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ABSTRACT

Campylobacter jejuni is a major cause of bacterial gastroenteritis in the developed
world; however, many aspects of its biology remain poorly understood, including its
colonization of the mucus layer lining the gastrointestinal tract. In this study, we utilized
microarray transposon tracking to compile a list of 195 genes essential for the growth of C.
Jjejuni in vitro under microaerophilic conditions. Then we characterized C. jejuni growing in
an extracted intestinal mucus medium. We found that C. jejuni will grow efficiently in a
medium comprised of either chick and piglet intestinal mucus, and that these media have a
dramatic impact on its transcriptome. Within the genes identified as differentially expressed
during growth in a mucus medium, we identified a single operon, (cj0481-cj0490), which we
have subsequently characterized as being responsible for both the uptake and metabolism of
L-fucose. This represents the first observation of carbohydrate metabolism by the otherwise
asaccharolytic C. jejuni. We further found that the inability to utilize L-fucose puts C. jejuni
at a competitive disadvantage when colonizing the piglet intestine, but not the chick cecum.
Finally, we examined C. jejuni’s ability to utilize mucins as a carbon source while growing
within the mucus layer. We found that despite mucins being a major source of L-fucose and
amino acids within the intestine, C. jejuni has a minimal ability to degrade and utilize mucins
on its own. However, close proximity to mucolytic bacteria within the microbiota of the
intestine, allows for increased C. jejuni growth. Together, this paints the picture of an
organism that is well adapted to survival within the mucus lining of the intestine and

establishing itself as part of the intestinal microbiota.
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CHAPTER 1

Introduction

1.1. Objectives of this study

Campylobacter jejuni is a gram-negative, microaerophilic bacterium that is one of the
most common causes of bacterial gastroenteritis in the industrialized world (CDC). Despite
being a common human pathogen, our understanding of its mechanisms of pathogenesis has
so far been limited. This understanding has been hampered by our lack of knowledge
regarding its basic internal biology and its growth within its natural habitat, the intestinal
mucus layer. While some information is known about C. jejuni’s nutrient requirements and
factors involved in colonization of the host’s intestine, we really do not fully understand how
it interacts with the environment of the intestine. Furthermore, a mystery that has remained
regarding C. jejuni is why it demonstrates significant differences in pathogenicity between
different hosts; causing gastroenteritis in humans, but being a benign commensal in most
other animals.

With the studies described herein, our objective is to gain a better understanding of
how C. jejuni establishes itself within the mucus layer along the epithelial lining, and in turn,
how that mucus layer influences the behaviour and pathogenesis of C. jejuni. We
hypothesize that C. jejuni is able to derive nutrients from the mucus layer of the intestine,
allowing for its establishment within the intestinal microbiota. We equally hypothesize that
differences in the mucus layer lead to differences in the pathogenesis of C. jejuni with

regards to its different hosts.



1.2. Campylobacter Infection
1.2.1. History and taxonomy

Theodor Escherich first observed Campylobacter in 1886, when he described the
presence of vibrio-like organisms in the stool of infants with diarrhea in Germany (44). It
was subsequently identified as a cause of infectious abortion in cattle and sheep, but the
human diarrheal disease caused by Campylobacter was not described until Elizabeth King
isolated it in 1957 (123). The name Campylobacter was not given to the organism
(previously known as Vibrio fetus) until 1963 when Sebald and Véron suggested that the
observed organism differed from other Vibrios, and should be reclassified (213). Its new
name, Campylobacter, is Greek for “curved rod” and describes the helical rod shape of the
cell (217). In 1973, Butzler et al. (28) isolated a “related vibrio,” that would later be known
as the now-common Campylobacter jejuni. Campylobacters are now classified as part of the
class e-Proteobacteria under the Proteobacteria phylum. The e-Proteobacteria encompass
all of the bacteria of the genera Campylobacter and Helicobacter as well as the less well
known genera Wolinella, Acrobacter, Thiovulum and Sulfurospirillum (44). This is an
extremely diverse group of bacteria, found in a wide variety of environments, but the most
well known are the Campylobacters and Helicobacters, both of which are causes of human

disease (169).

1.2.2. Pathology

In humans, C. jejuni causes gastroenteritis, characterized by diarrhea (sometimes
bloody), abdominal pain and fever. Symptoms usually occur 1-10 days after infection,
although some infected individuals may remain asymptomatic. The disease is usually self-

limiting, lasting only 2-5 days, although more severe cases may last several weeks and



require hospitalization (69). C. jejuni infection has also been linked to a number of post-
infection complications such as Guillain-Barré syndrome (GBS), an acute, acquired
peripheral neuropathy (86). The link between C. jejuni and GBS is thought to be due to lipo-
oligosaccharides (LOS) on the bacteria’s outer membrane, which have the potential to
mimic certain human gangliosides on peripheral nerve axons (259). These similarities
trigger an autoimmune reaction against the peripheral nervous system, causing demyelization
of motor and sometimes sensory neurons in the peripheral nervous system. In more serious
cases, nerves controlling the respiratory system can be affected, requiring the patient to be
intubated. Fortunately, this autoimmune response is usually temporary, and the patient

recovers with little lasting damage (86).

1.2.3. Epidemiology

C. jejuni is the most common cause of gastroenteritis in the developed world. The
CDC estimates that in the United States, the infection rate is 13 per 100,000 people (CDC,
2010), with a total of 2.4 million infections per year if estimates of undiagnosed or
unreported cases are included. In Canada, 28.4 infections per 100,000 people were reported
in 2008 (Public health agency of Canada, 2008), with the number of infections likely to be
much higher due to many cases being unreported. In the United Kingdom, a rate of 105.1
per 100,000 people was reported in England and Wales in 2009, with the number of
infections increasing every year since 2004 (Health Protection Agency, 2009). This makes
Campylobacter one of the most common causes of bacterial gastroenteritis (8). Out of these,
over 90% of isolates are found to be C. jejuni, with the remaining being mostly C. coli,
although the ratio of prevalence of different species varies by region (68). In developing

nations, adult infection rates are similar to developed nations, but pediatric Campylobacter



infections remain a serious problem with infection rates being as high as 40-60,000 per
100,000 population in children under the age of 5 (34). Worldwide, there are an estimated
400-500 million infections per year, making Campylobacter an exceedingly common
gastrointestinal illness worldwide (200).

The most common sources of C. jejuni for human infection are contaminated poultry
products (216). C jejuni will colonize the intestinal tract of poultry in a commensal fashion
to high levels without eliciting an immune response. It is due to this commensal colonization
that they establish themselves in the flocks, which often serve as a reservoir for human
infection (138). Poultry meat is easily contaminated during processing, and if the resulting
meat is not properly prepared, C. jejuni can cause infection in a human with a dose as small
as a few hundred bacterial cells (198). Other known sources of infection are from
contaminated water supplies and the consumption of contaminated raw milk (216). The
prevention of Campylobacter contamination of poultry flocks has been a focus for
preventing human infections, however, the numerous sources of contamination make the
process difficult. The initial contamination of a flock has been linked to contaminated water,
exposure from wild birds, and contamination by insects such as flies (51). Once a flock is
exposed, the coprophagic behaviour of the chickens quickly spreads the contamination

amongst the entire flock (167).

1.2.4. Treatment and antibiotic resistance
Campylobacteriosis has been readily treatable by antibiotics, but resistance has been
rising rapidly amongst C. jejuni isolates, making antibiotic resistance a growing concern.

Antibiotics that have been typically used to treat C. jejuni are tetracycline, fluoroquinolones



such as ciprofloxacin, and macrolides such as erythromycin and azithromycin (69); however,
resistance to each of these drugs has been widely described among Campylobacter isolates.

Fluoroquinolone resistance, although rare before 1992, has recently been found to
have risen to between 19-47% among isolates in the USA and Canada (155). In places such
as Spain, Thailand and Hong Kong, resistance to fluoroquiolones has reached the
astoundingly high rates of 80-100% (33, 103, 203). The rapid rise in resistance to this class
of drug has been linked to their high use in agriculture (155). A single point mutation in
DNA-gyrase A (GyrA) is sufficient to substantially reduce fluoroquinolone susceptibility,
making resistance an easily acquired trait (182). In addition to this, this mutation does not
reduce, and may even increase the fitness of Campylobacter, allowing the mutation to
persist, even in the absence of the selection pressure from this antibiotic (156).

Tetracycline resistance in Campylobacter is also rising due to the acquisition of the
tetO resistance gene (13), and macrolide resistance is slowly increasing due to the acquisition
of point mutations in the target 23S rRNA sequence. Fortunately, this resistance to
macrolides is more difficult to acquire and results in a fitness reduction in the resistance

strains, but it has never-the-less been increasing in recent years (30).

1.3. Campylobacter biology

Compared to other gastrointestinal pathogens such as Escherichia coli and
Salmonella, C. jejuni remains poorly understood as far as its biology and pathogenesis.
Early characterizations of C. jejuni found that some of its key characteristics were that it was
a gram-negative, microaerophilic organism, requiring oxygen for growth, but also being

unable to survive at atmospheric levels of oxygen. Further, it was thought to be completely



asaccharolytic, meaning it was not able to utilize glucose or other carbohydrates as a
substrate for growth (180).

The genome of the strain C. jejuni NCTC11168 was first sequenced in 2000 (180),
and since then, dozens of strains and species of Campylobacter have had their genomes
sequenced and published (24, 37, 63, 67, 94, 180, 183, 187, 188, 227, 228). The full genome
sequence of NCTC11168 confirmed many of the previous observations regarding C. jejuni
biology and pathogenesis, while creating new questions. Although it possesses a complete
set of enzymes necessary for the synthesis of glucose-6-phosphate via gluconeogenesis
(240), it lacks any form of glucokinase to phosporylate extracellular glucose, as well as 6-
phosphofructokinase, necessary for the irreversible step of phosporylating fructose-6
phosphate to fructose-1,6 diphosphate during glycolysis. Interestingly, it still possesses a
pyruvate kinase, an enzyme required for another irreversible step of glycolysis, but not
gluconeogenesis (240). The lack of a 6-phosphofructokinase prevents the metabolism of
glucose, while the absence of other previously known carbohydrate metabolizing pathways
seemingly confirmed the asaccharolytic phenotype. It was only the research described here
and published by Muraoka et al. (171) and Stahl et al. (222), that identified an exception to
its asaccharolytic nature by identifying a functional L-fucose metabolic pathway.

The identification of a complete citric acid cycle (CAC) supported the observation
that it can metabolize CAC intermediates and amino acids that can be fed into the pathway
(180). Conversely few identifiable pathogenesis genes were found. The previously
characterized cytolethal distending toxin (cdtABC) and other known virulence genes such as
ciaB, are not necessary for colonization and may not play a central role in pathogenesis.
(128, 189). For example, not all C. jejuni strains produce cytolethal-distending toxin (1) and

AcdtABC mutants are not substantially impaired for colonization (189). Similarly, ciaB is



often absent from C. jejuni strains (56), while the ciaB knockout mutants are impaired for
both cell invasion and colonization, the absence of ciaB, only delays the onset of diarrhea in
colonized piglets (128, 129). This has led to a greater appreciation for the importance of
Campylobacter’s basic cellular biology, colonization factors and metabolic needs as a
determinant for pathogenesis, rather than searching for individual toxins or pathogenicity
factors (232).

To be successful in colonization, C. jejuni must possess the ability to survive in a
wide variety of hosts, from its commensal avian host, to its human host. In between, it must
also survive in the environment, in water or food, before being ingested. This requires a
certain degree of metabolic diversity, to make sufficient use of what is available. Among
the primary nutrient sources for C. jejuni, are a handful of amino acids that it can acquire
while growing within the gut. It will also draw on available amino acids in a preferential
manner, with serine, aspartate, asparagine and glutamate being preferred, followed by
proline, which it utilizes only after other nutrients have begun to become exhausted (255). It
should also be noted that serine, aspartate, glutamate and proline make up some of the most
common amino acids found in chick excreta, perhaps explaining why they play such a

central role in C. jejuni metabolism (181).

1.3.1. Serine

Serine metabolism is achieved thanks to two proteins, SdaC and SdaA (163, 241).
SdaC acts as a transporter for serine into the cell, while SdaA is a L-serine dehydratase.
Work by Velayudhan et al. (241) found that the SdaC transport protein acts as a high
capacity, low affinity L-serine transporter. Deletion mutants into this gene completely

impaired serine uptake into the cell, indicating that SdaC is the sole transporter capable of



transporting significant amounts of L-serine into the cell. Additionally, due to SdaC’s low
specific affinity for L-serine, SdaC also exhibits some ability to transport other amino acids
into the cell as well, particularly L-threonine, raising the possibility this transporter plays a
broader role in amino acid uptake (241).

In the same study, the SdaA protein was confirmed to be an L-serine dehydratase and
was necessary for the metabolism of L-serine (241). Interestingly, unlike most other L-serine
dehydratases, the protein found in C. jejuni was not pyridoxal-5’-phosphate dependent, but
rather utilized a [4Fe-4S] cluster in a manner more reminiscent of many anaerobic bacteria
(241). This enzyme is one among many enzymes in key metabolic pathways that contain
oxygen sensitive iron-sulfur complexes (Figure 1.1). It has been proposed that the presence
of these iron-sulfur containing enzymes is one of the key reasons for C. jejuni’s sensitivity to
oxygen, as molecular oxygen or reactive oxygen species, in sufficient quantity will oxidize
and damage the iron-sulfur complexes (59).

L-serine utilization has also been found to be absolutely critical for host colonization,
with mutants in SdaC or SdaA being completely impaired for colonization in chicks (241).
However, these same mutants were able to successfully grow in vitro. This result suggests
that while L-serine is not essential for C. jejuni growth, it is necessary in the environment of
the gut, where L-serine usage must provide C. jejuni with a key carbon source while

establishing itself within the intestinal microbiota (241).

1.3.2. Aspartate/glutamate
Aspartate and glutamate metabolism are very similar to each other. Both amino acids
are taken up through the Pebl system, composed of the proteins Pebla, Cj0919c, Cj0920c,

and PebC. Work by Leon-Kempis et al. (141) has confirmed the function of PeblA as the
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Figure 1.1: Central metabolism in C. jejuni: Schematic of the transporters and anaplerotic
reactions that make up the central metabolic pathways of C. jejuni. The function and
experimental evidence for each reaction is explained in the text. Note the central role that
pyruvate plays in C. jejuni central metabolism; as serine, lactate and L-fucose metabolism
results in the production of pyruvate. Glutamate and aspartate also play key roles in the
production of citric acid cycle intermediates. Enzymes or enzyme complexes containing
iron-sulfur complexes are indicated in pink, magnesium containing enzymes are indicated in
blue, transporters are denoted as purple and hypothetical reactions are indicated in orange

(Figure prepared by James Butcher).




transporter responsible for most, if not all, of the uptake of aspartate and glutamate into the
cell. The Pebla protein itself had been previously identified by Fauchere et al. (55) as linked
to cell adhesion and further work using mutational analysis also found that mutants in Peb1A
were significantly impaired for adhesion to epithelial cells (184). Leon-Kempis et al. (141)
confirmed that this protein was found in the periplasm, and mutants in the gene for Pebla
were mostly impaired for L-aspartate uptake and were completely impaired for L-glutamate
uptake. The remaining uptake of L-aspartate in the mutant strain was attributed to the
function of the C4-dicarboxylate transporters (DctA, DcuA and DcuB), but was too minimal
to allow for growth utilizing L-aspartate or L-glutamate as a sole carbon source (141).

Once glutamate has been taken up into the cell, the enzyme AspB, allows for the
transamination of glutamate to aspartate. One molecule of glutamate and oxaloacetate are
used to produce aspartate and 2-oxoglutarate in a reversible reaction (78). The aspartate can
then be deaminated by the aspartase AspA into ammonia and fumarate, which can be fed into

the citric acid cycle (78).

1.3.3 Proline

Proline has been found to be a less preferred amino acid compared to serine,
glutamate and aspartate, but is still utilized by most strains of C. jejuni (255). As a major
constituent of mucins, along with L-serine and L-threonine, it is a plentiful nutrient source
within the intestine. Proline uptake and metabolism has been linked to the proteins PutP and
PutA. PutP acts as a sodium/proline symporter, while PutA is a bifunctional proline
dehydrogenase/delta-1-pyrroline-5-carboxylate dehydrogenase. The enzyme works to

consume L-proline and FAD, producing 1- pyrroline-5-carboxylate, while reducing the

10



electron acceptor FAD to FADH,. PutA subsequently catalyzes the second step of the
pathway, by acting as a 1-pyrroline-5-carboxylate dehydrogenase, and oxidizes 1-pyrroline-
5-carboxylate to glutamate with the concomitant reduction of NAD to NADH. Glutamate can
then be further metabolized to aspartate and subsequently fumarate as described above.
Although neither PutP or PutA has been specifically studied in C. jejuni, they are closely
homologous to the well-studied PutA and PutP proteins in E. coli (229, 262) and
Helicobacter (131, 173). In Helicobacter, PutA has been found to be key for stomach
colonization and swarming motility (173). Whether it may have similar importance in C.

jejuni has yet to be described.

1.3.4. Asparagine

While most strains of C. jejuni possess an asparaginase gene (ansB), C. jejuni does
not possess any identifiable asparagine transporters, and indeed many strains that possess
ansB are unable to grow on asparagine as a primary carbon source. Nevertheless, certain
strains, including 81-176, possess an ansB gene with an additional ~40bp Sec-dependent
secretion signal peptide (93). The AnsB protein is normally found exclusively in the
cytoplasm, however with this secretion signal peptide, AnsB is transported to the periplasm,
where it would be capable of deaminating asparagine to aspartate within the periplasm. Thus,
strains that lack an asparagine transporter can utilize asparagine since the aspartate formed
by AnsB can be transported to the cytoplasm by the Peb1 complex and fed to the citric acid
cycle (CAC) by AspA (93).

Interestingly, it was found that there are two alternate transcriptional start sites in the
ansB gene of 81-176, allowing it to produce both the cytoplasmic and periplasmic versions

of AnsB. It has been hypothesized by Hofreuter et al. (93) that the cytoplasmic AnsB might
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still serve a purpose to metabolize asparagine originating from small peptides. Although little
research has been done to identify small-peptide transporters in C. jejuni, cstA has been
annotated as a small peptide transporter and could possibly serve this purpose. Mutants in the
ansB gene and/or its signal peptide are still capable of colonizing the intestine in a
comparable fashion to the wild-type strain, however, it was found that strains lacking the
periplasmic AnsB suffered a significant defect for liver colonization in infected mice. This

suggests a tissue specific value for asparagine metabolism (93).

1.3.5. Glutamine

The ability of C. jejuni to utilize glutamine has remained somewhat controversial.
Based on gene annotations and experimental evidence, it contains a functional glutamine
uptake system, encoded by the genes ¢j0468, pagP, and paqQ (148). Additionally, it
contains the genes coding for glutamate dehydrogenase (g/tBD), capable of converting
glutamine and 2-oxoglutarate into two molecules of glutamate. Finally, C. jejuni also
contains GInA for the reverse reaction of converting glutamate to glutamine in an ATP-
dependent manner. This reaction also serves as a means to incorporate free ammonia, a
major route of nitrogen assimilation for C. jejuni. However, despite having the biochemical
means of transporting and converting glutamine to glutamate via glutamate dehydrogenase,
the NCTC11168 strain exhibits little ability to grow on glutamine as a primary carbon source
(93), unlike the other previously discussed amino acids. The exception to this appears to be
strains such as 81-176 and 81116, which contain y-glutamyl transpeptidase (GGT) (94).
GGT is secreted to the periplasm, and acts to hydrolyze glutamine to glutamate and a free
ammonia ion, or glutathione to glutamine and a y-glutamylcysteine. This whole process takes

place within the periplasm of the cell. While C. jejuni has not been shown to grow on y-
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glutamylcysteine, the glutamate produced from glutathione or glutamine is readily taken up
by the Pebl complex, where it can be metabolized by AspA and AspB as previously
discussed (93).

The presence of the GGT enzyme in certain strains appears to have a significant
effect on colonization. Knockouts of the GGT enzyme impaired the colonization of MyD88 -
/- deficient mice by the 81-176 strain (93), while a GGT knockout in the 81116 strain was
defective for chick colonization (15). Although both of these knockouts showed considerable
colonization disadvantages relative to their wild-type strains, other strains of C. jejuni
lacking GGT are perfectly capable of colonizing these two hosts. This suggests that any
individual strain may have varying metabolic requirements, making certain pathways
dispensable for them. The lack of GGT in a strain such as NCTC11168 may be compensated
for the presence of other pathways, such as the recently discovered L-fucose acquisition and
metabolic pathway (222). Overall, the diversity of available mechanisms for amino acid
acquisition and utilization between strains may allow different C. jejuni strains to co-
colonize and to colonize multiple niches or different hosts, thereby expanding the versatility

of the species.

1.3.6. Citric acid cycle intermediates

C. jejuni depends heavily on the citric acid cycle for its energy needs. All of the
aforementioned pathways produce pyruvate, fumarate, oxaloacetate, or 2-oxoglutarate, each
of which is fed directly into the citric acid cycle. In addition to this, C. jejuni is capable of
transporting several of the citric acid cycle intermediates, and using them directly as nutrient
sources. These include 2-oxoglutarate, for which it has the permease KgtP; and succinate,

fumarate and malate, which can be transported by the C4-dicarboxylate transporters, DcuA
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and DcuB (78). The putative C4-dicarboxylate transporter DctA may also play a minor role
in the uptake of both aspartate and CAC intermediates (78, 141), however, this has not been
conclusively demonstrated. Additionally, there exists the gene ¢j0025¢, annotated as a
putative sodium:dicarboxylate family transmembrane symporter (180). However, no research
has been done to characterize this transporter as of yet, so its possible role as a dicarboxylate
transporter has yet to be described. Many strains also possess a citrate transporter (¢j0203 in
C. jejuni NCTC11168), allowing for the acquisition of citrate (180). C. jejuni is known to
utilize pyruvate as a primary carbon source while it is present in the growth medium (240),
however, no pyruvate transporters have been identified or studied in C. jejuni, leaving the
mechanism by which it transports pyruvate into the cell currently unknown.

The dicarboxylate transporters DcuA and DcuB may play an important role in C.
Jjejuni thanks to the prominent role of both fumarate and succinate as electron donors and
acceptors respectively. C. jejuni possesses the cytoplasmic fumarate reductase FrdABC,
capable of oxidizing succinate to fumarate, as well as the reverse reaction. Although C. jejuni
was initially annotated as possessing succinate dehydrogenase (sdhABC), it was later found
that these genes did not code for succinate dehydrogenase (248), but rather for a periplasmic
methylmenaquinol: fumarate reductase (mfrABE) (77). This complex was found to be in the
periplasm, and reduced fumarate, crotonate and mesaconate to succinate, butyrate, and 2-
methylsuccinate respectively under low-oxygen conditions. The cytoplasmic-periplasmic
membrane transport of succinate and fumarate necessary for these processes is believed to be

facilitated by the DcuA and DcuB transporters (77).
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1.4. Colonization of the host

When a potential host is exposed to Campylobacter infection, C. jejuni will first pass
through the stomach. Unlike the closely related Helicobacters, C. jejuni does not colonize
the stomach, although resistance to acidic conditions allows it to persist for long periods at a
pH as low as 4.5 and survive for brief periods at a pH even lower (193). This allows it to
survive exposure to stomach acid and successfully pass through the stomach into the small
intestine. In the upper small intestine (duodenum), C. jejuni is resistant to the exposure to
bile due to the cmeR regulon. CmeR controls, among other genes, the cmeABC efflux pumps,
which contributes significantly to the tolerance of C. jejuni to bile (150). C. jejuni’s preferred
niches are the cecum and colon of its host, where it will establish itself in high numbers.
Here, it will use its high motility and helical shape to penetrate into the mucus layer of the
intestine where it will establish itself within this layer and often in close proximity to the
epithelial layer (142). Growth within this mucus layer provides both a favourable

environment to C. jejuni as well as special challenges.

1.4.1. The intestinal mucus layer

The mucus lining serves as a protective layer, protecting the intestinal epithelium
from both infections from potential pathogens, but also from physical damage caused by
material passing through the gut (36). The intestinal lining consists primarily of columnar
epithelial cells that are responsible for absorbing most of the nutrients that are made
available through the digestion of material in the intestines. These epithelial cells are
constantly being replaced by pluripotent stem cells located at the bottom of the intestinal
crypts (122). These valuable stem cells are protected from infection and other damages by

the paneth cells at the base of the crypts, which produce large amounts of antimicrobial

15



peptides to keep the crypts clear of foreign bacteria (23). The mucus layer, produced by
goblet cells, which are scattered throughout the intestinal epithelium (122), provides a non-
specific defense against infection of the epithelium (47).

The mucus layer of the intestine is a dynamic, semi-permeable, gel-like layer coating
the interior lining of the intestine and other mucousal epithelial tissues. Its structure is
maintained by interlinking glycoproteins known as mucins. These mucins divide into two
general types, gel-forming mucins (MUC2, MUC5AC, MUCS5B, and MUC6) and cell-
associated mucins (MUC1, MUC3, MUC12, MUC13, MUC16, and MUC17) (36, 47, 161).
The cell-associated mucins remain anchored to the cell surface via a transmembrane domain.
These mucins form a tight glycocalyx along the surface of the cell for the purpose of
preventing the attachment of intestinal bacteria (110, 111). Gel-forming mucins, primarily
MUC?2, although similar in structure to cell-associated mucins, lack a transmembrane domain
and are secreted into the lumen of the intestine, where they form a loose, dynamic outer
mucus layer and an inner, more-firm, sterile mucus layer (6, 109-111), outlined in figure 1.2.

The individual mucin proteins consist of a protein core, which is heavily glycosylated
to the point where glycans make up as much as 50-85% of the total mass of the glycoprotein
(6). More specifically, mucins can be defined by the presence of a serine and threonine rich
tandem repeat domain, a proline/threonine/serine (PTS) rich domain and cysteine rich
domains. For example, the MUC2 protein (Figure 1.2b), which makes up the primary gel-
forming mucin in the human intestine, contains a 2300 a.a. variable number tandem repeat
(VNTR) domain consisting of a repeating 23 a.a. sequence of serine and threonine residues.
Separated from it by a 148 a.a. cysteine-rich domain is a 347 a.a. PTS domain. At the N-
terminal and C-terminal ends exist respectively a 1400 a.a. and 984 a.a. cysteine-rich

domain. This brings the Muc2 protein to a total of over 5100 a.a. (6).
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Figure 1.2: Diagram of the intestinal mucus layer. (A) Members of the intestinal
microbiota are primarily found within the loose, outer-mucus layer comprised of secreted
mucins. The inner-mucus layers are normally sterile, and the cell-associated mucins form a
tight layer along the epithelial cell layer. (B) The structure of the secreted mucin MUC2.
The serine, proline and threonine rich PTS and VNTR domains are shown in green. Cysteine
rich regions are shown in yellow. The extensions from the protein core represent O-linked
glycans attached to the PTS and VNTR domains. (C) Interlocking trimers of MUC?2 proteins
connected by disulfide bonds formed between cysteine residues. Networks of mucin
polymers can extend several um, forming the gel-like structure of the mucus layer.
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The VNTR and PTS domains are common amongst all mucin types and are heavily
O-glycosylated by glycans made up of 1-20 sugar residues. The cysteine-rich domains allow
for the interlinking of mucin monomers into polymers by disulfide bonds between the
cysteines of two or three individual proteins. This allows the mucins to link together into
long chains reaching lengths of several um as shown in figure 1.2¢ (9, 76).

The MUC2 mucins are the main constituent of the outer mucus layer, which is
constantly being replaced, as the mucins are degraded through the action of digestive
enzymes and bacteria, or are sheared off through the movement of material through the
intestinal lumen (110). The rapid loss of the outer layers of the mucus layer is matched by
the rapid production of mucins by intestinal goblet cells. This leads to a rapid turnover of the
mucus layer, which serves to keep larger material and potentially harmful bacteria away
from the epithelium.

Beneath the layer of secreted mucins are cell-associated mucins containing a trans-
membrane domain, anchoring them to the cell membrane, with their highly glycosylated
threonine and serine rich domains extending away from the cell surface to create a
glycoprotein layer surrounding the cell. If a foreign cell or virus particle should pass through
the outer layer of secreted mucins, they will adhere to the membrane bound mucins, thereby
halting their advance (152, 202). Although much more stable than the outer layer, the
membrane bound mucins are still subject to rapid turnover. As foreign particles become
bound to the glycans of the mucin, they become detached from the cell surface due to the
action of a characteristic SEA domain located just above the transmembrane domain of the

mucin. These domains undergo auto-proteolysis in response to mechanical stress to the
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protein, thereby cleaving the mucin protein from the transmembrane domain, releasing it
from the cell and taking the bound foreign particle with it (143, 158).

The actual mechanism by which mucins will bind to bacterial cells remains poorly
understood. The glycans often terminate with a negative charge, due to sulfate or carboxyl
groups. This can explain its binding to some targets that contain a positive charge such as
many viral particles (34). The negative charge will not however aid in binding bacteria,
which usually carry a negative charge on their exterior cell wall or membrane due to teichoic
acids or LOS. To bind bacteria, the glycans on the mucins are believed to mimic cell surface
glycans thereby providing false-binding targets for bacterial adhesion (152, 202). It has been
demonstrated that C. jejuni will adhere to certain glycan motifs, particularly those of
fucosylated glycans found on both cell membranes and mucin glycans (42). This same
observation has been made in other bacteria as well, where they will bind to glycan
structures present on both cell surfaces and mucins, making a possible function for mucins to
act as a decoy for bacterial adhesion (95, 102, 256).

In order to bypass the mucus layer, pathogens such as C. jejuni employ several
different mechanisms. Bacteria such as Vibrio cholerae (215, 226) or E. coli (87), among
others, will secrete mucin-degrading proteases and glycosidases, allowing them to degrade
mucins creating a path through the layer to the epithelium below. Alternatively or
additionally, bacteria such as Salmonella typhi (126) or Shigella flexneri (245) will avoid
mucins entirely by invading through M-cells, where the mucus layer is the thinnest (112,
208). Many toxins may also be able to travel through the mucus layer ahead of the bacteria,
disrupting the underlying epithelial layer and mucus production (161). Once in the mucus
layer, the production of toxins can be triggered by exposure to mucins as has been

demonstrated in C. jejuni, where upon exposure to MUC?2, it up-regulates several
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pathogenicity factors including cytolethal distending toxin and vacuolating toxin (234).
Finally, certain bacteria such as Campylobacter and Helicobacter use their high motility,
helical shape and rotating movement to physically force their way through the mucus layer

(58, 142).

1.4.2. The intestinal microbiota

Despite the role of the mucus lining as a barrier to bacterial and viral infection, for
bacteria adapted to survive under those conditions, it becomes a plentiful environment to
colonize. Although the precise numbers vary significantly between individuals, the human
intestinal microbiota is made up of as much as 100 trillion cells comprising hundreds of
bacterial species (50, 64, 145, 185, 190). The two most represented phyla are the Firmicutes
and Bacteroidetes, representing approximately 51% and 48% of the microbial population
(50). Several studies have however found significant variation in the proportion of these two
phyla between individuals and especially in diseases such as IBD (64, 185) and celiac’s
disease (207). Of the Firmicutes, most (~95%) belong to the Clostridia class, while smaller
numbers belong to the Mollicutes and Bacilli classes. In terms of diversity though, despite
being only 51% of the total number of bacteria, the Firmicutes represented 76% of the total
identified phylotypes in a study by Eckburg et al. (50). In contrast, the representatives of the
phylum Bacteroidetes, despite almost matching the Firmicutes in total number, were much
less diverse, with 31% of them being Bacteroides vulgatus (15% of total bacteria), and 12%
Bacteroides thetaiotaomicron (6% of total bacteria), making those two individual species the
most prevalent bacteria within the gut (50, 144). Other bacterial phyla found in the above
studies included Proteobacteria, Actinobacteria, Verrucomicrobia, Fusobacteria, and a

single species from the Archaea domain, Methanobrevibacter smithii (50, 206).
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Interestingly, most common gastrointestinal pathogens such as Campylobacter or E.
coli are members of the Proteobacteria, which is only a relatively small portion of the
normal microbiota. Metagenomic studies of the microbiota during infection, dextran sulfate
sodium (DSS)-induced inflammation or following disruptions such as with antibiotic
treatments, find dramatic shifts in certain types of bacteria, but such shifts are generally
temporary and the microbiota will usually return to its previous composition over time (92,

157).

1.4.3. The intestinal ecosystem

It is into this complex community of organisms that C. jejuni must establish itself in
order to colonize its host. It has been proposed that in order for a new bacterial species to
establish itself into a complex ecosystem such as the gut, it must find at least one nutrient
source that it can utilize better than existing bacteria. This hypothesis was first put forward
by Freter et al. in 1983 (66), where they found that E. coli needed an open ecological niche
to colonize the mouse intestine. The basic principle behind this hypothesis is simply that of
survival of the fittest, where an organism, in order to establish itself, must either find an
unoccupied niche or successfully outcompete an organism currently occupying it’s target
niche.

The mucus layer itself, upon which this complex microbial community establishes, is
more than simply the mucin complexes described above. The cells of the intestinal
epithelium release numerous antimicrobial peptides and immunoglobulins into the lumen of
the gut to control the microbial population of the intestine and keep it away from the
epithelium (23). Food is constantly passing through the intestine, being degraded by not

only enzymes released from the host, but also through the digestive actions of the microbiota
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as well. The microbiota will act on macromolecules, especially the mucins, produced by the
epithelium, degrading them into their individual amino acids and glycans for their own
benefit. Bacteroides thetaiotaomicron alone, one of the most common single species in the
gut, contains as many as 172 different glycosidases, and is capable of degrading most
glycans present in both insoluble foodstuffs in the intestine, as well as on mucins in the
mucus layer (35).

Beyond the simple degradation of larger macromolecules, the microbiota also creates
an intricate, interdependent metabolic network. The metabolic byproducts from one
organism are subsequently utilized by the host or other bacteria within the ecosystem (18).
The best example of this is the production of short-chain fatty acids (SCFA) such as acetate,
lactate, propionate, and butyrate. Significant research has been done to elucidate the
interconnected relationships between bacteria producing SCFA. The first step of the process
is done by carbohydrate-fermenting bacteria, with members of the Clostridia, Bacteroidia or
Actinobacteria classes being prime examples. These bacteria possess enzymes, first for the
degradation of larger carbohydrates such as starches, breaking them down into individual
mono and disaccharides (17, 18, 61). These sugars can then be fermented anaerobically,
producing large amounts of acetate, lactate and some propionate and ethanol as byproducts
(17, 154). Studies into the SCFA content in feces, find that particularly large amounts of
acetate are present, presumably produced for the most part as a product of bacterial
fermentation in the colon (48).

Next, extracellular acetate can be converted to butyrate using one of several variants
of a butyrate-producing pathway. The mechanisms have been well studied and have been
found in Roseburia spp. Eubacterium spp. Coprococcus spp. and Faecalibacterium

prausnitzii to name a few (154). Most of these inhabit the colon and together make up as
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much as 3% of the total bacteria found there (154). The production of butyrate itself has an
important function within the colon as it serves as one of the primary energy sources for the
nutrition of the colonocytes that make up the epithelium of the colon (85, 154), and a lack of
butyrate has been linked to both colon cancer and inflammation of the colon (85, 162). To
the bacteria of the microbiota, the production of these SCFA adds to the repertoire of
potential carbon sources available to the microbial population with different species of
bacteria often taking-up and metabolizing acetate, lactate, propionate and butyrate (17, 18,
48, 154).

This is also the point where C. jejuni likely enters into the picture. Although there are
bacteria that will make use of all of these molecules, known pathways and experimental
evidence in C. jejuni suggest that it only has the capacity to transport and metabolize both
acetate and lactate (231, 255). Acetate is initially produced and secreted as a byproduct in
several of C. jejuni’s primary metabolic pathways such as L-serine and pyruvate metabolism
(163). However, in later stages of growth, when more preferable sources are exhausted,
acetate can also be used as a carbon source for C. jejuni (255). Although a transporter for
acetate has not been identified in C. jejuni, with the exception of an annotated acetate
permease (ActP) in C. jejuni subsp. doylei (178), it has been experimentally demonstrated in
vitro that C. jejuni has the ability to use acetate as a primary carbon source (255).

The production and excretion of acetate comes as the result of the need to recycle
CoA. The enzyme Pta produces acetyl-phosphate from acetyl-CoA, freeing the CoA for
reuse. The enzyme acetate kinase (AckA) then produces acetate from acetyl-phosphate,
which is excreted and builds up in the surrounding medium. As other sources of nutrients

become scarcer, a switch in the direction of the pathway allows for the uptake of acetate into
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the cell, and the synthesis of acetyl-CoA from acetate by Acetyl-CoA synthase (Acs), or by
reversing the direction of the AckA-Pta pathway (240, 255).

Lactate is also produced in large quantities in the colon as a byproduct of
carbohydrate fermentation by numerous varieties of bacteria commonly found in the gut.
However, despite its rapid production, overall levels of lactate within the gut remain
relatively low, as high rates of production are matched by rapid consumption of lactate by
other bacteria (17). A recent study by Thomas et al. (231) has well documented the usage of
lactate by C. jejuni, although several points still require further research.

While lactate is a common byproduct of fermentation in some bacteria, there is no
evidence of lactate excretion by C. jejuni. Moreover, while C. jejuni possesses an annotated
L-lactate permease (LctP), a mutant into the /ctP gene was still capable of some L-lactate
transport, suggesting the existent of a second, as of yet unidentified lactate permease (231).
Once inside the cell, L-lactate can be catabolized into pyruvate through one of several
pathways. The first involves three genes, cj0073c, cj0074c, and cj0075¢c. These three genes
code for a non-flavin iron-sulfur containing oxidoreductase complex that has been shown to
convert L-lactate to pyruvate (231). A second, flavin and iron-sulfur containing enzyme
Cj1585c, is also capable of converting L-lactate to pyruvate, although the reason for this
redundancy is not immediately clear, and indeed, several strains of C. jejuni such as the 81-
176 strain, lack homologues to ¢j/585¢c. A lactate dehydrogenase (Ldh) was also annotated
in the C. jejuni genome; however, Thomas et al. were unable to find a role for this enzyme in
lactate metabolism (231). Knocking out /dh did not impede lactate utilization, while a double
knockout in the other two pathways completely eliminated lactate utilization, suggesting that

this gene has been either misannotated, or is used under only specific conditions not found in
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their study (231). C. jejuni has also been found to grow on D-lactate, however, no

transporters or pathways have been identified as responsible for this phenotype (231).

1.5 The importance of studying the basic biology of C. jejuni

As mentioned above, there are very few individual toxins or virulence factors that can
be solidly attributed to C. jejuni virulence (232). This makes the understanding of its biology
more imperative. Louis Pasteur once aptly described the human body as a culture vessel
(26), and this appears to be particularly relevant in the case of C. jejuni. To colonize a
human host, bacteria must find an environment where it is supplied with the nutrients
necessary to grow and spread. When C. jejuni is in its human host, it associates closely with
the tissues surrounding the intestine, triggering an immune reaction. When it is in its
commensal host, it does not appear to invade into the host tissues to any significant extent.
In both hosts however, the key target for its colonization is not within the tissues of the host,
but rather in the mucus lining of the intestine. This is the highly competitive environment
described above, where the ecological competitiveness of C. jejuni takes on a new
importance. To approach this, a deeper understanding of the basic biology of C. jejuni is

necessary.
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CHAPTER 2

Mapping the Essential Genes of C. jejuni

2.1. Introduction

When studying the basic biology of an organism such as C. jejuni, knowledge of the
core genes that are essential for growth is important for an understanding of how an
organism survives in its environment. Despite the increasing number of fully sequenced
genomes from C. jejuni and other organisms, a comprehensive understanding of many of its
most fundamental genes is still lacking. This led to an increased interest in assembling
information as to what were the “core” genes of the organisms, and which ones were
essential and which ones were replaceable or amenable to mutation or deletion.

A number of experimental approaches and genome-wide surveys to identify essential
genes have been previously reported. Extensive lists of essential and dispensable genes have
been generated for Acinetobacter baylyi (43), Escherichia coli (11, 72, 211, 233),
Helicobacter pylori (205), Francisella novicida (70, 130), Haemophilus influenzae (3),
Mycobacterium tuberculosis (133, 209), Bacillus subtilis (125), Pseudomonas aeruginosa
(146), Mycoplasma genitalium (75), Mycoplasma pulmonis (65), Staphylococcus aureus (62,
108), Streptococcus pneumoniae (220, 230), Salmonella typhimurium (124) and recently in
Campylobacter jejuni by Stahl et al. (221) and Metris et al. (165), including the research
described herein. The methods employed include systematic single-gene deletion mutants
(43, 125), comprehensive transposon mutant library (3, 65, 70, 75, 130, 146, 165, 205, 209,
221), antisense RNA technology (108), trapping lethal insertions (124) and/or using in silico

approaches (165).
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To date, the complete genome sequences of more than a dozen isolates of
Campylobacter jejuni subsp. jejuni have been obtained (24, 37, 63, 67, 94, 180, 183, 187,
188, 227, 228), plus numerous unfinished genome sequences. C. jejuni NCTC11168
possesses a genome of approximately 1.6 Mb which is predicted to encode 1643 proteins
(81) and other strains harbor a genome comparable in size, although with small variations. In
addition to C. jejuni species, increasing numbers of other species of Campylobacter and
related organisms have been sequenced, including C. coli, C. lari, C. upsaliensis (63), C.
fetus subsp. fetus and venerealis (168), and numerous others. As more genomes are
sequenced, we have gained a better understanding as to which genes are conserved across the
plethora of Campylobacter strains and species, and we have begun to assemble both “pan”
and “core” genomes (139, 252). Pan genomes are the full complement of genes found in the
species. While few if any individual strains would contain all of these genes, they represent
the gene reservoir available to the species as a whole. The core genome on the other hand, is
the set of conserved genes amongst all strains and species (139). While it may be assumed
that these comprise an essential gene set, this is not necessarily the case, as pathway
redundancies and compensatory mutations render even important genes dispensable.

Defining the concept of gene essentiality can be both difficult and misleading.
Although it is tempting to assume that an essential gene encodes a protein absolutely critical
for growth, it must be considered that essentiality should be viewed as contextual (45).
Indeed, growth conditions can significantly affect the list of essential genes. For example,
119 genes from E. coli were found to be essential for growth on glycerol minimal medium
while the corresponding mutants were viable on rich medium (115). Genes encoding

proteins involved in general metabolic processes are likely to be no more than conditionally
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essential and incorporating the metabolic product(s) from the defective pathways in the
growth medium could readily revive a lethal phenotype.

Consequently, it is tempting to speculate that the number and the list of essential or
conditionally essential genes may vary significantly between structurally, metabolically and
ecologically-distinct m