5,
and CEACAMBG6) expressed on the surface of epithelial cells and granulocytes (33, 82).
Two families of hopQ alleles have been described (hopQ-1 and hopQ-Il) (83). Generally,
HopQ-l is more prevalent in CagA- and sl1-VacA-positive strains, whereas HopQ-Il is
more prevalent in CagA-negative s2-VacA-positive strains. H. pylori strains harboring
CagA and s1-VacA have been associated with worse disease outcome. As such, HopQ-
| is associated with an increased risk of peptic ulcer and gastric cancer development,
compared to HopQ-Il (83-86). HopQ-mediated binding enables CagA translocation and
modulates inflammatory signaling (NF-kB activation and IL-8 induction) in host cells (87,
88). HopQ-CEACAM interactions also contribute to gastric colonization in rats that
express CEACAML1 (87). Furthermore, a recent study showed that the interaction of HopQ
with CEACAML1 expressed on immune cells may inhibit immune cell activities, thereby

protecting developing tumors from immune cell attack (89).

HopD/LabA

10



One study reported that the outer membrane protein HopD (~55 kDa) acts as an
H. pylori adhesin that binds specifically to the lacdiNAc (GalNAcbetal-4GIcNAc) motif on
the surface of MUC5AC mucins (90). As such, it was renamed LabA (lacdiNAc-binding
adhesin). Structurally, LabA shares an L-shaped fold with SabA and BabA (91). The head
region contains a 4 + 3 a-helix bundle, with a small insertion domain consisting of a short
antiparallel beta sheet and unstructured region (91). LabA has been shown to form pores
within a planar lipid bilayer model membrane system (92). One study showed that H.
pylori co-localizes to lacdiNAc-MUC5AC mucins in gastric tissue samples, and that
mutagenesis of labA reduced H. pylori binding to the surface of gastric mucosa (90). To
further evaluate the specific interaction between LabA and lacdiNAc, an H. pylori wild-
type strain and a labA mutant were preincubated with free lacdiNAc, and this led to
reduced binding to tissues by a wildtype strain, but not the labA mutant (90). Another
study did not detect lacdiNAc-mediated adhesion of H. pylori strains (93). Therefore,

additional studies are needed to elucidate the role of LabA in H. pylori adhesion.

HopZ

Another putative H. pylori adhesin is HopZ, a 74 kDa protein. One study
demonstrated that mutagenesis of hopZ leads to reduced binding to gastric epithelial
cells, compared to binding of a wild-type strain (67). A host receptor for HopZ has not
been identified. Expression of hopZ is regulated by slipped strand mispairing, which leads
to phenotypic variation between strains (94). The switch status of HopZ has been
observed to switch from “off” to “on” during human infection (95). HopZ switch status has
also been shown to influence H. pylori colonization density in mice (67). However, the

role of HopZ in adhesion and colonization in vivo is not yet clear. While hopZ mutants
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were able to colonize guinea pig stomachs (80), they were less fit to colonize the

stomachs of gnotobiotic transgenic mice (96).

Urease and Gastric Colonization

Urease, a multi-subunit metalloenzyme, is one of the most abundantly expressed
proteins in H. pylori. Seven genes (ureABIEFGH) are necessary for the synthesis of an
active urease enzyme. The urease enzyme is composed of two proteins, UreA (26.5 kDa)
and UreB (60.3 kDa). Various accessory proteins interact with the apoenzyme and deliver
nickel ions to the active site in an energy-dependent process. Functionally, urease
hydrolyzes urea to ammonium (NH4*) and carbon dioxide (CO2).

The ability of H. pylori to survive the low pH of the stomach might suggest that it is
an extreme acidophile. However, that is not the case. In fact, H. pylori is a neutrophile
that utilizes its urease activity to tolerate the acidity of the stomach environment when
exposed to low pH in the gastric lumen (97). The importance of urease as a colonization
factor in H. pylori is supported by numerous studies demonstrating that urease-negative
mutants fail to colonize the gastric mucosa as efficiently as urease-positive H. pylori
strains. This was first shown in studies of gnotobiotic piglets infected with urease-negative
or urease-positive strains (40, 42-44). The urease-negative strain did not colonize any of
the piglets, whereas the urease-positive strain colonized all the piglets and caused
gastritis. Since urease has been shown to act as an important colonization factor, we
included a ureA mutant as a control to assess whether our genetic barcoding approach

could be used to identify mutants with known fitness disadvantages in vivo.
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Flagella and Gastric Colonization

H. pylori flagella are required for H. pylori colonization of the gastric mucosa (98).
Each bacterium possesses 2-8 unipolar flagella that aid in H. pylori motility. This rotatory
nanomachine consists of three major components: the basal body, hook, and filament
(99). The basal body is composed of several proteins, and it plays a role in providing the
energy source for motility. The hook is composed mostly of FIgE, which links the basal
body to the flagellar filament (100, 101). The flagellar filament is a copolymer of the major
flagellin (FlaA) and the minor flagellin (FlaB), which are important for motility (102).

The importance of motility as a colonization factor in H. pylori was first shown in
gnotobiotic piglets infected with motile or non-motile H. pylori variants (98). Motile H. pylori
were recovered from piglets at both 6- and 21- days post-infection, whereas non-motile
H. pylori were only recovered at 6 days post-inoculation. Other animal studies, using
motility-deficient mutants, such as motB (103), fliD (104), putA (105), flaA and flaB (106,
107) mutants, provided further evidence indicating that motility is important for H. pylori
gastric colonization. In our studies, we included a flaA mutant as an additional control to
determine if our genetic barcoding approach could be used to identify mutants with known

fithess disadvantages in vivo.
Animal models

Multiple animal models, including rodents, gnotobiotic piglets, dogs and primates
have been used to study H. pylori infection. Rhesus macaques are most similar to
humans, but large-scale studies with this animal model are impractical because of high
cost and limited availability. As such, most researchers use Mongolian gerbils or mice to

study H. pylori infection.
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Similar to humans, Mongolian gerbils can develop ulcers and gastric cancer in
response to H. pylori infection. Therefore, the gerbil model is especially useful when
studying H. pylori-induced gastric diseases. However, Mongolian gerbils are an outbred
species, which makes it difficult to study host factors that contribute to disease in this
model, and relatively few immunologic tools are commercially available for analysis of
gerbils.

Unlike gerbils, mice rarely develop ulcers and gastric cancer in response to H.
pylori infection. On the other hand, H. pylori can colonize the mouse stomach and mice
develop a gastric mucosal inflammatory response (gastritis). Numerous immunologic
tools are available for studies of mice, and mice can be genetically manipulated. As such,
mice are useful for studying bacterial genes or proteins that contribute to H. pylori
colonization of the stomach and host factors that contribute to the gastric mucosal

inflammatory response.

Gaps in Knowledge

Previous studies have analyzed adhesive properties of specific Hop proteins, but
there has been relatively little effort to systematically assess the contributions of Hop
proteins to H. pylori fithess. To investigate this topic, we developed methodology that
allowed us to track changes in a population of H. pylori mutant strains over time. Chapter
Il discusses the development of this technique for H. pylori research. Chapters Il and IV
discuss the use of this method to evaluate the potential contributions of hop genes to H.
pylori fithess during growth in vitro and in colonization of the mouse stomach and to test
the hypothesis that specific members of this gene family contribute to H. pylori fitness in

vivo but not in vitro.
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CHAPTER II

ADAPTATION OF GENETIC BARCODING TO MONITOR CHANGES IN
ABUNDANCE OF POOLED HELICOBACTER PYLORI MUTANT STRAINS

A modified version was previously published as:

Harvey ML, Lin AS, Sun L, Koyama T, Shuman JHB, Loh JT, Scott Algood HM, Scholz
MB, McClain MS, Cover TL. Enhanced fitness of a Helicobacter pylori babA mutant in a
murine model. Infect Immun. 2021 Jul 26:1A10072520. doi: 10.1128/1A1.00725-20. Epub
ahead of print. PMID: 34310886.

Introduction

Genetic barcoding has commonly been used to study and compare the fitness
advantages and disadvantages of mutant strains, but there has been relatively little use
of this approach for studies of H. pylori (44). Our goal is to adapt genetic barcoding paired
with high throughput sequencing to be used in H. pylori research. We believe that this will
provide a powerful tool to the H. pylori community that could be used to study many
aspects of H. pylori biology, including H. pylori population dynamics, analysis of selective
pressures that shape the evolution of H. pylori populations, and for studying the roles of

H. pylori genes in various selective environments.

Materials and Methods

Bacterial strains and culture conditions

H. pylori strain J166 [GenBank accession CP007603] was originally isolated from
a human with a duodenal ulcer (108, 109). This strain is motile, contains the cag
pathogenicity island and exhibits Cag T4SS activity. We chose strain J166 for the

experiments in this study because it has previously been shown to colonize multiple
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animal species (mice, macaques, Mongolian gerbils, and guinea pigs) and achieves a
lower colonization density in the mouse stomach compared to other mouse-colonizing
strains (e.g., SS1 and PMSS1), which might facilitate the detection of subtle differences
in colonization among multiple mutants. To generate a mouse-adapted wild-type J166
strain, we infected a mouse with strain J166 for 3 months. A single colony isolate that
retained Cag T4SS activity, VacA activity, and motility was selected for use in this study.
Mouse-adapted wild-type J166 and barcoded mutant strains (described below) were
grown on trypticase soy agar plates supplemented with 5% sheep blood (TSA with 5%
sheep blood) in room air supplemented with 5% CO2z at 37°C. All mutant strains were
generated from mouse-adapted wild-type strain J166 (a single colony output from a 3-
month mouse infection) by selective growth on medium containing chloramphenicol (5
pg/ml). E. coli strain DH5q, used for plasmid propagation, was grown on Luria-Bertani

(LB) agar plates or in LB liquid medium supplemented with ampicillin (100 ug/ml) at 37°C.

Barcode generation

The KAnalyze program was used to compile lists of overlapping 7-nucleotide
sequences (7-mers), offset by a single nucleotide (110). A list of all possible 7-mers was
compared to a set of 7-mers not present in the genome sequence of H. pylori strain J166
(nullomers). Three randomly selected nullomers then were concatenated to generate 21-
mer barcodes that would differ from any 21-mer found in H. pylori J166 by at least 3

nucleotide positions.
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Generation of barcoded H. pylori strains

The mdaB-hydA intergenic region (corresponding to HP0630-HP0631 in H. pylori
26695) was identified in H. pylori strain J166 (GenBank accession CP007603) and was
used as a neutral site for introducing nucleotide barcodes. A control library was composed
of H. pylori mutants (LH-1, LH-2, etc.) containing barcodes in the mdaB-hydA intergenic
region. Similarly, we searched the J166 genome with known hop gene sequences from
H. pylori strain 26695 to identify J166 orthologs with greater than 90% sequence identity.
We identified 20 hop genes in J166, and successfully mutagenized 16 (Table 2.1). Two
pairs of hop genes are duplicate copies (hopJ/K and hopM/N); one copy of each duplicate
was mutagenized for this study. If no phenotype (such as a fithess advantage or
disadvantage) was detected for these mutants, it could be attributed to the presence of a
duplicate gene. Additionally, we did not mutate alpB and we did not successfully isolate
a hopZ mutant. Altogether, the OMP mutant library is composed of 16 hop mutants, 1
neutral intergenic mutant (mdaB-hydA: a neutral locus), and 2 additional control mutants
(ureA and flaA, previously reported to be essential for gastric colonization) (38-40, 106,
111) (38-40, 106, 111), totaling 19 uniquely barcoded H. pylori mutants. Independently
generated mutants were obtained by once again transforming the mouse-adapted wild-
type strain J166 with the appropriate plasmids. Hop-encoding genes and control genes
selected for mutagenesis are shown in Table 2.1.

Barcoded mdaB-hydA control strains and hop mutant strains were generated by
transforming mouse-adapted wild-type H. pylori strain J166 with a cassette comprised of
a chloramphenicol acetyltransferase gene and unique 21-nucleotide barcode tags

specific for each mutant, flanked by 500 base pairs homologous to the targeted insertion
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site to facilitate the insertion of this cassette via homologous recombination into the
targeted site (Figure 2.1). H. pylori Hop proteins have conserved sequences at the N- and
C-terminus, and a region of diversity that is predicted to contribute to each Hop’s distinct
functions (72). Simple insertions of the barcoded cassette were targeted to this region of
diversity, approximately 500 base pairs downstream of the transcriptional start site.
Following transformation, H. pylori transformants were plated on sodium bisulphite-free
Brucella (BSFB) agar plates supplemented with cholesterol and containing
chloramphenicol (5 pg/ml) (BB5ChIC) (112, 113). Transformants were validated via
sequencing of PCR amplicons generated with primers flanking the predicted barcoded
cassette insertion site (about 600 base pairs upstream and 600 base pairs downstream

of the insertion site).

Growth Curve Analysis

H. pylori strains J166 wild-type and barcoded mutant strains (alpA, hopE, oOipA,
babA, and flaA mutants) were grown overnight in sodium bisulphite-free Brucella broth
supplemented with 10% FBS in room air supplemented with 5% COzat 37°C. These were
sub-cultured at a starting ODsoo of 0.1 and then measured every 6 hours for 30 hours,

with a final measurement taken at 48 hours.

Results

Nucleotide barcoding of H. pylori strains

To evaluate the fitness of H. pylori strains under different conditions, we used a
genetic barcoding approach (Fig. 2.1). We first generated a “control library” composed of

6 H. pylori strains (LH-1 — LH-6), each containing a unique nucleotide barcode inserted
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in the mdaB-hydA intergenic region, predicted to be a neutral locus (unrelated to bacterial
fitness) (114, 115) (Table 2.1). In the initial development of methodology for tracking
changes in a population of barcoded strains, we conducted experiments to assess the
validity and accuracy of the approach. We pooled the six strains in equal proportions, and
we also created pools in which one control strain (LH-1) was reduced in proportional
abundance by 100-fold or omitted from the pool. As expected, the experimental detection
of barcodes matched the known composition of the pools (Fig. 2.2). Specifically, in an
experiment in which the pool was composed of equal proportions of strains, barcodes
corresponding to LH-1 accounted for 16.7% of total counts (Fig. 2.2A). When the initial
proportion of LH-1 was reduced by 100-fold, barcodes corresponding to LH-1 accounted
for 0.22% of the total counts, with barcodes for other strains increasing in proportional
abundance (Fig. 2.2B). Finally, when LH-1 was excluded from the pool, we no longer
detected barcodes from this mutant (Fig. 2.2C). These data indicate that genetic
barcoding combined with next-generation sequencing (NGS) is a sensitive and
guantitative approach that can be used to track changes in the proportional abundance
of individual mutants within a pool.

Overall, Chapter 1l describes the development and optimization of genetic
barcoding paired with next generation sequencing. This approach will be used in the
following chapters to investigate H. pylori population dynamics and to investigate the role

of Hops in H. pylori fitness in vitro and in vivo.
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Figure 2.1: H. pylori barcoded mutant library design and workflow.

(A) Target genes were subjected to insertional mutagenesis with a cassette comprised of
a chloramphenicol acetyltransferase (cat) gene and unique 21-nucleotide barcodes.
Flanking segments (~500 bp) on either side of the cat cassette are derived from regions
upstream and downstream of the desired site of insertion in the H. pylori chromosome.
Conserved regions flanking each barcode allow unbiased parallel PCR amplification of
barcodes from a pool of mutants. (B) The cassettes illustrated in panel A were introduced
into selected sites in the H. pylori chromosome. Barcoded H. pylori mutants were pooled,
and the resulting libraries were either passaged in vitro or administered to mice by oral
gavage. At the end of the experiments, the relative abundance of barcoded strains in the
populations was analyzed and compared to the abundance of barcoded strains in the
input libraries. Input and output pools were analyzed by extracting H. pylori genomic DNA,
amplifying barcodes via conventional PCR, prepping barcoded amplicons with NGS
adapters, and performing Next-Generation Sequencing.
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Figure 2.2: Alterations in barcode abundance are detectable via next-generation
sequencing. We generated a control library composed of 6 isogenic mutants, barcoded
at the mdaB-hydA intergenic locus (LH-1 through LH-6). These six barcoded control
strains were pooled together at (A) equal proportions, (B) 100-fold reduced abundance of
one strain (LH-1) compared to other strains, or (C) in the absence of one strain (LH-1).
The detected proportion of barcode counts linked to LH-1 shifted from 16.7% to 0.22% to
0.00%, respectively.
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Table 2.1: H. pylori strains used in this study

Strain
name

LH-1
LH-2
LH-3
LH-4
LH-5
LH-6

LH-7

LH-8
LH-9,
LH-9p
LH-10
LH-
11,
LH-
11,
LH-12
LH-
13,
LH-
13,
LH-
14,
LH-
14,
LH-15
LH-
164
LH-
165
LH-17

LH-18
LH-19
LH-20
LH-21
LH-22

LH-23
LH-
24,
LH-
24

LH-25
LH-26
LH-27

LH-28

Description or genotype?®

J166 mdaB::bcl::hydA
J166 mdaB::bc2::hydA
J166 mdaB::bc3::hydA
J166 mdaB::bc4::hydA
J166 mdaB::bc5::hydA
J166 mdaB::bc6::hydA

J166 mdaB::bc7::hydA

J166 ureA::bc8

J166 flaA::bc9

J166 flaA::bc9, independent
J166 hopA::bcl0

J166 alpA::bcll

J166 alpA::bcll, independent
J166 hopD::bc12

J166 hopE::bc13
J166 hopE::bc13, independent
J166 hopF::bcl4

J166 hopF::bcl4, independent
J166 hopG::bcl5

J166 oipA::bcl6

J166 oipA::bcl6, independent

J166 hopl::bcl7

J166 hopK::bcl8
J166 hopL::bcl9
J166 hopN::bc20
J166 hopO::bc21
J166 sabA::bc22
J166 hopQ::bc23
J166 babA::bc24

J166 babA::bc24, independent

J166 babB::bc25

J166 alpA::bcll rdxA::alpA-
bc26

J166 hopE::bc13 rdxA::hopE-
bc27

J166 flaA::bc2 rdxA::flaA-bc28

Annotation of mutated
locus in strain J166

EG65_03855-
EG65_03860
EG65_03855-
EG65_03860
EG65_03855-
EG65_03860
EG65_03855-
EG65_03860
EG65_03855-
EG65_03860
EG65_03855-
EG65_03860
EG65_03855-
EG65_03860

EG65_00400
EG65_04015
EG65_04015
EG65_01210

EG65_04820

EG65_04820
EG65_00150

EG65_03490
EG65_03490
EG65_04015

EG65_04015
EG65_01335

EG65_03820

EG65_03820

EG65_06180
EG65_04865
EG65_06185
EG65_01195
EG65_03405
EG65_03405
EG65_03420

EG65_04730
EG65_04730
EG65_06705
EG65_05040
EG65_05040

EG65_05040

22

Alternate designation(s) of
mutated locus®

HP0630-HP0631, mdaB-hydA

HP0630-HP0631, mdaB-hydA
HP0630-HP0631, mdaB-hydA

HP0630-HP0631, mdaB-hydA
HP0630-HP0631, mdaB-hydA
HP0630-HP0631, mdaB-hydA

HP0630-HP0631, mdaB-hydA,

HPO0O073, ureA
HPO0601, flaA
HP0601, flaA
HP0229, hopA, omp6

HP0912, alpA, hopC, omp20
HP0912, alpA, hopC, omp20
HP0025, hopD, omp2
HP0706, hopE, omp15
HPO0706, hopE, omp15
HP0252, hopF, hopX, omp7
HP0252, hopF, hopX, omp7
HP0253, hopG, hopY
HP0638, o0ipA, hopH, omp13
HP0638, o0ipA, hopH, omp13

HP1156, hopl, omp25
HP0923, hopK, omp22
HP1157, hopL, omp26
HP1342, hopN, omp29
HP0722, hopO, sabB, ompl6
HP0725, sabA, hopP, omp17
HP1177, hopQ, omp27

HP1243, babA, hopS, omp28
HP1243, babA, hopS, omp28
HP0896, babB, hopT, omp19
HP0954, rdxA
HP0954, rdxA

HP0954, rdxA

Barcode Sequence (5’ to 3’)

TGTACGGTCGAGTAACGTGAC
ACTGTACGTACAGTCCTCGGG
CGTACGGGTACAGTCGACGTA
TGTACAGCCCGAGGCCGTACG
TGTACGGCCTCGGGAACGTAG
GTACAGTCGTCGAGTCGAGTA

GTCACGTTCGAGTAGTCACGT

ACGTCGAGTCGGAAGTACAGT
CTCGACGGTCGACGGTCGGAA
CTCGACGGTCGACGGTCGGAA
GTCACGTGGGACGTTCGACAA

AACGTAGCCACGTGGTCACGT

AACGTAGCCACGTGGTCACGT
CGTACGGCGTACGGTCGAGTA

GTCGACGGTCACGTCCGTACA
GTCGACGGTCACGTCCGTACA
CCTCGGGACTGTACCCGTACA

CCTCGGGACTGTACCCGTACA
GTCGAGGGTCGGAAGGGACGT

AACGTAGGTCACGTCGTACGG

AACGTAGGTCACGTCGTACGG

TCGACGTTCGACGTGTACAGT

CCGACGTCGTACGGCCGTACG
CGTACGGACGTCCCGTACAGT
CCGTACGTTCCGACCCCGAGG
GTACAGTACGTGACCCGACGT
ACGTGACTTCCGACCCCGAGG
CGACGTACCGTACGCGTCGAC

CCGACGTCGTCGACGTCGGAA

CCGACGTCGTCGACGTCGGAA
GTCGGAACTCGACGCCTCGGG
TTGTCGACTGTACACCACGTG
TCGAGTATTGTCGACTGTACA

GTCGACGCTGTACATTGTCGA



2 LH 1-28, Target loci in mouse-adapted strain J166 wild-type were mutated by inserting cassettes containing a chloramphenicol
acetyltransferase gene and unique 21 nucleotide barcodes (bc), flanked by 500 base pair sequences adjacent to the targeted insertion
site.

b LH 26-28, These strains are complemented mutants in which the rdxA gene was replaced with the intact gene of interest (alpA,
hopE, or flaA).

¢ These correspond to gene numbers in strain 26695 or gene names.
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CHAPTER 11l

HOP OUTER MEMBRANE PROTEINS AS DETERMINANTS OF HELICOBACTER
PYLORI FITNESS IN VITRO

A modified version was previously published as:

Harvey ML, Lin AS, Sun L, Koyama T, Shuman JHB, Loh JT, Scott Algood HM, Scholz
MB, McClain MS, Cover TL. Enhanced fitness of a Helicobacter pylori babA mutant in a
murine model. Infect Immun. 2021 Jul 26:1A10072520. doi: 10.1128/IA1.00725-20. Epub
ahead of print. PMID: 34310886.

Introduction

Data presented in Chapter Il showed that genetic barcoding was successfully
adapted for H. pylori research. It allows for both the simultaneous disruption of target
genes while introducing a genetic barcode. This methodology enables the quantification
of changes in the proportional abundance of a mixed pool of H. pylori mutant strains. Our
goal for the work presented in Chapter Il was to determine if barcoded control strains
(LH-1 through LH-7) have equal fitness to one another, which would indicate that a non-
selective bottleneck is absent in vitro. Another goal was to identify Hops that play a role
in H. pylori fitness in vitro. We are not currently aware of any studies investigating the role
of Hops in H. pylori fitness in vitro. We consider this to be essential step prior to

investigating the roles of Hops in H. pylori fitness in vivo.

Materials and Methods

Serial passaging of barcoded libraries in vitro

H. pylori input pools were generated by combining barcoded mutant strains at
equal proportions in bisulfite-free Brucella broth, resulting in a final concentration of the

24



pooled mutants of 1.0 x 10° cells/ml. To circumvent a potential loss of bacterial viability
that is sometimes encountered with growth of H. pylori in liquid cultures, we passaged the
pooled bacteria on solid media. The control library input pool was plated on blood agar
plates and passaged every two days for 21 days, for a total of 10 passages. The OMP
mutant library input pool was plated on blood agar plates supplemented with 10% FBS or
BSFB agar plates (0.5% or 0.9% sodium chloride) supplemented with cholesterol and
passaged every two days for 21 days, for a total of 10 passages. When passaging
bacteria from one plate to another, a zig-zagging streak was taken across the bacterial

lawn to allow a comprehensive sampling.

Next-generation sequencing and seqguence data analysis

Genomic DNA was extracted from H. pylori input and output pools (bacterial lawns
from in vitro passages or pooled single colonies grown from mouse stomach lysates, >100
colonies/mouse). Subsequently, barcodes were amplified via conventional PCR with
primers that bind to conserved regions flanking the barcodes. Specifically, we used 5’
ATCTACTGCCGATATTTACG 3 as a forward primer and 5
TAAATCCACTGTGATATCCAT 3’ as a reverse primer. Following a PCR clean-up step
(Qiagen), amplicon libraries were generated using NEBNext Ultra Il DNA Library Prep Kit
for lllumina. Sequencing was performed using Paired-End (PE) 150 bp on the lllumina
NovaSeq 6000 at approximately 10 million PE Reads/Sample. Flanking sequences were
cleaved from barcodes in silico with the “Seqtk Trimfq” Galaxy software tool
(https://github.com/lh3/seqtk/). Barcodes were then sorted by barcode identity and
quantified using “Barcode Splitter” Galaxy software tool.

(http://hannonlab.cshl.edu/fastx_toolkit/). Individual barcode counts for each mutant
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within a single sample were normalized to the same total standard count across all
experiments [gene of interest (goi) normalized count]. For instance, for a given gene of

interest:

gOlraw count

IOlnormalized count = ( ) * tOtalstandard count

tOtalraw count

Additionally, the logio ratio was calculated by taking the logio of the output count
divided by its respective input count for each strain. Due to the limitations imposed by
logio fold calculations, all barcode counts that fell to O were replaced by 0.01 for
guantification purposes. As such, the limit of detection corresponded approximately to a

logao ratio of -8.0.

gOLoutput)

Logq ratio = Log, < -
gOLinput

Small-scale Competition Assays

We generated two libraries containing 12 barcoded mutant strains at equal
proportions, at a final concentration of 1.0 x 10° cells/ml in BSFB. The first library was
composed of the original control strains (LH-1 through LH-7) mixed with the original
barcoded hop mutants (alpA, hopE, hopF, oipA, and babA mutants) (LH-11a, LH-13a, LH-
14,4, LH16a, LH-244). The second library was composed of the original control strains (LH-
1 through LH-7) mixed with the new independent barcoded hop mutants (alpA, hopE,
hopF, oipA, and babA mutants) (LH-11p, LH-13p, LH-14b, LH-16b, LH24y). Each library

was plated and serially passaged on blood agar plates every two days for 21 days.
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Genomic DNA was isolated from input and output pools and processed for next

generation sequencing as described above.

Pairwise Competition Assays

The LH-7 control strain was combined 1:1 with original flaA, alpA, hopE, hopF,
0ipA, and babA mutants (LH-9a, LH-11a, LH-134, LH-144, LH-16a, LH-244) or subsequently
generated mutants (LH-9b, LH-11b, LH-13b, LH-14pb, LH-16b, LH-24p) and passaged on
blood agar plates every two days for 21 days. Subsequently, we extracted genomic DNA
from the input and outputs using phenol-chloroform-based methods (116). Real-time
gPCR analysis of DNA samples was performed with SYBR green fluorophore (iQ SYBR
Green Supermix; Bio-Rad) on an ABI StepOnePlus machine. Primer sequences can be
found in Table 3.5. A standard curve of each DNA target was generated using 10-fold
dilutions starting at 50 ng/well. The abundance of individual strains was calculated using

the appropriate standard curve for each DNA target.

Generation of Complemented Mutant Strains

Plasmids for complementation contained the relevant gene with its endogenous
promoter along with a unique 21-nucleotide barcode, flanked by 500 base pairs
homologous to sequence flanking the rdxA gene. These plasmids were designed to allow
insertion of the relevant gene into the rdxA locus, rendering these strains metronidazole
resistant (117).Complemented mutant strains (LH-26, LH-27, LH-28) were generated by
transforming J166 alpA (LH-11a), hopE (LH-13a), and flaA (LH-9a) mutants with the
appropriate plasmids. Following transformation, H. pylori transformants were plated on
BSFB agar plates supplemented with cholesterol and containing metronidazole (7.5
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pg/ml). Transformants were validated via sequencing of PCR amplicons generated with
primers flanking the rdxA gene (about 600 base pairs upstream and 600 base pairs

downstream of the insertion site).

Competition Assays with Complemented Mutants

The LH-7 control strain was mixed 1:1:1 with a hop mutant strain [alpA (LH-11a),
hopE (LH13a), or flaA (LH-9a) mutants] and the corresponding complemented mutant (LH-
26, LH-27, or LH-28) and passaged on blood agar plates every two days for 21 days, for
a total of 10 passages. Genomic DNA was extracted from the input and output populations
using phenol-chloroform-based methods (116). We used real-time gPCR methodology
described above to assess the abundance of each strain in the output and input

populations. Primer sequences can be found in Table 3.5.

Statistical analysis

For experiments analyzing OMP mutants in vitro, we used the following approach
to identify mutants in the OMP mutant library that were significantly different from the
control strain (LH-7) while accounting for the observed variability in the control library. All
pairwise mean differences within the control library were estimated with 99% confidence
intervals, and the furthest boundary (in either positive or negative direction) from 0 was
selected as the boundary of no difference. Two-sample t-test without assuming equal
variance was used to compare a mutant in the OMP mutant library with the control strain
(LH-7). A 99% confidence interval (corresponding to type | error rate of 1%) was
computed for each comparison (Figures 3.1, 3.2, 3.4E, and 3.4F). Strains with p value
less than 0.01 (when comparing to LH-7) and also a 99% CI that does not overlap the
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boundary of no difference (based on the control library) were considered significant. All
confidence intervals and p-values are reported in supplemental tables (3.1, 3.2, 3.3, 3.4,

3.6).

Results

Tracking changes in composition of the control library in vitro

We first evaluated the stability of the control library during growth in vitro. We
prepared three independent preparations of the control mutant library on three separate
days, each containing equal proportions of the component strains, and we passaged the
libraries on blood agar plates (TSA-5% sheep blood). Following 10 serial passages of the
libraries over 21 days, we compared the composition of the passaged libraries (outputs)
with the composition of the starting libraries (inputs), using PCR and NGS as described
in Methods. As expected, at the start of the experiment each of the input libraries
contained similar proportions of the six component strains (Fig. 3.1A). At the end of the
experiment, all six strains remained present in the output libraries. When comparing the
relative abundance of various strains in the output libraries, there were statistically
significant differences in the numbers of barcode counts detected (Table 3.1), but the
magnitude of changes was relatively small (less than 10-fold differences in the numbers
of barcode counts) (Fig. 3.1B). These data provide a frame of reference for interpreting
subsequent experiments investigating the contribution of specific hop genes to H. pylori

fithess.

Tracking changes in composition of the OMP mutant library in vitro

29



To evaluate possible contributions of hop genes to H. pylori fithess, we generated
an “OMP mutant library” containing a panel of barcoded strains with mutated hop genes
(Table 2.1). This library also contained several barcoded control strains for comparison,
including a strain containing the barcode in the mdaB-hydA intergenic region (LH-7) and
two strains containing mutations in non-hop genes predicted to be required for H. pylori
fitness in vivo but not required for fitness in vitro (ureA and flaA, encoding a subunit of
urease and a flagellar component, respectively) (Table 2.1) (38-40, 106, 111) . We
prepared three independent preparations of the OMP mutant library on three separate
days, each containing equal proportions of the component strains. Following 21 days of
serial passaging in vitro, we compared the composition of the passaged libraries with the
composition of the input libraries. At the start of the experiment each of the input libraries
contained similar proportions of the component strains (Fig. 3.2A). There were marked
changes in the composition of the libraries over the course of the experiment, and the
observed reduction in abundance of several mutants was much greater than what was
observed in the previous experiment with control strains (compare Fig. 3.2B with Fig.
3.1B). We used multiple criteria to identify mutants that exhibited significant differences
in fitness compared to control strains, as described in Methods. Neither the control strain
nor the ureA mutant exhibited a fithess defect in vitro, but unexpectedly, the flaA mutant
exhibited a fithess defect. Based on the combined results of two statistical analyses (t-
tests and analysis of confidence intervals), hopE and oipA mutants (designated LH-13a
and LH-16a) exhibited significant fithess defects and a hopF mutant (LH-14a) exhibited a

fitness advantage (Fig. 3.2C, Table 3.1). Growth curve analyses of the hopE, oipA, and
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flaA mutant strains indicated that these mutant strains grew at rates similar to that of the
J166 wild-type strain and several other mutants (Fig. 3.8).

We then conducted further experiments to evaluate if similar changes in the library
composition would be observed after passage on TSA-5% sheep blood compared to two
alternate media [BSFB-cholesterol agar plates containing either routine levels of
supplemental sodium chloride (0.5%) or increased levels of sodium chloride (0.9%)].
Barcode counts from multiple hop mutant strains (including hopE, oipA, and hopF
mutants) were significantly different compared to barcode counts from the control strain

under all three conditions (Fig. 3.3 and Table 3.2).

Further evaluation of mutants in vitro

To address the possibility of unrecognized secondary mutations in mutant strains,
we repeated the mutagenesis of mouse-adapted wild-type strain J166, thereby
generating independently constructed replicates of the original mutants. Specifically, we
generated newly constructed hopE, oipA, and hopF mutants (designated LH-13p, LH-16b,
and LH-14y) since the original hopE, oipA, and hopF mutants exhibited fithess defects in
the initial experiments (Fig. 3.2 and Fig. 3.3). We also generated a second flaA mutant
strain (LH-9b) to determine if the unexpected fitness disadvantage of the flaA mutant
observed in Figure 3.2 and Figure 3.3 would be recapitulated. For comparison, we also
generated a newly constructed alpA mutant (LH-11p) and babA mutant (LH-24y). In the
initial experiments (Fig. 3.2), the alpA mutant exhibited a non-significant trend toward a
fithess defect and the babA mutant did not exhibit any detectable fitness defect.

We evaluated the fitness of the new hop mutants, along with the new flaA mutant,
using small-scale competitions and pairwise competitions assays. Small-scale
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competitions were conducted using two libraries composed of 12 barcoded mutant strains
[7 control strains (LH-1 to LH-7) and the new alpA, hopE, oipA, hopF, and babA mutants]
and the populations were analyzed via NGS, whereas pairwise assays were carried out
with 1:1 mixtures of mutants competed with LH-7 and analyzed via gPCR. Consistent with
results of the initial experiment (Fig. 3.2), we observed fithess defects of hopE and oipA
mutants (LH-13ab and LH-16a) when testing independently constructed mutant strains
(Fig. 3.3-3.5, Tables 3.2-3.4). The significance of the fithess defect observed for the alpA
mutant compared to LH-7 was variable depending on the type of statistical analysis
performed (Fig. 3.3-3.5, Tables 3.2-3.4). The properties of the original hopF mutant (LH-
14.) were not recapitulated by the newly constructed hopF mutant strain (LH-14p). As
expected, there were no significant differences when comparing the babA mutants (LH-
242 and LH-24p) with the LH-7 mutant, confirming that babA does not contribute to H.
pylori fitness in vitro (Fig. 3.3-3.5, Tables 3.2-3.4).

Among the 5 genes analyzed in the experiments described above, several are
monocistronic (for example, oipA and babA), whereas alpA and hopE are each predicted
to be transcribed within operons. This raises the possibility that mutagenesis of the latter
genes might alter transcription of downstream genes (73). Therefore, we assessed if the
fitness of alpA and hopE mutants could be restored via complementation. In parallel, we
undertook complementation of the flaA mutant, which had an unexpected fitness defect.
Complemented mutants were generated as described in Methods. gRT-PCR experiments
showed that alpA and hopE were transcribed as expected in the complemented mutants
(data not shown) and motility of the flaA mutant was successfully restored by the

complementation (Fig. 3.6). To evaluate the fitness of the complemented strains
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compared to the mutants from which they were derived, we did competition experiments
in which three strains (LH-7 control strain, a mutant strain and the corresponding
complemented mutant strain) were combined at equal proportions and passaged on
blood agar plates for 21 days. Subsequently, the relative abundance of each strain
compared to the control strain was analyzed by qPCR as described in Methods. As
expected, the relative abundance of the alpA, hopE, and flaA mutants was reduced
compared to the relative abundance of the control strain (Fig. 3.7). Unexpectedly,
complementation did not rescue the fitness of these three mutant strains (Fig. 3.7).
Potential explanations for why the fithess of these mutants was not restored by

complementation are considered in the Discussion.

Discussion

As an initial step toward development of this methodology, we generated a
barcoded control library in which all strains were genetically manipulated at a neutral
locus, unrelated to bacterial fithess. Following 21 days of growth in vitro, we observed
relatively low variability in composition of the control library, indicating that these strains
were able to form a stable community and did not encounter any strong non-selective
pressures in vitro. Next, we assessed a library of hop mutant strains and analyzed
changes in its composition during 21 days of passage in vitro. The hopE and oipA mutants
exhibited a fitness defect that was detected using three types of solid culture media and
the results were corroborated when analyzing independently generated hopE and oipA
mutants. Likewise, the alpA mutant exhibited a trend consistent with a fitness defect in

vitro. Unexpectedly, we also observed that flaA mutants exhibited a fithess defect in vitro.
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To further evaluate the fitness defects of these mutants, we generated
complemented mutant strains. The rdxA locus, which was used as the site for introduction
of these complemented genes, was previously reported to have no effect on H. pylori
fitness. Complementation restored expression of alpA and hopE, and restored motility in
the flaA mutant, but unexpectedly, complementation failed to reverse the fithess defects
of these mutants. There are multiple possible explanations for the failure of
complementation to restore fitness of the mutants. One possibility (relevant for alpA and
hopE) is that the insertion of barcoded antibiotic resistance cassettes in these genes
might have altered the transcription of other genes in the operon. Another possibility is
that co-transcription of these operon-encoded genes is necessary for proper function, and
in this scenario, complementation into a heterologous locus would not rescue fitness. As
another possibility, insertional mutagenesis of OMP-encoding genes might have resulted
in the production of truncated proteins, causing a detrimental effect on H. pylori fitness.
Finally, it is possible that the mutagenesis may have altered production of SRNAs. H.
pylori is known to produce hundreds of different SRNAs, and we speculate that there may
be strain-specific differences in SRNA production in the strain used for the current study
compared to a prototype strain used for previous studies of H. pylori SRNA production.
Since the complementation experiments did not provide evidence indicating a contribution
of alpA or hopE to H. pylori fitness, we did not undertake further studies to investigate the
mechanistic basis for the fitness defects of these mutants in vitro. Overall, we
demonstrated the utility of our barcoding approach to quantify changes in the composition
of a barcoded library in vivo. In the next chapter, we will investigate in vivo pressures and

the role of Hops in H. pylori fitness using this same genetic barcoding approach.
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Figure 3.1: The control library proliferated as a stable community in vitro.

We generated control libraries composed of 6 strains, each containing a unique
nucleotide barcode at the mdaB-hydA intergenic locus. In three independent experiments
conducted on separate days, a single input pool was inoculated to 3 separate plates (p1-
p3) which were passaged in vitro for 21 days. The composition of input (input 1-3) and
output pools (pl-p3) was analyzed as described in Methods. The barcode counts of input
and output pools were normalized to standardized total counts. Panel A shows relative
proportions of barcode counts and panel B shows log10 ratios comparing output counts
to the input counts (see details in Methods). Statistical analysis is shown in Table 3.1.
The control library proliferated as a relatively stable community, without substantial
changes in the proportional abundance of individual strains compared to the input pool.
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Figure 3.2: Fitness of a library of hop mutant strains during passage in vitro.

We generated “OMP mutant libraries” composed of 16 hop mutants and 3 non-hop control
mutants. In three independent experiments conducted on separate days, a single input
pool was inoculated to one or more separate plates (p1l-p6) which were passaged in vitro
for 21 days. The composition of input (input 1-3) and output pools (p1-p6) was analyzed
as described in Methods. (A, B) Panel A shows relative proportions of barcode counts
and panel B shows logl0 ratios comparing the output pools with the input. (C) We
estimated the variability observed in the control library (Fig. 3.1) by analyzing all pairwise
differences of mean log10 ratios within the control library (see Table 3.1). For each of the
15 pairwise differences, 99% confidence intervals were computed. Among these, the
furthest boundary from 0 is 1.075 (LH-1 vs LH-4). Thus, we used the -1.075 to 1.075
range as the boundary for “no difference”. In other words, each mutant in the OMP mutant
library needs to be further from the control strain (LH-7) than this distance to be
considered a significant change from the input. We computed 99% confidence intervals
of the difference between each mutant to the control (LH-7). Additionally, all 16 pairwise
comparisons within the control library are depicted (orange). If a comparison to the control
strain (LH-7) within the OMP mutant library (blue) clears this threshold (99% confidence
is wholly above or below the threshold) (*), we concluded that the mutant is significantly
different from the control. Statistical analysis is shown in Table 3.1. The hopE (LH-13a),
oipA (LH16a), and flaA (LH-9a) mutants had significantly reduced barcode counts based
on both these criteria, whereas hopF (LH-14a) mutant had significantly increased barcode
counts.
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Fig. 3.3. Mutagenesis of specific hop genes alters H. pylori fithess independent of media
composition.

The OMP mutant library was passaged on (A,D) blood agar plates, (B, E) brucella agar
plates containing 0.5% sodium chloride, or (C, F) brucella agar plates containing 0.9%
sodium chloride for 21 days. The composition of input and output pools was analyzed as
described in Methods. (A,B,C) These panels show log10 ratios (output/input) for each
mutant. (D,E,F) Differences in mean log10 ratios (output/input) were estimated with a
99% confidence interval, and the mutants significantly different from the control were
identified. Significant changes are in blue and non-significant changes are in orange.
Statistical analysis is shown in Table 3.2. Strains with mutations in hopE and oipA
exhibited significant fitness defects in all three conditions, whereas hopF, hopG, and
hopO mutants had significant fitness advantages in all three conditions (p< 0.01).
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Figure 3.4: Evaluation of mutant pools containing independently generated hop mutants.
We generated two libraries composed of 12 barcoded mutant strains. Each library
included the original control strains (LH-1 through LH-7) and either the (A, B) original flaA,
alpA, hopE, hopF, oipA, and babA mutants (LH-9a, LH-11a, LH-13a, LH-14a, LH-164, LH-
244) or (C, D) subsequently generated flaA, alpA, hopE, hopF, oipA, and babA mutants
(LH-9b, LH-11p, LH-13p, LH-14b, LH-16b, LH-24y). The libraries were passaged in vitro for
21 days in three independent experiments. The composition of input (input 1-3) and
output pools (pl-p3) was analyzed as described in Methods. Differences in mean logio
ratios (output/input) were estimated with a 99% confidence interval for the barcoded
library composed of (E) original mutants and (F) subsequently generated mutants (blue).
Additionally, all pairwise comparisons within the control library are depicted (orange).
Statistical analysis is shown in Table 3.3. Based on the criteria described in Figure 3.2
and in Methods, alpA, hopE, and oipA mutants decreased in abundance relative to the
control strains within the barcoded library composed of the original mutants, whereas the
hopF mutant increased in abundance relative to the control strains. The relative
abundance of the babA mutant remained similar to the control strains. The relative
abundance of hopE and oipA mutants decreased relative to the control strains within the
barcoded library composed of subsequently generated mutants. The relative abundance
of the subsequently generated hopF and babA mutants remained similar to control
strains. *comparison is wholly above or below boundary of no difference.
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Figure 3.5: Fitness of newly generated hop mutants evaluated by gPCR.

The original flaA, alpA, hopE, hopF, oipA, and babA mutants (LH-9a, LH-11a, LH-13a, LH-
144, LH-16a, LH-244) or subsequently generated mutants (LH-9b, LH-11p, LH-13p, LH-14s,
LH-16b, LH-24p) were mixed with the control strain (LH-7) in a 1:1 ratio and passaged on
blood agar plates every 2 days for 21 days. Original mutants are shown in blue and
subsequently generated mutants are shown in red. We used qPCR to determine the
abundance of each mutant in the input and output populations, based on comparison to
a standard curve generated for each target. The logio ratio (output/input) was calculated
based on the relative abundance of mutant/LH-7 in the output and input populations. At
the end of the experiment, the relative abundance of the original and second alpA, hopE,
oipA, and flaA mutants was decreased relative to that of LH-7. The relative abundance of
the original hopF mutant was increased compared to that of LH-7, whereas the second
hopF mutant remained similar to LH-7. The relative abundance of the original and second
babA mutants remained similar to that of LH-7. The changes in abundance of both alpA,
hopE, oipA, and flaA mutants were statistically significant. Statistical analysis is shown in
Table 3.4. *p-value <0.01.
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A B C
flaA complement

Figure 3.6: Restored motility in complemented flaA mutant.

Bacterial strains of A) J166 wild-type, B) J166 flaA mutant, and C) J166 complemented
flaA mutant were inoculated into the center of soft agar gel. After 5 days, the diameter of
motility was measured. Strains J166 wild-type and the complemented flaA mutant were
motile, whereas the flaA mutant was non-motile.
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Figure 3.7: Complementation does not restore in vitro fitness of alpA or hopE mutants.
Bacterial strains were mixed in a 1:1:1 ratio and passaged on blood agar plates for 21
days. These mixtures were composed of A) the control strain (LH-7), a flaA mutant (LH-
9a), and the complemented flaA mutant (LH-28), B) the control strain (LH-7), the alpA
mutant (LH-11a), and the complemented alpA mutant (LH-26), and C) the control strain
(LH-7), the hopE mutant (LH-13a), and the complemented hopE mutant (LH-27). We used
gPCR to determine the abundance of each mutant in the input and output populations,
based on comparison to a standard curve generated for each target. The logio ratio
(output/input) represents the abundance ratio of the mutant/LH-7 in the output and input
populations. The abundance of flaA, alpA, and hopE mutants was reduced compared to
LH-7. Likewise, the abundance of the complemented mutants was also reduced
compared to LH-7.
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Fig. 3.8: Growth curve analysis of omp mutant strains.

The J166 wild-type strain and multiple mutant strains [alpA (LH-11a), hopE (LH-13a), 0ipA
(LH-16a), babA (LH-24a), and flaA (LH-9a) mutants] were cultured in liquid media and
samples were collected every 6 hours for 48 hours. We used ODesoo measurements to
evaluate bacterial growth. Panel A shows the growth curves of all strains. Panels B-F
show comparisons of wild-type strain J166 (black) with individual mutants for ease of
interpretation. No significant differences were detected.
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Table 3.1: Statistical analysis of results from experiments in which the control and OMP
mutant libraries were passaged on blood agar plates for 21 days

comparison | !mean diff 299% ClI %p value
LH-1vs LH-2 0.399 [0.27, 0.530] <0.001
LH-1 vs LH-3 0.455 [0.17, 0.74] 0.001
LH-1vs LH-4 0.801 [0.53, 1.08] <0.001
LH-1 vs LH-5 0.410 [0.28, 0.54] <0.001
LH-1 vs LH-6 0.448 [0.33, 0.57] <0.001
LH-2 vs LH-3 0.055 [-0.23, 0.34] 0.554
LH-2 vs LH-4 0.401 [0.13, 0.68] 0.001
LH-2 vs LH-5 0.011 [-0.11, 0.14] 0.797
LH-2 vs LH-6 0.049 [-0.06,0.16] 0.205
LH-3 vs LH-4 0.346 [0.00, 0.69] 0.010
LH-3 vs LH-5 -0.044 [-0.33, 0.24] 0.636
LH-3 vs LH-6 -0.007 [-0.29, 0.28] 0.942
LH-4 vs LH-5 -0.390 [-0.66, -0.12] 0.001
LH-4 vs LH-6 -0.352 [-0.63, -0.08] 0.002
LH-5 vs LH-6 0.038 [-0.07, 0.15] 0.334
ureA vs LH-7 -0.375 [-0.82, 0.07] 0.025

flaA vs LH-7 -1.899 [-2.34, -1.46] <0.001
hopA vs LH-7 0.738 [0.26, 1.21] <0.001
alpA vs LH-7 -1.343 [-1.78, -0.90] <0.001
hopD vs LH-7 0.190 [-0.22, 0.60] 0.185
hopE vs LH-7 -2.453 [-2.92, -1.99] <0.001
hopF vs LH-7 1.708 [1.30, 2.11] <0.001
hopG vs LH-7 1.301 [0.89, 1.71] <0.001
0ipA vs LH-7 -2.257 [-2.88, -1.64] <0.001
hopl vs LH-7 0.739 [0.32, 1.16] <0.001
hopK vs LH-7 0.556 [0.07, 1.04] 0.004
hopL vs LH-7 0.135 [-0.28, 0.55] 0.350
hopN vs LH-7 -0.387 [-0.90, 0.12] 0.042
hopO vs LH-7 1.399 [0.98, 1.82] <0.001
sabA vs LH-7 -0.268 [-0.67, 0.14] 0.063
hopQ vs LH-7 -0.341 [-1.01, 0.32] 0.152
babA vs LH-7 0.709 [0.27,1.15] <0.001
babB vs LH-7 0.819 [0.40, 1.24] <0.001

Table 3.1 corresponds to the data presented in Figure 3.2C, which examines changes in composition of the control library and OMP
library following 21 days of in vitro passaging on blood agar plates.

! Difference of mean logs, ratios of compared samples (output/input). Logs, ratios were calculated as described in Methods. For each
comparison in the first column, the mean log, ratio of the first mutant listed was subtracted from the mean log, ratio of the second
mutant. For instance, LH-1 vs LH-2 equals LH-1 minus LH-2.

299% confidence interval of the mean difference of logo ratios (output/input).

8 p-value from two sample t-test of pairwise comparisons.
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Table 3.2: Statistical analysis of results from experiments in which OMP mutant libraries
were passaged on multiple types of media in vitro

Blood Agar BSFB with Regular Salt BSFB with High Salt

Comparison | mea 299% CI °p mean 299% CI p mean 299% CI p
n diff value diff value diff value
ureAvs LH-7 | -0.29 [-0.62, 0.03] 0.015 0.45 [-0.34, 1.23] 0.092 -0.12 [-0.72, 0.48] 0.501
flaAvs LH-7 | -1.75 [-2.16, -1.33] <0.001 -0.65 [-1.88, 0.58] 0.101 -1.38 [-2.40, -0.36] 0.003
hopAvsLH-7 | 0.8 [0.41,1.19]  <0.001 0.98 [0.23,1.72] 0.002 0.71 [-0.06,1.48]  0.014
alpAvsLH-7 | -1.18 [-1.52,-0.83]  <0.001 -0.24 [-1.03, 0.55] 0.329 -0.64 [-1.34,0.06] 0.015
hopDvs LH-7 | 0.53  [0.19, 0.87] 0.001 0.56 [-0.13, 1.25] 0.025 -0.42 [-1.05,0.22] 0.052
hopE vs LH-7 | -2.13 [-2.60,-1.67]  <0.001 -1.61 [-2.37,-0.85]  <0.001 -3.83 [-5.53,-2.13] <0.001
hopF vs LH-7 | 2.04 [1.72,2.37] <0.001 1.96 [1.23, 2.68] <0.001 1.26 [0.73,1.79]  <0.001
hopG vs LH-7 | 1.58 [1.24, 1.92] <0.001 1.15 [0.39, 1.91] 0.001 1.16 [0.69, 1.64] <0.001
OipAvsLH-7 | -1.86 [-2.34,-1.39] <0.001 -2.32 [-3.03, -1.6] <0.001 -2.96 [-4.33,-1.59] <0.001
hopl vs LH-7 | 1.08 [0.75, 1.42] <0.001 1.06 [0.05, 2.06] 0.008 -0.97 [[1.52,-0.43] <0.001
hopK vs LH-7 | 0.61 [0.26, 0.96] <0.001 0.36 [-0.45, 1.17] 0.174 -0.54 [(0.97,-0.10] 0.003
hopL vs LH-7 | 0.32 [-0.03, 0.68] 0.016 151 [0.76, 2.27] <0.001 1.6 [1.09, 2.11] <0.001
hopNvs LH-7 | -0.4  [-0.75, -0.05] 0.005 -0.16 [-0.85, 0.52] 0.425 0.02 [-0.64, 0.67] 0.922
hopO vs LH-7 | 1.77 [1.42,2.12] <0.001 2.67 [1.97, 3.37] <0.001 1.88 [1.46,2.31] <0.001
sabAvs LH-7 | -0.01  [-0.33,0.31] 0.917 0.17 [-1.00, 1.35] 0.614 -1.18 [-1.57,-0.79] <0.001
hopQ vs LH-7 | -0.51 [-0.87,-0.14] 0.001 -0.36 [-1.12, 0.4] 0.151 -0.36 [-0.76, 0.04] 0.017
babAvsLH-7 | 0.8 [0.47,1.12] <0.001 0.68 [-0.29, 1.64] 0.045 -0.79 [-1.43,-0.16] 0.003
babB vs LH-7 | 1.15 [0.82, 1.47] <0.001 1.05 [0.35, 1.75] 0.001 0.29 [-0.12, 0.69] 0.046

Table 3.2 corresponds to the data presented in Figure 3.3, which examines the changes in composition of the OMP library following
21 days of in vitro passaging on various types of solid culture media (blood agar, BSFB with regular salt, or BSFB with high salt).

! Difference of mean log, ratios of compared samples (output/input). For each comparison in the first column, the mean of logs, ratio
of the first mutant listed was subtracted from the mean log;, ratio of the second mutant. For instance, ureA vs LH-7 equals ureA minus

LH-7.

299% confidence interval of the mean difference of logo ratios (output/input).

3 p-value from two sample t-test of pairwise comparisons.
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Table 3.3 Statistical analysis of results from experiments in which barcoded libraries
composed of original or replicate hop mutants were passaged on blood agar plates for 21
days

Barcoded Library with Original mutants Barcoded Library with Replicate Mutants
comparison | mean diff 299% ClI %p value mean diff 299% ClI %p value
LH-1 vs LH-2 0.189 [-0.08, 0.46] 0.057 0.308 [0.20, 0.42] <0.001
LH-1 vs LH-3 0.369 [0.16, 0.58] <0.001 0.244 [0.12, 0.37] <0.001
LH-1vs LH-4 0.692 [0.47,0.91] <0.001 0.632 [0.52, 0.75] <0.001
LH-1 vs LH-5 0.468 [0.21, 0.72] <0.001 0.402 [0.28, 0.52] <0.001
LH-1 vs LH-6 0.418 [0.18, 0.65] <0.001 0.411 [0.29, 0.53] <0.001
LH-2 vs LH-3 0.180 [-0.09, 0.45] 0.070 -0.064 [-0.17, 0.04] 0.069
LH-2 vs LH-4 0.502 [0.23,0.78] <0.001 0.324 [0.26, 0.39] <0.001
LH-2 vs LH-5 0.279 [-0.02, 0.58] 0.015 0.093 [0.01, 0.18] 0.007
LH-2 vs LH-6 0.228 [-0.06, 0.51] 0.033 0.103 [0.02, 0.19] 0.003
LH-3 vs LH-4 0.323 [0.10, 0.55] 0.001 0.388 [0.28, 0.50] <0.001
LH-3 vs LH-5 0.099 [-0.16, 0.35] 0.265 0.157 [0.04, 0.27] 0.001
LH-3 vs LH-6 0.049 [-0.19, 0.28] 0.553 0.167 [0.05, 0.28] 0.001
LH-4 vs LH-5 -0.224 [-0.49, 0.04] 0.023 -0.231  [-0.33,-0.13] <0.001
LH-4 vs LH-6 -0.274 [-0.52, -0.03] 0.005 -0.221  [-0.32,-0.13] <0.001
LH-5 vs LH-6 -0.050 [-0.32,0.22] 0.589 0.010 [-0.10, 0.12] 0.792
alpA vs LH-7 -1.796 [-2.33, -1.26] <0.001 -1.238  [-1.96, -0.52] <0.001
hopE vs LH-7 -3.059  [-3.69, -2.43] <0.001 -2.066 [-2.57, -1.56] <0.001
hopF vs LH-7 1.276 [1.05, 1.50] <0.001 -0.482  [-0.95, -0.01] 0.009
0ipA vs LH-7 -3.685 [-4.04, -3.33] <0.001 -2.992  [-3.93, -2.06] <0.001
babA vs LH-7 0.684 [0.50, 0.87] <0.001 -0.098 [-0.27, 0.08] 0.096

Table 3.3 corresponds to the data presented in Figure 4.1E and F, which examine the changes in composition of the barcoded libraries
composed of original or replicate hop mutant strains following 21 days of in vitro passaging on blood agar plates.

! Difference of mean log, ratios of compared samples (output/input). For each comparison in the first column, the mean of logs, ratio
of the first mutant listed was subtracted from the mean logs ratio of the second mutant. For instance, LH-1 vs LH-2 equals LH-1 minus
LH-2.

299% confidence interval of the mean difference of logo ratios (output/input).

3 p-value from two sample t-test of pairwise comparisons.
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Table 3.4: Statistical analysis of pairwise competitions of a control mutant with original
or replicate hop mutants in vitro

comparison Mean 99% ClI p value
alpA vs LH-7 -1.190 [-2.13, -0.25] 0.004
babA vs LH-7 -0.037 [-0.20, 0.13] 0.154
hopE vs LH-7 -2.477 [-4.41, -0.55] 0.005
hopF vs LH-7 0.212 [-2.25, 2.67] 0.711
0ipA vs LH-7 -3.462 [-4.98, -1.94] <0.001
flaA vs LH-7 -1.050 [-1.80, -0.30] 0.002

Table 3.4 corresponds to the data presented in Figure 3.5, which examines the changes in the relative abundance of the control
mutant (LH-7) versus an original or replicate hop mutant following 21 days of pairwise competitions in vitro. These changes were
examined using single-plex gPCR with mutant-specific primers.

1 Mean of the relative abundance ratio of output to input of mutant/LH-7. A negative number indicates that the relative abundance of
the hop mutant is less than the control (LH-7), whereas a positive number indicates that the relative abundance of the hop mutant is
greater than the control (LH-7).

299% confidence interval of the mean.

8 p-value from one sample t-test.
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Table 3.5: Primer sequences used for gPCR analysis

Primer names

Sequence (5' to 3')

LH-7 forward

LH-7 reverse

ACGTGACTACTCGAACGTGAC
CAGAGCTCCCGAACGCTTTG

alpA forward

Cassette reverse

GCTCCCTAGCTTGACTGACAGG
GTGAATTGCATCATTTATCCTCCG

hopE forward

hopE reverse

TGTACGGACGTGACCGTCGAC
CATCAGGACCTTTAGCTTCAATG

hopF forward

Cassette reverse

GGTGGTGGATGTAGGGAAAGAAC
GTGAATTGCATCATTTATCCTCCG

0ipA forward

0ipA reverse

CCGTACGACGTGACCTACGTT
GTATTAGCGTCTAGCGTTCTGCC

babA forward

babA reverse

GACTTGCTGAATAAATAATTCCGACG
CTTTGAGCGCGGGTAAGCC
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Table 3.6: Statistical analysis of results from experiments in which mice were infected
with the control or OMP mutant libraries for 21 days

comparison | *mean diff 299% ClI 3p value
LH-1 vs LH-2 -2.129 [-5.19, 0.93] 0.061
LH-1vs LH-3 -1.464 [-4.60, 1.68] 0.196
LH-1 vs LH-4 0.223 [-2.75, 3.20] 0.831
LH-1vs LH-5 -1.822 [-4.97, 1.33] 0.113
LH-1 vs LH-6 -1.570 [-4.63, 1.49] 0.156
LH-2 vs LH-3 0.665 [-2.39, 3.72] 0.538
LH-2 vs LH-4 2.352 [-0.53, 5.23] 0.030
LH-2 vs LH-5 0.307 [-2.75, 3.37] 0.776
LH-2 vs LH-6 0.559 [-2.41, 3.52] 0.594
LH-3 vs LH-4 1.687 [-1.28, 4.65] 0.118
LH-3 vs LH-5 -0.358 [-3.50, 2.78] 0.746
LH-3 vs LH-6 -0.106 [-3.15, 2.94] 0.921
LH-4 vs LH-5 -2.045 [-5.02, 0.93] 0.063
LH-4 vs LH-6 -1.793 [-4.66, 1.08] 0.089
LH-5 vs LH-6 0.252 [-2.80, 3.31] 0.815
ureA vs LH-7 -3.281 [-4.31, -2.25] <0.001

flaA vs LH-7 -3.366 [-4.38, -2.36] <0.001
hopA vs LH-7 -0.048 [-1.46, 1.37] 0.928
alpA vs LH-7 -3.326 [-4.34, -2.31] <0.001
hopD vs LH-7 -1.740 [-2.93, -0.55] <0.001
hopE vs LH-7 -3.352 [-4.36, -2.34] <0.001
hopF vs LH-7 -1.736 [-2.86, -0.61] <0.001
hopG vs LH-7 -2.418 [-3.49, -1.34] <0.001
0ipA vs LH-7 -2.001 [-3.24, -0.76] <0.001
hopl vs LH-7 -2.975 [-4.04, -1.91] <0.001
hopK vs LH-7 -0.099 [-1.42, 1.23] 0.844
hopL vs LH-7 -1.006 [-2.22, 0.21] 0.031
hopN vs LH-7 -0.391 [-1.56, 0.78] 0.380
hopO vs LH-7 -2.676 [-3.76, -1.59] <0.001
sabA vs LH-7 -2.798 [-3.88, -1.72] <0.001
hopQ vs LH-7 0.151 [-1.12, 1.42] 0.755
babA vs LH-7 4.550 [3.35, 5.75] <0.001
babB vs LH-7 -0.590 [-1.95, 0.77] 0.255

Table 3.6 corresponds to the data presented in Figure 4.2C, which examines the changes in composition of the control library and
OMP mutant library after 21 days in mice.

! Difference of mean log, ratios of compared samples (output/input). For each comparison in the first column, the mean of logs, ratio
of the first mutant listed was subtracted from the mean logs, ratio of the second mutant. For instance, LH-1 vs clt-2 equals LH-1 minus
LH-2.

299% confidence interval of the mean difference of logo ratios (output/input).

8 p-value from two sample t-test of pairwise comparisons.
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CHAPTER IV

HOP OUTER MEMBRANE PROTEINS AS DETERMINANTS OF HELICOBACTER
PYLORI FITNESS IN VIVO

A modified version was previously published as:

Harvey ML, Lin AS, Sun L, Koyama T, Shuman JHB, Loh JT, Scott Algood HM, Scholz
MB, McClain MS, Cover TL. Enhanced fitness of a Helicobacter pylori babA mutant in a
murine model. Infect Immun. 2021 Jul 26:1A10072520. doi: 10.1128/1A1.00725-20. Epub
ahead of print. PMID: 34310886.

Introduction

Data presented in Chapter Ill demonstrated that the barcoded control strains have
equal fitness in a competitive in vitro environment. One goal of the work presented in
Chapter IV is to determine if H. pylori experiences a non-selective bottleneck in vivo.
Changes in H. pylori colonization density in parallel with various stages of immune system
activation suggests the presence of at least one bottleneck mediated by host-immune
responses (118). Another goal is to identify Hops that play a role in H. pylori fithess in
vivo, but not in vitro. Previous studies have shown that several H. pylori OMPs play a role
in gastric colonization. Among these, AIpA/B have been shown to be ubiquitously
expressed in isolates from both human and mouse models (57, 74). Mutagenesis of
alpA/alpB has been shown to lead to a colonization deficiency in the stomachs of guinea
pigs and Mongolian gerbils, and to poorly colonize the stomachs of mice (80, 81).
Similarly, mutagenesis of 0ipA has been shown to lead to decreased colonization density
and lessened neutrophil infiltration compared to strains expressing OipA in the murine

model (67). The roles of other H. pylori Hops in gastric colonization are understudied.
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Materials and Methods

Orogastric infection of mice with barcoded libraries

Male conventional C57BL/6 mice, 6-8 weeks old, were used in all studies (The
Jackson Laboratory). H. pylori input pools were generated by resuspending individual
barcoded mutants in pre-warmed BSFB broth. Each barcoded mutant was then combined
at equal proportions; the final concentration of the combined mutants was 1.0 x 10°
cells/ml in BSFB broth. Mice were anesthetized and infected with 0.5 ml of H. pylori input
pools via oral gavage. Mice were sacrificed at 21- or 90-days post-infection. After
euthanasia, the stomachs were excised, the forestomach removed, and the remaining
stomach opened along the minor curvature. Stomach contents were washed away with
sterile PBS and stomach tissue was homogenized in 500 pl of brucella broth for 10
minutes using a Bullet Blender (Next Advance). 100 ul of homogenized stomach tissue
was cultured on TSA plates supplemented with 5% sheep blood, nalidixic acid [10 pg/ml],
vancomycin [50 pg/ml], amphotericin [20 pg/ml], and bacitracin [100 pg/ml]. Samples

were processed as described below.

Pairwise Competition Assays

The LH-7 control strain was combined 1:1 with original babA mutants (LH-24a) or
subsequently generated mutant (LH-24p). Mice were infected with 1:1 mixtures of LH-7
competed with either the original or independent babA mutant (LH-24a or LH24b).
Subsequently, we extracted genomic DNA from the input and outputs using phenol-
chloroform-based methods (116). Real-time gPCR analysis of DNA samples was

performed with SYBR green fluorophore (iQ SYBR Green Supermix; Bio-Rad) on an ABI
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StepOnePlus machine. Primer sequences can be found in Table 3.5. A standard curve of
each DNA target was generated using 10-fold dilutions starting at 50 ng/well. The
abundance of individual strains was calculated using the appropriate standard curve for

each DNA target.

Statistical analysis

For analysis of in vivo experiments, thresholds of -2 and 2 were used as a threshold
for defining marked differences of mean logio ratios, corresponding >100-fold
differences (Fig. 4.2C). Strains with a p value less than 0.01 (when comparing to LH-7)
and also a 99% CI that does not overlap the + 2 threshold were considered significant. In
experiments without a corresponding control library for comparison, we required a 99%
confidence interval to be wholly above or below 0, which is equivalent to a multiplicity-
controlled type | error rate of 1% (Fig. 3.3). Finally, for analysis of g°PCR data, a one-
sample t-test was used to estimate log-transformed OMP/LH-7 ratios with a 99%
confidence interval (Fig. 4.3, Table 4.1). All confidence intervals and p-values are

reported in supplemental table 4.1.

Results

Tracking changes in composition of the control library in vivo

We next undertook experiments to analyze the fitness of H. pylori strains in vivo.
To assess changes in a population of control strains in vivo, we infected mice with the
control library for 21 days (corresponding to the same time period analyzed for the in vitro
experiments). Animals were euthanized, H. pylori strains were cultured from the
stomachs, and the composition of the resulting populations was compared to the

54



composition of the input libraries (Fig 2.1B). As seen in Figure 4.1A, we detected
barcodes corresponding to each of the strains in the population. These data confirm that
multiple H. pylori strains can co-colonize the same stomach. Notably, the distribution of
barcode counts in individual mice was highly variable. In each case, the composition of
the H. pylori population recovered from individual mice was markedly different from the
input population, and populations from individual mice were markedly different from
populations of other mice (Fig. 4.1A). This variation occurred in a random manner, with
no statistically significant differences detected when comparing individual control strains
with other control strains (Fig. 4.1 and Table 3.6). Therefore, in contrast to the relatively
stable composition of the control library observed during passage in vitro, we consistently
observed marked changes in the composition of the control library when it was introduced
into murine stomachs (compare Fig. 4.1B with Fig. 3.1B). These findings are consistent

with the existence of a non-selective bottleneck in vivo.

Testing the fithess of hop mutant strains in vivo

We next infected mice with the OMP mutant library and analyzed output pools
cultured from the murine stomachs at 21 days post-infection. Similar to the results of in
vivo experiments with the control library, we observed a high variability in the distribution
of barcode counts in individual mice, and in each case, the composition of the population
recovered from individual mice was markedly different from the composition of the input
population (Fig. 4.2). Consistent with previous reports that ureA and flaA are required for
gastric colonization (38-40, 106, 111), we detected very low numbers of barcode counts
for the ureA and flaA mutants. Interestingly, we did detect barcode counts specific for

ureA or flaA mutants at levels substantially above the limit of detection (defined in
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Methods) in several of the animals (Fig. 4.2B, Table 3.6). The babA mutant was the
dominant strain (accounting for >50% of total barcode counts) in output pools from the
majority of the mice (Fig. 4.2, Table 3.6). The same result was observed in mice infected
with independent input pools. A similar dominance of the babA mutant was observed in
mice infected for 90 days (Fig. 4.4). At this time point (90 days post-infection), barcode
counts corresponding to the babA mutant accounted for >95% of counts from 4 out of 5
mice (Fig. 4.4). Statistical analysis was complicated by a very high level of variability in
results for individual animals, which is presumably attributable to the bottleneck
phenomenon observed in Fig. 4.1. In a statistical analysis using the approach employed
for Fig. 3.2, none of the OMP mutants met the criteria for statistically significant changes.
Nevertheless, we were able to identify hop mutants that exhibited marked changes in
numbers of barcode counts compared to the control strain (LH-7). Specifically, there was
a >100-fold reduction in the ratios of output/input barcode counts for alpA and hopE
mutants compared to the control strain (Fig 4.2, Table 3.6). The numbers of barcode
counts corresponding to alpA and hopE mutants were similar to the numbers of barcode
counts corresponding to ureA and flaA mutants. The babA mutant exhibited an increased
abundance of similar magnitude (>100-fold increase).

When comparing the results of experiments conducted in vivo with results of
experiments conducted in vitro (compare Figure 3.2 with Figure 4.2), the ureA mutant
exhibited a fithess defect in vivo but not in vitro, as expected. We did not identify any hop
mutants that exhibited unequivocal fithess defects exclusively in vivo without
corresponding fitness defects in vitro. Interestingly, the babA mutant exhibited a strong

fitness advantage in vivo compared to control strains and other mutants, but the babA
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mutant did not exhibit a corresponding fithess advantage in vitro. The babA mutant
accounted for greater than 50% of nucleotide bar counts in bacterial populations
recovered from 26/40 (65%) mice, but did not exhibit a similar fithess advantage in 10
experiments conducted in vitro (p = 0.0002). Therefore, the babA mutant exhibited a
fithess advantage in vivo but not in vitro.

To further evaluate the in vivo fithess advantage observed with the babA mutant,
we mixed the LH-7 control strain with either the original babA mutant (LH-24a) or the
subsequently constructed babA mutant (LH-24b) in equal proportions and passaged these
mixtures on blood agar plates for 21 days. In parallel, the mixtures were introduced into
mouse stomachs via oral gavage, and the gastric H. pylori populations were assessed at
21 days post-infection. We then analyzed the relative abundance of the babA mutants
compared to the control strain by qPCR as described in Methods. As expected, there
were no significant differences when comparing the relative abundance of the babA
mutants with the control strain in vitro (Fig. 4.3). In mice, however, we observed that both
babA mutants outcompeted the control strain (Fig. 4.3), confirming that the babA mutant

exhibited enhanced fithess in vivo but not in vitro.

Discussion

As an initial step in undertaking experiments in vivo, we orogastrically infected
mice with the control library. Following 21 days of infection, we observed that all of the
control library strains were detected in each stomach, indicating that multiple strains of H.
pylori can colonize that same stomach. Notably, the proportional abundance of each
mutant varied from mouse to mouse, suggesting that strong non-selective pressures

influenced the population colonizing each mouse. This is consistent with the results of
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previous studies, which suggested that H. pylori experiences a bottleneck early in
infection. Thus, the animal experiments with the control library provided insight into the
non-selective environmental pressures encountered in vivo and established a foundation
for understanding the range of experimental variability that can be expected in the
absence of functional strain-specific differences.

Next, we compared the fitness of hop mutants in vivo compared with the fitness of
the corresponding mutants in vitro. We anticipated that we would identify hop mutants
required for colonization of the stomach but not required for H. pylori fitness in vitro. A
ureA mutant exhibited the expected behavior (essential for fitness in vivo but not in vitro),
which indicated that the methodology could identify such mutants. Unexpectedly, we did
not identify any hop mutants that exhibited fitness defects in vivo but not in vitro.
Functional redundancy among Hop proteins might account for the failure to identify any
mutants that exhibited these characteristics. Another possibility is that the colonization
advantage of the babA mutant might have hindered efforts to detect mutant that have
reduced fitness in vivo. In future studies, it might be informative to conduct experiments
in which babA mutants are excluded. This is discussed as a future direction in Chapter 6.
There were several other challenges associated with analysis of the barcoded libraries in
vivo. PCR amplification of the barcoded regions from the mouse stomachs was not
consistently successful, so we cultured H. pylori from the mouse stomachs and analyzed
the cultured bacteria. Consequently, there could be bias related to detection of strains
that had properties favoring efficient culture from the mouse stomachs. Conversely, a
strength of this approach was that it assured that the barcodes detected originated from

viable organisms. The second limitation was that the numbers of individual H. pylori
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colonies cultured from stomachs varied considerably among mice. To reduce bias, we
restricted our analysis to mice from which at least 100 H. pylori colonies were cultured.

Although we were not able to identify any mutants that exhibited a fitness defect in
vivo but not in vitro, we found that the babA mutant exhibited a fithess advantage in vivo
but not in vitro. Several previous studies observed that the BabA adhesin is selected
against (via the loss of babA expression or loss of Lewis? binding) during experimental H.
pylori infection of mice, Mongolian gerbils, or rhesus macaques (51, 52, 61-63). The
current results are consistent with such observations.

In H. pylori strains isolated from humans, babA may be either present or absent,
and in some instances when the gene is present, the BabA protein is not produced or
when produced, it does not bind to Lewis? (27, 50-52). We presume that there are
selective pressures in humans that favor retention of babA, at least under some
circumstances. Previous studies have shown that BabA is important for initial H. pylori
attachment to the human gastric mucosa and allows for reversible attachment as gastric
cells are shed off into the lumen. Therefore, BabA might confer a benefit to H. pylori at
specific stages of infection in humans but might be deleterious at other stages of infection.
Alternatively, BabA may confer a benefit in individuals who produce LeP antigen (the BabA
receptor) but not in individuals who do not produce LeP. The results of the current study,
along with previous studies, suggest that the presence of babA is deleterious in the mouse
model. The mechanisms leading to selection against babA-positive strains in mice (in
contrast to retention of babA-positive strains in humans, at least under some
circumstances) are not yet known. Previous studies have shown that BabA is selected

against in stomachs of rhesus macaques, Mongolian gerbils, and mice, suggesting the
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presence of a selective pressure against retention of BabA in the stomach (51, 61). One
of the relevant differences between the human and mouse gastric environments is that
mice lack LeP (the BabA receptor). A previous study showed that the loss of BabA is not
dependent on the expression of Le in the murine model, nor on BabA’s ability to bind to
LeP (52). We presume that the presence of babA confers both benefits and costs to H.
pylori, and retention or loss of the gene is dependent on the balance of benefits and costs

in varying gastric environments.
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Figure 4.1: Multiple strains of H. pylori can colonize the same stomach.

C57BI/6J mice were infected with control libraries for 21 days in two independent
experiments. H. pylori was cultured from the stomachs and the composition of input and
output pools was analyzed as described in Methods. The labels m1-m6 indicate results
for individual mice in separate experiments. (A, B) Panel A shows relative proportions of
barcode counts and panel B shows logio ratios comparing the output pools with the input.
Statistical analysis is shown in Table 3.6. All control strains (LH-1 through LH-6) within
these libraries could be detected after 21 days, but the numbers of barcode counts
corresponding to each mutant were highly variable from mouse to mouse.
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Figure 4.2: Fitness advantage of a babA mutant in vivo.

C57BIl/6J male mice were infected with OMP mutant libraries for 21 days in three
independent experiments. H. pylori was cultured from the stomachs and the composition
of input and output pools was analyzed as described in Methods. The labels m1-m18
indicate results for individual mice in separate experiments. (A,B) Panel A shows relative
proportions of barcode counts and panel B shows logio ratios relative to the input. At the
end of the experiment, half of the infected mice had >50% of total counts originating from
the babA (LH-24a) mutant barcode. (C) If the 99% confidence interval was wholly above
2 or below -2 in the logio scale, then the OMP mutant strain was considered significantly
different from the control strain (LH-7). Statistical analysis is shown in Table 3.6. Using
this approach, we determined that the relative abundance of alpA (LH-11a), hopE (LH-
13a), ureA (LH-8), and flaA (LH-9a) mutants was decreased, whereas the relative
abundance of babA mutant was increased relative to LH-7. * indicates >100-fold
difference in ratio of output compared to input.
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Figure 4.3: Fitness of babA mutants in vitro and in vivo evaluated by gPCR.

Each babA mutant [original (LH-24a) and replicate (LH-24p) mutants) was mixed with the
control strain (LH-7) in a 1:1 ratio. The mixtures were passaged on blood agar plates for
21 days and also used for infection of mice, which were euthanized at 21 days post-
infection. We used gPCR to determine the relative abundance of each strain in the input
and output populations, based on comparison to a standard curve generated for each
target. The logio ratio (output/input) was calculated based on the relative abundance of
each mutant compared to the control strain in the output and input populations. At the
end of the experiment, the relative abundance of the original (LH-24a) and independent
(LH-24p) babA mutants remained similar to that of LH-7 in vitro but was increased in mice.
The changes in abundance of the babA mutants in mice were statistically significant
(asterisks indicate p value <0.001). Statistical analysis is shown in Table 4.1.
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Figure. 4.4: Fitness advantage of a babA mutant in vivo after 90-day infection.

In parallel with studies done in Figure 5, five C57BI1/6J mice were infected with the first
OMP mutant input library (Input 1) and euthanized at 90 days post-infection. H. pylori was
cultured from the stomachs and the composition of input and output pools was analyzed
as described in Methods. (A,B) and Panel A shows logso ratios (output/input) and panel
B shows the relative proportions of barcode counts individual animals. At the end of the
experiment, 4 out of 5 mice had >95% of total barcode counts originating from the babA

mutant (LH-24a).
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Table 4.1: Statistical analysis of pairwise competitions of a control mutant with original or replicate
babA mutants in vitro and in vitro.

Comparison in vitro | 'mean diff 299% CI 3p value
babA vs LH-7 0.304 [-0.59, 1.20] 0.229

Comparison in mice | mean diff 299% CI 3p value
babA vs LH-7 6.206 [4.43, 7.98] <0.001

Table 4.1 corresponds to the data presented in Figure 6, which examines the changes in the relative abundance of the control mutant
(LH-7) versus an original or replicate babA mutant following 21 days of pairwise competitions in vitro and in mice. These changes
were examined using single-plex gPCR with mutant-specific primers.

1 Mean of the relative abundance ratio of output to input of mutant/LH-7. A negative number indicates that the relative abundance of
the babA mutant is less than the control (LH-7), whereas a positive number indicates that the relative abundance of the babA mutant
is greater than the control (LH-7).

299% confidence interval of the mean.

3 p-value from one sample t-test.
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CHAPTER V

PROJECTS IN PROGRESS

There are multiple projects that are extensions of work described in the previous chapters.

Fitness of babA mutants in multiple H. pylori strains

Previous studies have shown that the BabA adhesin is selected against during
experimental H. pylori infection of animal models, including mice, Mongolian gerbils, and
rhesus macaques (62). Data presented in Chapters Il and 1V build upon these findings
by demonstrating that mutagenesis of babA leads to a fithess advantage in vivo, but not
in vitro.

To further evaluate the fitness advantage of a babA mutant, we infected C57BI/6J
mice with monocultures of a J166 control mutant (LH-7) or a J166 babA mutant for 21
days. After 21 days, mice were sacrificed, and stomachs were plated for CFU counts. We
found that mice infected with either J166 LH-7 or the babA mutant had similar colonization
densities (Figure 5.1). Therefore, the babA mutant outcompeted other strains in mixed
infections, but it did not achieve a higher colonization density than the control strain when
the strains were tested individually.

Next, we investigated whether the fithess advantage rendered by mutagenesis of
babA in H. pylori strain J166 would be recapitulated in alternate H. pylori strain
backgrounds. To test this, we generated a control mutant (LH-7) and a babA mutant in H.
pylori strain G27. C57BI/6J mice were infected with monocultures of G27 wild-type, G27
LH-7 and the G27 babA mutant for 16 days. We found that both G27 wild-type and G27

LH-7 were unable to colonize mice. Interestingly, the G27 babA mutant strain was able
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to colonize mice to levels similar to J166 (Figure 5.2). Follow-up experiments to
investigate multiple aspects of the role of BabA in H. pylori fitness are described in Future
Directions in Chapter VI.

Biofilm studies

Biofilms are surface-attached microbial communities. Biofilm formation is initiated
by attachment of single cells to a surface, and bacterial adhesins have been shown to
play an important role in biofilm formation. Previous literature has reported that alpB and
homB contribute to H. pylori biofilm formation in vitro (on glass cover slips and in tissue
culture treated plates) (79, 119). Flagella have also been reported to be important for H.
pylori biofilm formation (120-122). Our goal was to identify specific Hops that contribute
to biofilm formation.

To test this, we generated a barcoded control library and OMP mutant library in
the parental wild-type strain G27 using the barcoded plasmids described in previous
chapters. H. pylori strain G27 was chosen because it is capable of biofilm formation in
vitro, unlike strain J166. Next, we assessed each mutant’s ability to form biofilm in vitro
by growing monocultures of each mutant strain in brucella broth supplemented with 10%
fetal bovine serum in tissue culture-treated plates. Cultures were grown for 4 days in room
air supplemented with 5% CO2 at 37°C. Subsequently, planktonic bacteria were washed
away, and the surface-attached biofilm was stained with crystal violet. ODsoo
measurements were taken to quantify the total biofilm formed by each mutant compared
to a G27 wild-type control. As expected, the G27 control mutants were able to form biofilm
at a level similar to that of G27 WT (Figure 5.3). Additionally, we found that a flaA mutant

was no longer able to form biofilm, which concurs with the literature showing that flagellar
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mutants have decreased biofilm-forming ability (Figure 5.3). An alpA mutant also showed
decreased biofilm formation (Figure 5.3). This could be a consequence of polar effects
on alpB (since alpA is in an operon with alpB), which is consistent with literature showing
that alpB is important for biofilm formation (79). We also identified several additional
OMPs that may play a role in biofilm formation. Mutagenesis of oipA, babA, sabA, sabB,
hopD, and hopN led to significant decreases in biofilm formation (Figure 5.3). Follow-up

experiments are further described in Future Directions in Chapter VI.

Optimization of Genetic Barcoding Approaches

Viability PCR (v-PCR)

In the research presented in Chapter IV, the composition of the output libraries
was assessed based on analysis of bacteria cultured from stomachs. This could
potentially impose a bias, since culturing enriches for bacteria that are able to efficiently
transition from a gastric environment to a culture plate environment. Direct PCR from the
stomach would overcome this limitation. However, one potential pitfall would be that
bacterial DNA amplified directly from stomach contents can originate from both viable and
non-viable bacteria. Viability PCR, developed by Biotium, uses a PMAxx dye, which is a
cell membrane-impermeable and photoreactive dye that has a high affinity for double
stranded DNA (dsDNA). This dye intercalates into dsDNA and forms a covalent linkage
upon exposure to intense visible light. When a sample containing both live and dead
bacteria is treated with the PMAxx dye, only dead bacteria with compromised cell
membranes are susceptible to DNA modification by the PMAXxx dye. In a gPCR reaction,

we expect that dead cell DNA will show delayed amplification and higher Ct values than
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live cell DNA. To test the efficiency of this methodology, purified H. pylori DNA was treated
with or without PMAXxx, exposed to intense light, the highly conserved ureA gene was
amplified in a gPCR reaction, and Ct values were determined via real-time gPCR. We
found that PMAXxx inhibits amplification of purified DNA by approximately 20 cycles
(Figure 5.4A). We also tested live H. pylori or heat-treated H. pylori treated with PMAXxx
and found that PMAXxx inhibits amplification from heat-treated bacteria (approximately 6
cycles difference in cycle threshold compared to amplification from live bacteria) (Figure
5.4B). Additional studies will be needed to determine the optimal concentration of PMAXxx

dye for in vitro experiments and for use with mouse stomachs.

Optimization of methodology for analyzing H. pylori-AGS cell co-cultures

H. pylori express multiple adhesins that bind various receptors on host cells. The
Hop family encodes at least 8 reported adhesins (AlpA/B, BabA, SabA, HopQ, OipA,
LabA, and HopZ), but the function of the remaining Hop family members remains elusive.
Since adhesion involves direct contact of bacteria with the host, adhesins are typically
exposed on the bacterial surface. At least six additional Hops meet multiple criteria for
surface exposure (HopF, HopJ/K, BabB, Hopl, and HopL) (123). We hypothesize that
surface-exposed Hops play a role in H. pylori adhesion. To elucidate which Hops play a
dominant role in adhesion to gastric epithelial cells (AGS), we must first optimize an
adhesion assay to study AGS-H. pylori co-cultures.

One commonly used assay for evaluating H. pylori adhesion to cultured cells is
performed by incubating monocultures of H. pylori with AGS cells, then washing away the
non-adherent H. pylori, and finally separating the H. pylori from the AGS cells for CFU
count analysis by selectively lysing the AGS cells with a detergent, such as saponin.
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Several steps within this methodology have the potential to be optimized further. As one
example, the detergent conditions might not be optimal for high-throughput studies of
adherent H. pylori within a co-culture. To test this, we carried out the same protocol
described above, but lysed the AGS cells with either saponin or Triton X-100 or detached
the cells from the plate by scraping. We found that cell-scraping and saponin treatment
of co-cultures enriched for intact bacteria better than treatment with Triton X-100, resulting
in a higher abundance of H. pylori DNA from AGS co-cultures quantified by gPCR (Figure
5.4C). Another step that can be optimized is determining the optimal concentration of
saponin added to co-cultures. Saponin forms pores in membrane bilayers, leading to cell
lysis. Some studies suggest that saponin preferentially disrupts eukaryotic cell
membranes. To determine the optimal concentration of saponin for use with AGS-H.
pylori co-cultures, we incubated either bacteria only or an AGS co-culture with various
concentrations of saponin (0%, 0.01%, 0.1%, or 1%). We found that saponin
concentrations of 0.01% were well tolerated by H. pylori in the presence or absence of
AGS cells (Figure 5.4D), whereas concentrations of 0.1% and above were cytotoxic to H.
pylori (Figure 5.4D). | also observed that AGS co-cultures were easier to resuspend for
CFU counts when treated with 0.01% saponin than untreated samples that were scraped
off the plate. Moving forward, adhesion assays used to quantify H. pylori CFUs will be
performed with 0.01% saponin.

Another application of the adhesion assay methodology would incorporate a high-
throughput approach to test the role of Hops in adhesion. In this case, AGS cells would
be incubated with a barcoded H. pylori library and the composition of the adherent

population would be compared to that of the input population. As part of this approach,
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non-adherent H. pylori would be washed away, followed by lysis of AGS cells with
saponin, and centrifugation to separate the adherent population of H. pylori from lysed
AGS cells. Genomic DNA would then be extracted from this pellet and used for high-
throughput sequencing. One limitation of this approach is that there could be DNA
carryover from lysed AGS cells that could, in turn, decrease the relative abundance of H.
pylori DNA in any given sample following DNA isolation. Another limitation could be that
a portion of the H. pylori DNA sequenced could originate from non-viable bacteria. To
address these limitations, we tested whether PMAxx would increase the abundance of H.
pylori DNA from viable bacteria by inhibiting the amplification of DNA from non-viable cells
(AGS and H. pylori). To test this, we compared the efficiency of amplification from the
input pool compared to amplification from preparations of adherent H. pylori treated with
both saponin and PMAXxx or with PMAXxx only. As expected, we found that the combined
treatment of AGS co-cultures with saponin and PMAXxx increases the vyield of bacterial
DNA recovered from viable H. pylori compared to recovery from samples treatment with
PMAXxx only(Figure 5.4E).

We also sought to determine the limit of detection of barcoded H. pylori DNA within
an AGS co-culture. To test the sensitivity of this assay, we infected AGS cells with various
multiplicities of H. pylori infection (MOIs) and analyzed the abundance of DNA recovered
from each co-culture. We found that we could detect H. pylori DNA under conditions with
an MOI of 1 H. pylori cell per 10,000 AGS cells in vitro (Figure 5.4F).

As an alternative approach to identifying Hops that are important for H. pylori-
adhesion to gastric epithelial cells, we could use immunofluorescence methodology. To

determine the feasibility of this approach, AGS cells were incubated with either a wild-

72



type strain or a Hop mutant strain (alpA, babA, or sabA mutants). AGS-adherent H. pylori
were imaged, and bacterial DNA intensity was quantified by outlining each AGS cell, and
subtracting DNA signal from the AGS nucleus (Figure 5.5). This preliminary study was
done using DAPI to quantify bacterial DNA intensity. In the future, we would perform
immunofluorescence with an H. pylori-specific antibody to facilitate analysis procedures.
Overall, we did not identify any differences in the attachment of the mutant strains to AGS
cells compared to attachment of the wild-type strain. One possibility is that H. pylori’s
adhesins have redundant functions. Another possibility is that H. pylori adhesins have cell
type-specificity, and that the adhesins tested thus far are not important for adhesion to

AGS cells. Additional studies will be needed to characterize the role of Hops in adhesion.
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Figure 5.1 H. pylori colonization densities of mice infected with wild-type strain J166 or a
babA mutant.
C57BI/6J male mice were infected with a monoculture of J166 mutant strains LH-7 or a

monoculture of the J166 babA mutant (LH-24a) for 21 days. H. pylori was cultured from
the stomachs and the numbers of colony forming units (CFU) were determined. Statistical
analysis was performed using a t-test. There were no significant differences in CFU
counts.
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Figure 5.2 H. pylori colonization densities in mice infected with wild-type strain G27 or a
babA mutant.

C57BIl/6J male mice were infected with monocultures of G27 wild-type, G27 control
mutant strain LH-7, or a G27 babA mutant for 16 days. H. pylori was cultured from the
stomachs and colony forming units (CFU) counts were determined. Strains G27 wild-type
and G27 LH-7 were not able to colonize mice, whereas the G27 babA mutant was able
to colonize mice. Statistical analysis was performed using a one-way ANOVA with
Dunnett’s multiple comparisons test. *p-value <0.0001 relative to G27 WT (100%).
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Figure 5.3 Biofilm quantification of G27 barcoded mutants.

H. pylori strain G27 was used to generate a panel of barcoded control mutants (LH-1
through LH-7) and a panel of OMP mutants (ureA through babB). Monocultures of G27
wild-type (WT) and mutant strains were grown for 4 days. Biofilm was quantified using
crystal violet staining. Relative levels of biofilm formation (%) by each strain relative to the
G27 wild-type strain are shown. Control strains LH-1 through LH-7 produced biofilm at
similar levels as WT. Mutants of alpA, hopD, oipA, hopN, sabA, sabB, and babA genes
showed significantly decreased biofilm formation compared to wild-type. Statistical
analysis was performed using a one-way ANOVA with Dunnett’'s multiple comparisons
test. *p-value <0.0001 relative to G27 WT (100%).
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Figure 5.4 Optimization of AGS co-culture methodology.

Amplification curves of H. pylori ureA gene are shown for (A) H. pylori DNA with or without
PMAXxx dye treatment. The sequential curves represent 10-fold dilution curves for each
sample. (B) Live and heat-treated H. pylori with PMAxx dye (+PMA), NTC=no template
control. (C) H. pylori DNA from AGS co-cultures treated with saponin, cell scraping, or
Triton X-100 compared to a positive control (DNA only). Panel D shows H. pylori survival
in various concentrations of saponin (bacteria only or AGS co-cultures). (E) Amplification
curves of H. pylori DNA from AGS co-cultures treated with saponin and PMAXxx or PMAXX
only. (F) Amplification of H. pylori DNA from AGS co-cultures at various multiplicities of
infection (MOI).
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Figure 5.5 Immunofluorescence of AGS-adherent H. pylori.

AGS cells were co-cultured with an H. pylori wild-type strain or various hop mutants,
including alpA, babA, and sabA mutants. DNA was stained with DAPI. Each point
represents the fluorescent DAPI signal of bacterial cells in the peripheral regions of AGS
cells (excluding the signal from AGS cell nuclei). The mutants did not show a significant
difference from H. pylori WT. Statistical analysis was performed using a one-way ANOVA
with Dunnett’s multiple comparisons test.

78



CHAPTER VI

FUTURE DIRECTIONS

In summary, this work provides new insights into the existence of non-selective
pressures that shape the H. pylori community during gastric colonization and the role of
BabA as a determinant of H. pylori fitness. In addition, the quantitative monitoring of
nucleotide barcodes described in this study offers numerous advantages compared to
comparative analysis of strains labeled with different antibiotic markers. These
methodologic approaches will be useful in future studies of H. pylori population dynamics,
both in vitro and in vivo. For example, these methods can be used in future studies to
evaluate H. pylori fitness in various in vitro environments to study effects of pH, medium
composition, and other variables, as well as H. pylori fithess and population dynamics in
varying in vivo environments. We anticipate that this approach will be generally useful for
studying the roles of H. pylori genes in various phenotypes, as well as for analysis of the

selective pressures that shape the evolution of H. pylori populations.
Development of an intragastric H. pylori community

One area of interest is to investigate the dynamics of H. pylori gastric colonization.
Some individuals may become colonized with multiple unrelated strains of H. pylori over
the course of a lifetime. A single H. pylori strain can also mutate within the stomach, and
consequently, individuals are commonly colonized with a population of closely related
strains. Work presented in Chapter IV, analyzing mice infected with multiple barcoded
control strains, suggests the existence of a non-selective bottleneck phenomenon during

early stages of H. pylori colonization (Figure 6.1). At present, it is unclear if this bottleneck
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is attributable to effects of the host immune response or if the bottleneck corresponds
simply to a stochastic process in which only a small proportion of an initial inoculum
successfully colonizes the gastric mucosa (a phenomenon known as a founder effect)
(Figure 6.1). In either case, we propose that the small number of H. pylori organisms
initially colonizing the stomach subsequently expands until an equilibrium is achieved.
An important goal of future experiments is to further characterize the bottlenecks
that occur during H. pylori colonization of the stomach. Most experiments presented in
Chapter IV were conducted for 21 days. However, it is possible that H. pylori experiences
multiple bottlenecks at different time points. A previous study reported various timepoints
that are relevant to the murine host response to H. pylori infection (strain SS1) in FVB/N
mice, including macrophage and neutrophil responses and lymphocyte infiltration in the
stomachs of H. pylori-infected mice (118). These time points were reported to correlate
with H. pylori colonization density in the same study. Specifically, a marked reduction in
numbers of viable bacteria was detected at 3 days post-infection (compared to the initial
inoculum), which suggests the existence of a bottleneck. This was followed by an
increase in colonization density at later time points (118). To further evaluate bottlenecks
in vivo, C57BL/6J mice would be infected with a barcoded control library and CFUs would
be quantified at 1-, 2-, 3-, 10-, 21-, and 34-days post-infection (Figure 6.2) (118). Based
on results of the previous study, we expect to see a reduction in colonization density at 3
days post-infection compared to earlier time points, followed by an increase in
colonization density at later time points (118). In addition to assessing H. pylori
colonization density, the composition of the output barcoded control libraries from mice

infected with the barcoded control library (described above) would be quantified via next-
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generation sequencing and compared to the input barcoded control library (Figure 6.2).
We expect that the composition of the population will be most similar to the input
population at early time points and will become increasingly varied as each bottleneck is
encountered. A complementary approach would be to monitor changes in the composition
of the colonizing control library population over time. Overall, these studies would allow
us to define the role of bottlenecks in H. pylori colonization of the stomach.

Another area of interest is to further characterize the ability of a H. pylori founder
population to block subsequent colonization by distinct strains. One study suggested that
colonization resistance can be detected early in infection (124). In this study, they
observed that a founder isogenic strain (expressing GFP) exhibited colonization
resistance against a challenging isogenic strain (expressing td-Tomato) as early as 5
days post-infection. The approach used in that study was optimally suited for evaluating
H. pylori localization in the stomach via imaging, but the method is not well suited for
analyzing large numbers of animals. The methods described in this dissertation would
allow for an expanded and more quantitative investigation of H. pylori founder effects. To
characterize H. pylori founder effects, we would infect mice with 1:1 mixtures of two
barcoded control strains, as well as infect mice with one barcoded control, and then
challenge with a second barcoded control strain at different time points, such as those
identified previously to be correlated with bottleneck events (Figure 6.3). As a control, we
would assess the colonization density of individual barcoded control mutants in murine
mono-infection studies (Figure 6.3). If founder effects play a role in shaping the output
population of mice infected with various strains of H. pylori, we would expect to see

colonization resistance of the founder strain to a challenging strain. Similarly, we expect
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that the longer that mice are infected with the founding strain, the greater the degree of
colonization resistance will be over time. Overall, these studies would allow us to

characterize the founder effects that govern H. pylori infection.

Analysis of dominant output strains

In experiments in which mice were infected with a library of control barcoded
strains, we observed marked variation among the mice and frequent emergence of
dominant strains. The acquisition of spontaneous mutations could possibly account for
the emergence of dominant strains. Previous literature has shown that H. pylori may
undergo genetic changes in the stomach to adapt to the gastric environment. Potentially,
these spontaneously occurring mutations could confer a fitness advantage over other
strains in vivo. Work presented in Chapter IV shows that the composition of the output H.
pylori population recovered from individual mice was markedly different from the input
population. Furthermore, the output populations from individual mice were markedly
different from output populations of other mice. We hypothesize that the control strain that
dominates the output population acquired mutation(s) that give it a fitness advantage over
other control strains. An alternative hypothesis is that the control strain that dominates
the output population is established by chance. To test this, we would first evaluate if
dominant output control strains are more fit than the input control strain in vivo. Mice
would be infected with a 1:1 mixture of the input and output control strains (Figure 6.4). If
the output control strain outcompetes the input control strain, we would then undertake
genome sequencing studies (and maybe also RNA-seq), comparing the dominant strains
in each output population from mice infected with the barcoded control library to another

barcoded control strain in the input population. The output pools of mice infected with the
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barcoded control library in Chapter IV were frozen down and can be used for this analysis.
Follow-up studies would seek to define the role of individual mutations on H. pylori fithess
in the stomach. Overall, these studies would determine whether the acquisition of
spontaneous mutations results in a fithess advantage in vivo among members of the

barcoded control mutant library.

Studies of BabA in H. pylori fitness and disease outcome

Temporal features of BabA-mediated H. pylori Fitness

Previous studies have shown that BabA is selected against in various animal
models (51, 61). Our data suggest that a babA mutant outcompetes other H. pylori strains
when the strains pooled together and introduced together into a mouse stomach. We also
show that the J166 control mutant (LH-7) and the babA mutant colonize at similar
densities during mono-infection studies, suggesting that the fitness advantage rendered
by mutagenesis of babA is most evident in a competitive environment.

To determine if the fithess advantage of a babA mutant is dependent on timing of
infection, one approach would be to first infect mice with a control mutant, and then
subsequently infect the mice with a babA mutant (Figure 6.5). In parallel, mice would be
infected with the babA mutant first and then subsequently infected with a control mutant
(Figure 6.5). One challenge is to determine murine infection status prior to infection with
the second strain. To assess whether a mouse is successfully infected with the first H.
pylori strain, we would perform PCR to amplify a highly conserved H. pylori gene such as

ureA from mouse feces. We hypothesize that the babA mutant might be able to displace
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a founder control strain, but that a control strain would not be able to displace a founder
babA mutant strain.

Another approach would be to use a TetR regulation system to turn babA
expression on and off within the murine stomach (Figure 6.6). This system has been
optimized for use in H. pylori studies in our lab (125). This system is based on the binding
of the Escherichia coli Tet repressor (TetR) to the tet operator (tetO) DNA sequence
introduced upstream of the gene of interest, thereby repressing the expression of the
target gene (Figure 6.6 A). Anhydrotetracycline (ATc) or doxycycline (dox) binding to TetR
triggers conformational changes that prevent TetR from binding tetO, therefore de-
repressing the target gene (Figure 6.6 A). A TetR variant exhibits the reverse phenotype,
where TetR binds tetO in the presence of ATc or dox. Both systems could be applied to
these studies. With this approach, we would infect 4 groups of mice with 1:1 mixtures of
two isogenic strains, one of which contains a Tet-regulated babA gene that could be
turned on/off in vivo and the other containing a babA gene that is not regulated by Tet
(Figure 6.6 B). Each strain would be engineered to contain a unique nucleotide barcode.
In the first group of mice, babA would be expressed in both strains throughout the
experiment via administration of ATc in the water supply. In the second group, the babA
gene in the tet-regulated strain would be turned off for the entire experiment (no ATc in
the water supply). In the third group, we would start the experiment with the babA gene
on, but then turn it off 2 weeks post-infection. Finally, in the fourth group, the babA gene
would be turned off at the beginning of the experiment, then turned on at 2 weeks post-
infection. Based on the findings from Chapter IV, we would expect to see variability in the

dominant strain colonizing the first group of mice. In the second group, we anticipate that
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the control mutant that does not express babA would overtake the other strain, an
example of competitive displacement. If the absence of babA leads to a fithess advantage
irrespective of order of infection, we anticipate that the babA mutant will overtake the
other strain in the third group. If order of infection does dictate the fitness advantage of a
babA mutant, we anticipate that the babA mutant will not overtake the other strain in this
control group. Finally, in the fourth group, we expect that the strain that does not express
babA would outcompete the other control mutant and that this fithess advantage early in
infection would have a lasting effect even after babA has been turned off. This
experimental set-up would allow us to test whether the fithess advantage of a babA
mutant is dependent on timing of infection. One possible problem with the proposed
experiment is that the wild-type H. pylori strain used in these studies could undergo
mutations in babA, resulting in loss of BabA production. To test for this, we would evaluate
the wild-type strain’s ability to produce BabA and ability to bind to Le® antigen before and
after co-infections. If we see that the wild-type H. pylori strain consistently loses BabA,
we would generate a mutant that favors retention of BabA. Previous studies have shown
that BabA is regulated by slipped strand mispairing within the CT repeats upstream of
babA. To prevent slipped strand mispairing, we would delete these repeats upstream of

babA.

Analysis of the fithess advantage of a babA mutant

Our data suggest that a babA mutant outcompetes other H. pylori strains when
introduced into a murine stomach. Other groups have shown that BabA is selected
against in numerous animal models. An important goal is to determine why a babA mutant

exhibits a fithess advantage compared to strains containing a wild-type babA in mice.
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One possibility is that the production of BabA is unfavorable. Another possibility is that
the mutagenesis of the babA locus has indirect consequences that are favorable to H.
pylori fitness in vivo.

To evaluate if the production of BabA is unfavorable in mice, we could generate
an H. pylori mutant that overexpresses BabA by driving the expression of babA with the
promoter of a constitutive gene, such as ureA. If the production of BabA is unfavorable in
mice, we expect that the H. pylori mutant overexpressing BabA will be less fit than a wild-
type strain. Another approach (described previously) would evaluate how early during
infection a babA shows a fithess advantage compared to a control strain. If this timepoint
correlates to the development of an adaptive immune response, experiments could be
undertaken using various knockout mice (i.e. RAG” mice). Localization of H. pylori in
close proximity to the gastric epithelium, as a consequence of BabA’s adhesive functions,
could also influence H. pylori fitness in the stomach. The use of various imaging
approaches could be used to determine if there is a difference in localization of an H.
pylori wild-type strain, compared to a babA mutant strain. Further characterization of the
surface-exposed regions of BabA and analysis of their potential roles in H. pylori fithess
could also be used to determine if the production of BabA is unfavorable to H. pylori
fitness in mice. To test this, we would generate strains producing BabA variants via
mutagenesis of regions encoding surface-exposed loops and test the fitness of these
strains compared to a barcoded control strain in mice. Another approach would be to use
naturally occurring babA variants, such as those that can and cannot bind Lewis b, to test

the hypothesis that specific regions of BabA are unfavorable in mice. To do so, we would
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alter the babA sequences in the strain(s) of interest by substituting the babA sequences
from another H. pylori strain and then test for differences in H. pylori fitness in vivo.

To assess whether the mutagenesis of babA locus has indirect consequences that
are favorable to H. pylori fitness in mice, we could analyze the outer membrane
characteristics of a babA mutant compared to wild-type strain. It is also possible that the
mutagenesis of babA leads to transcriptomic changes. We hypothesize that the fithess
advantage rendered by the mutagenesis of babA might be the consequence of genes
that become overexpressed (or underexpressed) in the babA mutant compared to the
wild-type strain to compensate for the loss of babA. H. pylori encodes multiple OMPs that
are thought to have redundant functions, such as those that functionally acting as
adhesins. Therefore, we hypothesize that the absence of one OMP (such as BabA) may
lead to overexpression of another OMP, or perhaps changes in other classes of genes or
proteins. We propose to use an RNA-seq approach to evaluate differences in the
transcriptome of the babA mutant compared to that of a wild-type control strain. Follow-
up studies could potentially include the mutagenesis of target genes that are differentially
expressed in the mutant compared to the wild-type strain to further investigate the role of
these genes in H. pylori fitness. A complementary approach would be to perform
comparative analysis of protein abundance in membrane fractions versus non-membrane
fractions of a babA mutant compared to a wild-type control.

Mutagenesis of the babA locus might also have indirect effects on the activity of
other H. pylori virulence factors. Multiple H. pylori virulence factors that have been
associated with adverse disease outcome, including the presence of CagA (an effector

protein secreted by the Cag T4SS) and active forms of VacA (a secreted pore-forming
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toxin). Previous literature suggests that the production of CagA and/or Cag T4SS function
are commonly lost during H. pylori colonization of mice, implying that CagA-positive
strains or strains that have an active Cag T4SS have a selective disadvantage in mice.
Additionally, BabA-mediated adherence if thought to act as a potentiator of H. pylori Type
IV secretion system activity (59). It is possible that the mutagenesis of babA may lead to
impaired CagA delivery into host cells or impaired T4SS activity, thereby conferring a
selective advantage. To test this, we would evaluate H. pylori T4SS activity using assays
with cultured gastric epithelial cell lines, such as NF-kB reporter assays, IL-8 ELISAs, and

CagA phosphorylation assays.

Colonization of mice versus gerbils

Data presented in Chapter IV and V suggest that mutagenesis of babA leads to a
fitness advantage in mice. We do not, however, know whether this fithess advantage
occurs in other animal models. One study reported that BabA is selected against in the
Mongolian gerbil model, similar to what is observed in mice (61). Therefore, we expect
that the fithess advantage rendered by the mutagenesis of the babA gene in the murine
model will also be observed in the Mongolian gerbil model. To test this, we would infect
gerbils with 1:1 mixtures of a barcoded control mutant and a babA mutant. After 21 days,
we would quantify the proportional abundance of each barcoded strain in the output

compared to the input pool.

Strain-specific differences in colonization

Another approach would be to test the generality of the fithess advantage rendered
by the mutagenesis of babA in strain J166 across other H. pylori strain backgrounds.
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Preliminary work presented in Chapter V showed that mutagenesis of babA does not
affect colonization density in strain J166 (Fig. 5.1) but leads to increased colonization
density in the strain G27 background (Fig. 5.2). Follow-up studies would include the
analysis of mice infected with 1:1 infections of a control strain with a babA mutant strain

to determine if the fitness advantage in conserved across both strain backgrounds.

Disease outcome

Another unknown is whether BabA contributes to disease outcome. Mongolian
gerbils are an animal model commonly used to study H. pylori-mediated disease. One
previous study suggested that BabA might contribute to gastric damage and inflammation
in the gerbil model, but further studies of this topic are needed (63). To investigate
whether the mutagenesis of babA affects disease outcome, we would infect Mongolian
gerbils with monocultures of an H. pylori wild-type strain or a babA mutant. After 4 months
of infection, we would compare bacterial colonization density and disease outcome of
gerbils infected with the H. pylori wild-type strain to the corresponding parameters in
gerbils infected with the babA mutant. Gastric histology would be evaluated by a
collaborating pathologist to define disease outcomes, including severity of inflammation,
atrophic gastritis, ulceration, dysplasia, and invasive carcinoma. Alternatively, we could
evaluate colonization density and disease outcome in an INS-GAS murine model, which

is susceptible to H. pylori-mediated disease.
Characterization of the barcoded OMP library in the absence of a babA mutant
Chapter V shows that the mutagenesis of babA leads to a fithess advantage in the

context of gastric colonization but not in vitro. Interestingly, we also observed that several
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other mutants, such as alpA, hopE, and oipA mutants, exhibited a trend towards a fitness
defect in vivo compared to their fitness in vitro. We wonder if potential fitness
disadvantages of these mutants in vivo might have been overshadowed by the presence
of a babA mutant. We hypothesize that mutagenesis of OMPs such as alpA, hopE, and
0ipA lead to a fitness disadvantage in vivo, which could be more easily detected in the
absence of a babA mutant. Previous studies have shown that alpA is highly conserved
across hundreds of clinical isolates. Similarly, expression of alpA is conserved in vivo,
and studies have reported that the mutagenesis of alpA leads to a colonization defect in
vivo. To test the role of these OMPs in vivo, C57BI/6J mice could be infected with the
barcoded OMP mutant library described in Chapter V, without the babA mutant (Figure
6.7). In parallel, we would infect mice with the control library and use the variability of the
corresponding output population to facilitate statistical analysis of results obtained with
the OMP mutant library.

OMP mutants that lead to a significant fithess disadvantage in vivo, would be
followed-up with studies using independent mutants and complemented mutants. One
limitation from Chapter IIl was that fithess was not restored via complementation into the
rdxA locus in vitro. One possibility is that mutagenesis of the rdxA locus itself confers a
fitness disadvantage in vitro (126). On the other hand, a previous study did not detect any
fitness disadvantages associated with rdxA mutagenesis (126). An important step will be
to develop improved methods for complementation to restore fithess phenotypes of omp
mutants. One approach would be to complement the omp genes in trans at the mdaB-
hydA locus by insertional mutagenesis with a barcoded antibiotic cassette. Several

attempts have been done to generate a complemented mutant using a barcoded

90



kanamycin cassette, but thus far we have not been able to isolate transformants. This
problem can potentially be resolved by using a different antibiotic marker, such as a
gentamicin resistance cassette. As another approach, we could restore the target omp
into its endogenous locus. To do so, we could use a negative selection method (for
example, using a cat-rdxA or cat-rpsL cassette) (127, 128). Restoration of the target omp
would be generated in an rdxA mutant background (or rpsL mutant background), which
is resistant to metronidazole (MtzR) or streptomycin. We would first replace the target omp
with a cat-rdxA cassette. This would make the strain resistant to chloramphenicol and
sensitive to metronidazole (ChI?/ MtzS). Next, we would transform with a cassette that
carries the intact version of the target omp. This vector, in turn, would replace the cat-
rdxA cassette, making this strain susceptible to chloramphenicol but resistant to
metronidazole (ChI?/ MtzR). In parallel, we would perform mono-infection studies to
determine the colonization density of each mutant in animals experimentally infected with

single strains.

Studies of H. pylori biofilms

Another area of interest is to investigate the dynamics of H. pylori biofilm formation.
As mentioned previously, some individuals may encounter multiple strains of H. pylori
over the course of a lifetime. One study suggested that H. pylori is capable of competitive
exclusion and displacement in the gastric environment (124). Biofilm formation has been
shown to be critical for the survival and persistence of numerous bacteria. Previous
studies have shown that H. pylori is capable of biofilm formation, but not much is known
about the dynamics of H. pylori biofilm formation. As such, it would be interesting to study
whether multiple strains of H. pylori can integrate into the same biofilm community. To

91



test this, we could start by combining two barcoded isogenic control strains and
guantifying the relative abundance of these mutants within the surface-attached biofilm
compared to their relative abundance in a planktonic population (in the supernatant)
(Figure 6.8). As a complementary approach, two fluorescent strains could be mixed, and
the biofilm could be imaged via fluorescence microscopy (Figure 6.8). We expect that
both isogenic control strains will be able to integrate into the biofilm. As a next step, we
could test whether a challenging isogenic strain would be able to integrate into an
established biofilm. We expect that the challenging isogenic strain would be able to

integrate but would reside at the uppermost layer of the biofilm community.

Highlights

Overall, the work presented here provides a foundation for future studies of H.
pylori population dynamics and the forces that govern the development of an intragastric
H. pylori community. This work also provides a framework for studies of the fitness
advantage conferred by the mutagenesis of babA and further characterization of the role
of BabA in colonization and disease. Additionally, the methodology of quantitative
monitoring of nucleotide barcodes developed during my thesis work provides a novel tool

for our lab to study many aspects of H. pylori fithess in various environments.
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Figure 6.1: Schematic representation of the effect of bottlenecks on genetic diversity.

Individual organisms are shown as colored spheres; the colors represent distinguishable
markers. The barriers to infection that constitute the bottleneck are shown by the solid
bars and the size of the bottleneck is represented by the size of the gap between these
bars. Bottlenecks are events that dramatically reduce the size of a population (for
example, the inoculum of an infectious agent). In the context of infection, the founding
population consists of the organisms that survive passage through the bottleneck and
give rise to a population in a new environment, e.g., a new host or anatomical site. Often
it is not feasible to sample directly after the bottleneck event (tv); instead, populations are
sampled (at time ts) after the passage of time (t), represented by the black arrow. During
this time, the founding population often replicates. Wide bottlenecks lead to limited loss
of markers (e.g., the magenta and black spheres) and limited changes in the marker
frequencies (e.g., over-representation of the blue and under-representation of the olive
marker). In contrast, tight bottlenecks lead to stochastic loss of many markers and
substantial changes in marker frequencies. These changes can be used to determine the
magnitude of bottleneck events and the size of the founding population, even after the
population size has increased, provided that the expansion has limited effect on the
marker composition (i.e., markers are fitness neutral, and no additional genetic drift
occurs) (129).

© 2015 Abel et al. This is an open access article distributed under the terms of the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided
the original author and source are credited (129).
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Figure 6.2: Experimental design to characterize in vivo bottlenecks and founder effects.
C57BL/6J mice would be infected with the barcoded control library. At each timepoint (1,
2, 3,7, 14, 21, 34 days post-infection, the colonization density would be quantified via

CFU counts and the composition of the library would be analyzed via next-generation
sequencing. Schematic created with BioRender.com
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Figure 6.3: Experimental design to evaluate if an H. pylori founder population can block
colonization by distinct strains.

C57BL/6J mice would be infected with mono-infections of J166 barcoded control strains
A) LH-1 and B) LH-2 and colonization density would be quantified via CFU counts.
C57BL/6J mice would be infected with C) a 1:1 mixture of barcoded control strain LH-1
and LH-2, D) the LH-1 strain first, followed by subsequent infection with LH-2, and E) the
LH-2 strain first, followed by subsequent infection with LH-1. The composition of the input
and/or outputs would be quantified via SYBR gPCR with mutant-specific primers.
Schematic created with BioRender.com
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Figure 6.4: Experimental design to evaluate the characteristics of dominant founder H.
pylori strains compared to non-founders in mice infected with the barcoded control library.
Dominant strains from mice infected with the barcoded control library would be isolated
from output pools. These dominant strains would be competed against a barcoded control
input strain in mice. The composition of the input and output pools would be quantified
via gPCR using mutant specific primers. If the output strain retains the fitness advantage
over the input strain, the genomes of these strains would be sequenced via whole genome
sequencing. Schematic created with BioRender.com

96



Infect with Infect with qPCR
’ J166 LH-7 <o J166 babA mutant ;

\

Infect with Infect with qPCR

%, U166 babAmutant %y J166 LH-7 ;\
J a \
1 . — |

Figure 6.5: Experimental design to determine if the fitness advantage of a babA mutant
is dependent on order of infection.

C57BL/6J mice would first be infected with A) LH-7 control strain, followed by subsequent
infection with a babA mutant strain, or B) the babA mutant strain, followed by subsequent
infection with LH-7 control strain. The composition of the outputs would be quantified via
SYBR gPCR with mutant-specific primers. Schematic created with BioRender.com
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Figure 6.6: Alternative approach to determine if the fitness advantage of a babA mutant
is dependent on order of infection.

A) lllustration of the Tet methodology. Under normal physiological conditions, the Tet
repressor (TetR) binds to the tet operator site (tetO), which represses the expression of
a target gene. In the presence of anhydrotetracycline (ATc), TetR does not bind to tetO,
which de-represses the expression of the target gene. B) C57BL/6J mice would be
infected with a 1:1 mixture of two barcoded control strains (LH-7baba-wt and LH-7baba:teto).
LH-7baba-wt encodes a wild-type version of the babA gene, whereas LH-7papa:teto encodes
a tet-regulated babA gene. The first group of mice would receive ATc for the duration of
the experiment. The second group would not receive ATc. The third group of mice would
receive ATc for the first half of the experiment, whereas the fourth group would receive
ATc during the second half of the experiment. The composition of the outputs would be
guantified via SYBR gPCR with mutant-specific primers. Schematic created with
BioRender.com
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Figure 6.7: Experimental design to determine if Hops play a role in H. pylori fithess in vivo,
but not in vitro, in the absence of a babA mutant.

C57BL/6J mice would first be infected either the control library or the OMP mutant library
(without the babA mutant). In parallel, the libraries would be passaged in vitro.
Subsequently, the composition of the input and output libraries would be quantified via
next-generation sequencing. Schematic created with BioRender.com
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Figure 6.8: Experimental design to investigate the dynamics of H. pylori biofilm formation.
Biofilm assays would be set up with either simultaneous or sequential inoculations, using
multiple fluorescently-tagged barcoded H. pylori strains. Biofilm composition would be
guantified by SYBR gPCR or next-generation sequencing, and the localization of
individual strains within the biofilm would be imaged via fluorescence microscopy.
Schematic created with BioRender.com
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