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Abstract

The bacterial pathogen Campylobacter jejuni is known to cause a range of diseases from
inflammatory diarrhoea to the autoimmune Guillain-Barré syndrome, although in some
individuals infection with C. jejuni can be asymptomatic. The difference in outcome of the
infection is likely to be the result of a number of factors including genetic differences
between the infecting strains and susceptibility of the infected individual. As C. jejuni is
known to be genetically variable, this project has involved the comparison of a number of
unsequenced strains of C. jejuni against the sequenced strain 11168, in order to discover
novel chromosomal sequences that may be responsible for the different phenotypes of these
strains.

Four strains, representing a range of clinical outcomes and survival in different
environmental niches were compared against the sequenced strain 11168 using a nylon
macro-array based technique. This has resulted in the identification of 483 Kb of sequence
containing 595 novel predicted genes within small-insert genomic libraries. Many of the
novel predicted genes are associated with surface polysaccharide, flagellar biosynthesis and
modification in addition to hypothetical genes. Also a number of genes identified were
associated with restriction modification, metabolism and respiration. A few predicted
proteins showed homology to genes associated with transposons, plasmid conjugation,
chemotaxis and adhesion. Using this data 31 larger-insert BAC clones containing predicted
genes of interest were identified and sequenced in order to determine the extent of these
chromosomal islands. Within these sequences predicted genes have been identified that
might be implicated in the distinct phenotypes of these strains.

A chromosomal tetracycline resistance determinant was discovered amongst

remnants of transposon associated genes. A similar insert was found in two of eight
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tetracycline resistant clinical isolates studied. This presents the possibility that a transposon
may be responsible for disseminating tetracycline resistance in some strains of C. jejuni.

Two plasmids from one of the strains used in this study were sequenced. In one of
the plasmids an inverting region was discovered and analysed, and the possibility that this is

responsible for variable expression of a type IV secretion system was investigated.
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Glossary of terms

aa
ACT
AFLP
AIDS
BAC
BAP
Bp
BSA
C
CDS
CDSC
CDT
dATP
dCTP
DDW
dGTP
DMSO
dTTP
EDTA
FSA
G
GBS
GGT
HLA
HR-MAS NMR
Id

IgG
IPA
IPTG
IVS
Kb
LB
LMP
LOS

amino acid

Artemis Comparison Tool

amplified fragment length polymorphism
Aquired Immunodeficiency Syndrome
Bacterial Artificial Chromosome
Bacterial Alkaline Phosphatase

Base pair(s)

Bovine Serum Albumin

Cytosine

Coding Sequence

Communicable Disease Surveillance Centre
Cytolethal Distending Toxin
2'-Deoxyadenosine 5'-triphosphate
2'-Deoxycytidine 5'-triphosphate
double distilled water
2'-Deoxyguanosine 5'-triphosphate
dimethyl sulphoxide
2'-Deoxythiamine 5'-triphosphate
ethylene diamine tetra-acetic acid
Food Standards Agency

Guanine

Guillain-Barré syndrome
gamma-glutamyl transpeptidase
Human Lymphocyte Antigen
High-resolution magic angle spinning nuclear magnetic resonance
Identity

immunoglobulin G

Invasion Protein Antigen
isopropylthio-B-D-galactoside
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kilobase(s)

Luria-Bertani broth

Low Melting Point

Lipooligosaccharide



LPS Lipopolysaccharide

LSHTM The London School of Hygiene and Tropical Medicine
MFS Miller Fisher Syndrome

MLST Multilocus Sequence Typing

MSP Maximal Segment Pairs

MW Molecular Weight

PCR Polymerase Chain Reaction

PEG polyethylene glycol

PFGE pulsed-field gel electrophoresis

PMSF phenylmethylsulfonyl fluoride

RAPD Randomly amplified polymorphic DNA
RFLP restriction fragment length polymorphism
RM restriction-modification

SDS Sodium Dodecyl Sulphate

SOD Superoxide Dismutase

SSD Strain Specific DNA

ST Sequence Type

T Thymine

TE Tris- EDTA

TLP Transducer-like protein

TMAO trimethylamine-N-oxide

TPS Two Partner Secretion

TYE Tryptone Yeast Extract

uv Ultra Violet

WU-BLAST Washington University-Basic Local Alignment Sequence Tool
X-gal 5-bromo-4-chloro-3-indolyl-B-D-galactoside

YOP Yersinia outer protein
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Chapter I - Introduction

1. Introduction

1.1 Background

Campylobacter jejuni is the most common cause of bacterial diarrhoeal disease worldwide.
Little is known about the ability of this organism to cause disease. A wide range of
phenotypic and genotypic diversity has been reported for this species along with a range of

disease outcomes.

1.1.1 Classification

C. jejuni belongs to the delta-epsilon group of proteobacteria within the family
Campylobactereaceae, which also includes the genera Helicobacter and Arcobacter. The
delta-epsilon group is significantly divergent from the gamma subgroup which contains
many human enteropathogens such as the salmonellae, Escherichia coli and Shigella [1].
The genus Campylobacter now includes about twenty species and subspecies, eight of which
are known to cause human gastrointestinal disease [2]. Campylobacter was previously
thought to be purely a pathogen of animals until the 1970s when it was discovered that
Campylobacter caused diarrhoea in man [3].

Campylobacter are Gram-negative with a low G+C content chromosome (30%).
They are non-spore forming, spiral rod shaped bacteria 0.2-0.8 pm wide and 0.5-5 pm long.
Cells are typically motile and move in a corkscrew-like motion propelled by a single polar
flagellum. They require a microaerobic environment for growth and are thermophilic with

an optimum growth temperature of 42-43°C [1].
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1.1.2 Physiology and metabolism

1.1.2.1 Growth

Many aspects of the physiology and metabolism of these organisms remain poorly
understood due in part to difficulties in cultivating members of the Campylobacter genus.
The majority of Campylobacter strains need to be cultured in a microaerobic environment
consisting of 5-10% (v/v) oxygen and 5-10% (v/v) carbon dioxide in complex growth media
with additional supplements [4]. C. jejuni is susceptible to a wide variety of antimicrobial
treatments and food processing methods such as drying, freezing and salting. C. jejuni is
also sensitive to osmotic stress and osmotic pressure, oxygen concentrations above 5% and
has not been reported to grow at temperatures below 30°C [2].

After several days of in vitro culture, cells have been noted to change from spiral to
coccoid forms accompanied by a loss of culturability. It remains controversial as to whether
this represents a survival mechanism or is a degenerative form but it has been reported that
the change to coccoid forms does not require de novo protein synthesis. This suggests that
the change to coccoid forms is not actively controlled and therefore may represent cell injury
[5]. C. jejuni is not thought to mount a stationary-phase response to limited nutrient
availability, or the build up of toxic waste products, which is characterized in many other
bacteria by increased resistance to environmental stress. Resuscitation of aged cultures has
been demonstrated but is more likely to represent growth in numbers of residual viable cells
rather than reversal of a viable but not culturable state [6]. It is possible that a subpopulation

within stationary phase cultures of Campylobacter may be better able to cope with injury [7].
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1.1.2.2 Transport and iron uptake

The genome sequences of C. jejuni show that it has a limited capacity for biosynthesis and
therefore many transport systems exist for the acquisition of essential amino acids, other
nutrients and ions from the external environment [4;8;9].

Iron is essential for all organisms as it is a cofactor of many enzymes e.g. peroxidases
and cytochromes; in addition it is used in electron transport and redox reactions [10]. Iron-
uptake systems are often considered to be virulence factors as iron availability is limited in
mammalian host tissues. In response to low iron availability bacteria may produce low-
molecular weight iron chelators called siderophores [10]. It has been suggested that certain
strains of C. jejuni may produce siderophores; however, no siderophores have been
characterized from C. jejuni [11]. C. jejuni may be able to scavenge siderophores produced
by other bacteria in the intestinal tract [12] as several systems for the uptake of iron
complexed to siderophores have been discovered. These uptake systems include the
ceuBCDE operon for the uptake of enterochelin and c¢fr4 which has been proposed as a ferric
enterobactin receptor [13] and which is only present in some strains [14]. Also ¢j0178 may
be the receptor of an as yet unidentified iron source [10]. In addition a haemin/haemoglobin
uptake system exists encoded by chudBCD with a chud mutant being unable to use
haemoglobin or haemin as an iron source [13]. Haem compounds may be released by the
host at the site of inflammation [12] and therefore be accessible to C. jejuni once it leaves the
intestinal tract.

Excess iron can be toxic to cells causing oxidative stress therefore iron uptake is
tightly regulated. In C. jejuni there are two iron-response regulators, the ferric uptake
regulator Fur and PerR, which regulates peroxide stress defence proteins AhpC and KatA
[4], underlining the link between iron uptake and oxidative stress resistance. C. jejuni also

possesses the ability to store iron for iron-limited environments as ferritin (cf?) [15].
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1.1.2.3 Carbon metabolism

C. jejuni has no phosphofructokinase, a glycolysis enzyme, and therefore cannot
significantly metabolize externally supplied sugars. C. jejuni has been proposed to obtain
carbon and energy requirements from tricarboxylic acid (TCA) cycle intermediates, some
organic acids and amino acids; in particular C. jejuni has been shown to grow in culture
using serine, glutamate, aspartate, asparagine, glutamine and proline as the sole carbon
source [16]. A recent study has shown that Campylobacter strains fall into three distinct
metabolic groups: 91% of C. jejuni strains tested were able to oxidize o—ketoglutarate,
succinate, fumarate and aspartic acid; 7% of C. jejuni strains were unable to metabolize a-
ketoglutatarate and 2% of C. jejuni strains were unable to oxidize succinate, fumarate and
aspartic acid [17]. This highlights the fact that there is metabolic diversity between different
strains of C. jejuni. Proteases might be important to the nutrition of the organism under
carbon-limiting conditions by breaking down proteins into constituent parts that can be fed

into TCA cycle [16].

1.1.2.4 Electron transport

C. fetus has been shown to grow anaerobically by respiring formate and fumarate in a similar
way to Wolinella succinogenes along with some other members of the Campylobacter genus.
C. jejuni in contrast has been reported not to be able to grow anaerobically [18] even though
the genome sequence of strain NCTC 11168 revealed the presence of genes for fumarate
reductase and other genes known to be involved in anaerobic electron transport pathways
from other bacteria [4]. Electron acceptors other than oxygen may be important for growth
in the avian gut and also the mammalian gut where oxygen is limited. The respiratory chain
in C. jejuni appears to be highly branched and complex with many cytochromes [4]

suggesting an ability to adapt to different environmental conditions.
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1.1.3 Campylobacter infection

1.1.3.1 Epidemiology

About 90% of human Campylobacter isolates in England and Wales are C. jejuni with most
of the remainder being C. coli [19]. Reports of campylobacteriosis are not normally
distinguished at the species level so the peak of 58,059 cases in 1998 were reported to the
Communicable Disease Surveillance Centre (CDSC) simply as Campylobacter [20]. More
recent figures would tend to suggest a decrease in cases over the past few years, with the
Health Protection Agency (HPA) receiving 47,597 laboratory reports of Campylobacter in
faecal isolates during 2002, 7,317 less than the previous year [21]; this trend is also apparent
in the USA [22].

In the UK there is a seasonal variation in incidence, with a peak in late spring, a
lesser peak in autumn and a winter low. Regional variation also occurs with a greater
incidence in rural rather than urban populations [16]. The incidence of campylobacteriosis is
highest in males under 1 year old with a second peak occurring in adults aged 25-34.
Incidence is higher in males than females for all age groups [20].

Even though cases of acute gastroenteritis caused by Campylobacter now outnumber
those caused by Salmonella, outbreaks of campylobacteriosis are rarer than outbreaks of
salmonellosis; only 12 general outbreaks of Campylobacter, affecting 239 people were
reported to the Communicable Disease Surveillance Centre (CDSC) between 1995 and 1996,
compared to 233 outbreaks of salmonellosis involving 4,946 people [20]. Part of the reason
for this could be that Campylobacter does not multiply in foods; however only a low dose is
required to cause disease: 50-100 cells if not lower, depending on the infecting strain [2].

C. jejuni is found naturally in the gastrointestinal tract of birds (particularly poultry),
cattle and domestic pets, where it rarely causes disease. Transmission to humans has been

reported from a variety of sources including raw or undercooked meat, especially poultry
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[2;20]. The Food Standards Agency (FSA) has quoted that an average of 50% of retail
chickens in the United Kingdom are contaminated by Campylobacter [23] although reports
of contamination vary dramatically with location, sampling season and different producers of
raw retail chickens [24;25].
Other sources of infection are unpasteurised milk, bird-pecked milk on doorsteps and
untreated water: Campylobacter may be shed into surface water by birds and can survive for
many weeks at low temperatures. However most infections remain unexplained by

recognised risk factors [20].

1.1.3.2 Disease outcomes

C. jejuni can cause a spectrum of disease ranging from asymptomatic colonisation to
severe inflammatory diarrhoea and has also been associated with bacteraemia, endocarditis,
meningitis, urinary tract infection and other extraintestinal diseases including Guillain-Barré
syndrome (GBS) and Miller Fisher syndrome (MFS) [26]. Post infective complications are
rare with about 1% developing reactive arthritis and about 0.1% developing GBS [16]. GBS
is an autoimmune-mediated disorder of the peripheral nervous system resulting in paralysis
[27] and MFS is considered a variant of GBS that causes paralysis of ocular muscles, ataxia
and a loss of tendon reflex [28]. GBS has been associated with C. jejuni serotypes 0:41[29]
and 0:19[30]; with the latter serotype (0:19) the risk of developing GBS may be as high as 1
in 150 [29]. Amplified fragment length polymorphism (AFLP) analysis has shown that
strains associated with GBS or MFS do not belong to a distinct genetic group [31] suggesting
that host factors are a major determining factor in the onset of these disorders.

In its uncomplicated form campylobacteriosis is characterised by fever, abdominal
cramping and diarrhoea (with or without faecal leukocytes). The incubation period is
normally 1-7 days after which profuse diarrhoea frequently lasts 2-3 days accompanied by

acute abdominal pains [26]. The average duration of illness calculated from nine outbreaks
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was 4.6 days although one third of patients from these outbreaks were ill for more than seven
days [32]. The disease is usually self-limiting and in the majority of cases people recover
without the aid of antibiotics; the relapse rate being 5-10% [26]. The proportion of patients
admitted to hospital varies but is generally cited as between 5-10% and fatalities are rare,
usually only occurring in the elderly or the immunocompromised [32]. In circumstances
where antibiotic treatment is necessary, for example in prolonged or systemic infection,
erythromycin is used as the drug of choice but fluoroquinolones and tetracycline may also be
used [26;32].

There is a marked discrepancy between disease outcomes in developed and
developing countries. In developed countries campylobacteriosis can be quite severe with
bloody diarrhoea a common feature of infection whereas in developing countries diarrhoea is
more likely to be watery. In developing countries the disease predominantly affects young
children possibly relating to developed immunity resulting in subsequent asymptomatic
infection [33].

It has been reported that travellers abroad are more likely to develop disease
symptoms similar to those they would develop if they contracted the disease in their own
country. This suggests that host susceptibility is an important factor and that differences in
disease outcome are unlikely to be solely due to strain differences in geographically separate
areas. Indeed in human volunteer studies the same strain can cause different severity of
illness in different people [16].

Immunocompromised people are more at risk of developing disease, with one report
suggesting that in Acquired Immunodeficiency Syndrome (AIDS) patients in Los Angeles
during the period 1983-1987 the incidence of disease was 39 times higher than in the general
population. This may however be an overestimate as AIDS patients are considered to be

more likely to report to health services on development of symptoms [34]. It has also been
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suggested that immunocompromised people often develop a more severe form of disease
[26]. There is also a strong association between reactive arthritis, a rare complication, and
people who have the human lymphocyte antigen HLA-B27 [34]. These facts highlight the
role of the immune system in severity of disease.

The reasons for variable host response are not clear but may depend on a combination
of the virulence of the infecting strain, the challenge dose, and the susceptibility of the

patient [32].

1.1.4 Pathogenesis

1.1.4.1 Models of infection

Although C. jejuni causes a large number of infections each year the bacterium is
nutritionally fastidious and supposedly extremely susceptible to environmental stresses
(section 1.1.2.1). This apparent paradox highlights the fact that C. jejuni remains a poorly
understood pathogen.

Part of the reason for the poor understanding of this pathogen is due to a lack of
suitable animal models to assess virulence [35]. Campylobacter has the ability to colonize
the intestinal tract of many animals including humans, pigs, cattle and birds but in most hosts
Campylobacter behaves as a commensal gut organism. Only primates and possibly ferrets
show disease outcomes similar to those in humans with other animal models e.g. chickens
and mice being used for colonization studies. So far factors which may explain why only a
restricted number of species succumb to disease have been elusive [16].

Human volunteer challenges have been used in the past to study pathogenicity. In
these reports large oral inocula were needed to cause illness [36] whereas low doses have
been implicated in waterborne outbreaks [29] so even this may be a poor reflection of how

C. jejuni causes infection naturally.
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Despite the above limitations to experimental determination of C. jejuni
pathogenicity certain factors have been shown to be important for disease progression as

described below.

1.1.4.2 Motility

The primary stage of infection or colonization involves Campylobacter moving towards cell
surfaces. The distinctive type of corkscrew-like movement displayed by Campylobacter is
thought to be an adaption allowing penetration of the mucus overlying the intestinal
epithelium [12]. This movement is mediated by flagella. There are two genes encoding
flagellin in C. jejuni: flaA and flaB, and these genes are arranged in tandem on the
chromosome and show a high degree of sequence identity to each other. The flagella are
constructed from multimers of flagellin; FlaA flagellin protein is the major component with a
small amount of FlaB flagellin protein. These flagellin proteins are attached by a hook
protein to a basal structure which is embedded in the membrane and, along with the stator
units (MotA and MotB plus FIIMNG), acts as a motor for rotation [29].

The flagella are post-translationally modified by phosphorylation and glycosylation
[37] and they exhibit phase and antigenic variation [15]. The flad and flaB genes are
independently transcribed by different types of promoter, o™~ and o '-dependent
respectively. The expression of flaB seems to be environmentally regulated by temperature
and pH [16]. It has also been demonstrated that the flagella are able to secrete proteins into
the extracellular milieu [38].

Motility is directed by chemotaxis which allows the organism to locate and move
towards the mucus layer of the gut [16]. Mucin, L-serine and L-fucose all act as
chemoattractants for C. jejuni and bile acids act as chemorepellants [16]. Ten proteins
containing methyl-accepting chemotaxis domains have been identified within the genome

sequence of C. jejuni strain NCTC 11168 [8;12].
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1.1.4.3 Adherence

Several adhesins have been described in Campylobacter including flagellin,
lipopolysaccharide (LPS) and a number of membrane proteins [16]. In the case of flagella it
is difficult to separate adhesion from motility functions. Binding to host cells is proposed to
be mediated by proteins synthesized constitutively as heat killed bacteria are still able to bind
[39]. Different strains have been noted to vary in their ability to adhere to epithelial cells in
vitro [40].

A mutant of PEB1, a homologue of cluster 3 binding proteins of bacterial ABC
transporters, showed a 50-100 fold decrease in adherence and 15-fold decrease in invasion of
epithelial cells in culture [41]. An outer membrane protein CadF (Campylobacter adhesion
to fibronectin) is required for adherence and may stimulate invasion upon binding to
fibronectin [42]. A lipoprotein, JIpA, has also been shown to be an adhesin [43].

CheY, which affects the rate of flagellar motor switching, has been shown to have an
effect on both adherence and invasion. C. jejuni mutants containing two copies of cheY are
non-adherent and non-invasive and cheY strains are hyperadherent and hyperinvasive in

vitro [44].

1.1.4.4 Cellular Invasion

Strains of C. jejuni differ in their ability to invade human cell lines in vitro [16;40]. Once C.
Jjejuni has attached to a gut epithelial surface a subpopulation goes on to invade the epithelial
cells; this invasion has been correlated with inflammatory disease [12]. At least two
mechanisms of invasion have been proposed. The first mechanism involves actin
reorganization and accumulation within the mammalian cell, beneath the site of bacterial
attachment, followed by microfilament-mediated uptake. The second mechanism is

microfilament independent and instead utilises a microtubule mediated uptake system

10
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involving coated pit formation. In addition both clathrin-coated pits and clathrin-
independent caveolae have been implicated in endocytosis of the pathogen [45]. This data
suggests that there may be several different mechanisms at work.

C. jejuni invasion is dependent on both de novo synthesized bacterial proteins and
host cell signal transduction [12]: at least 8 bacterial proteins are produced and secreted upon
co-cultivation of C. jejuni and the human embryonic intestinal cell line, INT-407. One of
these proteins is CiaB which has been identified as necessary for internalization into cells
[46].

In addition to intracellular invasion, translocation across cell monolayers has been
observed and has been shown to be inhibited by chloramphenicol, suggesting that de novo
bacterial protein synthesis is required. Some strains are able to translocate across confluent
cell monolayers despite being classed as non-invasive and indeed electron microscopy
studies have shown bacteria passing through and between host cells suggesting that both

paracellular and transcellular routes are used [15].

1.1.4.5 Intracellular survival

After invasion of the intestinal epithelial cells, C. jejuni appear to be largely confined within
endosomal vacuoles [45]. Bacterial numbers in INT407 cells have been shown to decrease
after phagosome-lysosome fusion after which most bacteria have adopted a coccoid
morphology and there is little evidence of intracellular multiplication [45]. Campylobacter
have also been observed free in the cytoplasm of cells in vitro and in vivo [45].
Campylobacter may translocate across cells allowing the bacteria to reach the
bloodstream and deeper tissues [29]. Campylobacter are sensitive to complement-mediated
lysis and as such are thought to be rapidly killed upon traversing the epithelium [29]. The
host inflammatory response leads to polymorphonuclear leucocytes and monocytes

infiltrating intestinal epithelium [15]. If Campylobacter do survive early immune responses
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and circulate in the bloodstream they will eventually be taken up by macrophages where the
bacteria may survive for up to seven days [29]. Strain differences in serum resistance [47]
and phagocyte-mediated killing have been reported [16]. Mechanisms of intracellular
survival are unknown although serum resistance has been linked to sialylation of

lipooligosaccharide [48].

1.1.4.6 Toxins

As the levels of invading Campylobacter are thought to make up less than 1% of applied
bacteria on a monolayer of cells in culture, the action of toxins has been proposed as a
pathogenesis factor [49], indeed certain aspects of Campylobacter disease would be
consistent with the action of toxins.

There are two major classes of proteinaceous toxins which would be relevant to the
observed pathogenicity of Campylobacter; enterotoxins and cytotoxins. Enterotoxins bind to
cellular receptors, enter the cell and elevate intracellular cAMP levels causing excess
secretion of fluid resulting in watery diarrhoea. Cytotoxins kill target cells by inhibition of
cellular protein synthesis or inhibition of actin filament formation [2] which may be
consistent with diarrhoea containing blood and inflammatory cells [16].

At least six different types of toxin have been proposed to be encoded by
Campylobacter strains including cholera-like toxin and various cytotoxins [29]. Reports of
enterotoxin production vary widely between isolates with some isolates producing
enterotoxin and some not. No correlation was found between enterotoxin production and
prevalent Lior or Penner serotypes (see section 1.1.5.1 for explanation of serotype schemes).
It has been suggested that enterotoxin production results in watery type diarrhoea as opposed
to inflammatory bloody diarrhoea. However this could be determined by host factors

(section 1.1.3.2) [49].
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Several different cytotoxins have been proposed to be encoded by Campylobacter
including cytolethal distending toxin (CDT). The early effects of CDT are similar to those of
an enterotoxin but after several days cells show distension and death [49]. CDT appears to
be able to cause some diarrhoeal symptoms in the rat-ileal-loop assay [50] but the
mechanisms of action of this toxin are unknown. CDT is encoded by cdtABC which have
been found in all C. jejuni strains studied so far [29;51]. The CDT locus is found in other
Campylobacter species although it shows high sequence divergence between species [50].
The amount of toxin produced by isolates varies even though all strains seem to possess the
genes that encode the toxin [49].

Haemolytic toxins have also been described, with 92% of C. jejuni strains tested
showing haemolysis on blood agar. Hepatotoxin and shiga-like toxin have also been
proposed but studies on these toxins are contradictory [49].

With the exception of CDT, genes encoding proposed toxins have not been isolated
or identified from sequencing projects [29]. The importance of these proposed toxins in

disease remains unclear.

1.1.4.7 Surface polysaccharide structures

All strains produce lipooligosaccharide (LOS); a lipid A molecule joined to core
oligosaccharide. LOS with a structure mimicking human ganglioside GM1, thought to be
produced to evade the immune system, has been postulated to be an important factor in the
development of GBS [52]. In addition it was thought that about one third of strains also
produced a high molecular-weight lipopolysaccharide (LPS) which contained an O-chain
consisting of repeating oligosaccharide. This has since been shown to be a capsular
polysaccharide. Interestingly, capsule has been shown to be present even in strains
previously not thought to produce LPS [53]. The capsule has also been proved to be the

basis of the Penner typing scheme (section 1.1.5.1), and it has been proposed to aid surface

13



Chapter I - Introduction
spreading, contribute to serum resistance, phagocytic killing and cell toxicity [15]. Capsular
polysaccharide is poorly immunogenic which may aid in resistance to host-specific immune

response [35] and may protect the cells from desiccation when in the environment.

1.1.4.8 Environmental survival

Anything which aids growth or survival in either the host or general environment could be
considered a virulence factor if it aids transmission. Oxygen stress defences are used to deal
with toxic oxygen metabolites produced during normal metabolism, during transmission or
when in contact with host immune defences [12]. Superoxide stress defence is mediated by
the superoxide dismutase (SOD) SodB whilst peroxide stress defence is mediated by catalase
and alkyl hydroperoxide reductase (AhpC) [12].

The majority of Campylobacters are phenotypically catalase-positive (KatA).
Catalase reduces oxygen stress by detoxifying hydrogen peroxide to oxygen and water [10].
Prior exposure to oxidative stress has been shown to increase rates of invasion, and catalase
has been shown to contribute to intramacrophage survival. However it does not play a role
in intraepithelial cell survival [54].

SodB is a superoxide dismutase which catalyzes the breakdown of superoxides into
hydrogen peroxide and oxygen; mutants in sodB are attenuated in intracellular survival and
colonization [10]. AhpC alkyl hydroperoxide reductase converts reactive hydroperoxides to
the corresponding alcohols [10].

The ability of Campylobacter to persist outside the host environment may be an
important factor in transmission and therefore a determinant of which strains may infect
individuals as C. jejuni is thought to be susceptible to a wide range of environmental stresses
and does not grow at ambient temperatures. Campylobacter lose culturability at different
rates when transferred to water [16].  Campylobacter are found in natural water sources

throughout the year but appear to survive better when the water is cold [34]. Some strains
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are able to survive for up to four weeks at 4-10°C: this persistence was increased when
bacteria were introduced with biofilms of indigenous water flora [16]. Factors determining
strain variation in persistence are currently poorly understood but different isolates may vary

in the virulence determinants they carry [16].

1.1.4.9 Plasmids

Recently the role of plasmids in Campylobacter virulence has been studied [55;56].
However, not all highly invasive strains have plasmids; the prevalence of plasmids in
Campylobacter has been estimated by several sources as 19-53% [55]. In a survey of 688
isolates from diverse sources 32% were found to harbour plasmid DNA of size ranging 2-
162 Kb with 16% harbouring multiple plasmids. No plasmid type was common to all
Campylobacter [57].

Although plasmids may be involved in virulence there are a large number of clinical
isolates that possess no plasmids so chromosomal determinants must also be of importance
in virulence. Plasmids have also been implicated in the spread of antibiotic resistance.
Tetracycline resistance is largely associated with plasmids [57] but other resistances may be
chromosomally mediated [58]. Two C. jejuni plasmids both containing type IV secretion
systems have been identified in strain 81-176; pVir and pTet [55]. These plasmids will be

discussed further in chapter 3.

1.1.4.9 Chicken colonization

The colonization of chickens by Campylobacter is thought to be an important consideration
in disease causation by the organism as consumption of poultry products has been implicated
in transmission of the bacteria to humans, although the source of most infections remains

unidentified [20]. Levels of chicken colonization are high with up to 10° Campylobacter
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being recovered from a single chicken [59]. Different strains of Campylobacter are known

to differ in their ability to colonize chickens [60].

1.1.4.10 Pathogenesis Summary

Phenotypic differences have been observed for traits implicated in virulence such as
adherence, invasive properties, toxin production, serum resistance, chicken colonization
potential, aerotolerance and temperature tolerance [29]. These phenotypic differences may
correlate with differences in clinical outcome of disease, survival of the bacterium in the
environment and transmission of the bacterium between hosts. Phenotypic difference may

reflect underlying genotypic diversity.

1.1.5 Subtyping and diversity

Subtyping methods have been developed for Campylobacter and are frequently used in
surveillance and epidemiological studies. In order to trace sources of infection,

discrimination between different strains is necessary.

1.1.5.1 Serotyping

Two well established subtyping techniques are serotyping schemes. The Lior scheme is
based on heat-labile antigens and a bacterial agglutination method [61] which now
recognizes over 100 serotypes of C. jejuni [29]. The Penner scheme is based on heat-stable
antigens using a passive hemagglutination technique [62]. The Penner scheme has recently
been shown to be based on capsular polysaccharide [53] and currently identifies more than
60 serotypes of C. jejuni [29]. Phage typing has been used to give finer discrimination, and
there are currently 336 serotype-phage type combinations. However there are a number of
strains which remain untypable using traditional methods (19% of human isolates) [19].

Serotyping has been used to monitor Campylobacter on contaminated foodstuffs. A survey
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of poultry food products in Denmark found that 85% of Campylobacter isolates were C.
Jjejuni with certain Penner serotypes being more common than others [63].

Serotyping techniques are labour intensive and as such are largely limited to

reference laboratories [34]. Molecular techniques already in use for other bacteria have been

adapted for Campylobacter in order to provide more accessible typing procedures [64].

1.1.5.2 Molecular subtyping

Flagellin typing (fla typing) utilises restriction fragment length polymorphism (RFLP) in the
PCR-amplified flagellin locus [29]. Due to variations in procedure, results from different
laboratories cannot be directly compared which limits the usefulness of this assay for
tracking infections [64]. In addition, due to recombination in the flagellin locus, the long
term applicability of this assay for subtyping has been called into question as it does not
accurately represent the entire genome [65]. However, fla typing has been used to
demonstrate not only diversity between environmental isolates of C. jejuni but also to link
certain fla types from environmental isolates to those from cases of human
campylobacteriosis in the same geographical area [66].

Pulsed-field gel electrophoresis (PFGE) also shows diversity between isolates of C.
jejuni [29;66]. The method is based on digestion of the bacterial chromosome by restriction
enzymes that cleave the DNA infrequently. A major problem with this is that differences in
electrophoretic conditions can lead to apparent differences in the profiles obtained even for
the same DNA preparation which may make the comparison of different PFGE patterns
unreliable [64].

Ribotyping involves gel electrophoresis of digested genomic DNA followed by
Southern blot hybridization with a probe specific for rRNA genes. There is limited

discriminatory power for this typing method due to there being only 3 rRNA gene copies
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present in the genomes of Campylobacter species which means isolates can not be reliably
identified at the subspecies level [64].

Randomly amplified polymorphic DNA (RAPD) analysis uses short non-specific
primers to arbitrarily amplify DNA products under low-stringency PCR conditions. Band
patterns consist of both weak and strong amplicons which can complicate interpretation. In
addition up to 14% of strains examined may be untypeable due to DNase activity and there is
poor reproducibility [64]. RAPD analysis has been used to distinguish between invasive and
non-invasive isolates based on band differences; a distinct RAPD profile was found in 63%
of invasive strains but was also found in 16% of non-invasive strains [67]. RAPD analysis
has also shown genetic diversity between C. jejuni isolates from human faeces, seawater and
poultry products [68].

Amplified fragment length polymorphism (AFLP) analysis involves the complete
digestion of chromosomal DNA with two restriction enzymes, one with a 4 bp recognition
site and the other with a 6 bp recognition site, followed by PCR amplification based on
restriction sites [64]. The bacterial subtypes recognized by one technique often do not
correlate with the subtypes determined by other typing techniques [29]. However AFLP
analysis and multilocus sequence typing (MLST) have been shown to give similar genetic
groupings when performed on the same isolates [69]. In one study AFLP analysis identified
more than 100 different profiles amongst human, chicken and cattle isolates of C. jejuni and
showed that isolates from human and cattle were more likely to show similar banding
patterns than those from chickens [69].

A major limiting factor in some subtyping schemes is the reproducibility and
comparison of results between laboratories as well as the fact that a number of strains are
untypable using certain techniques. In order to provide a standardised test that is easy to

perform and compare between laboratories, an MLST scheme for Campylobacter has been
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set up based on seven housekeeping loci [70]. The results of initial typing using 194 strains
indicate that C. jejuni is genetically diverse with a weakly clonal population structure. Using
this technique 155 sequence types (STs) were observed with 26% being unique. Some STs
were consistent with Penner serotype however some displayed a high level of diversity

within serotypes [70].

1.1.5.3 Subtyping Summary

These subtyping techniques demonstrate a wide range of phenotypic and genotypic diversity
between Campylobacter isolates in different environmental and clinical settings, although it
is difficult to compare between techniques and even between laboratories. It is difficult,
based on these techniques, to know the full extent of genotypic diversity within the species

C. jejuni.
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1.2 Genomic studies

In some bacteria an increase in observed pathogenicity has been attributed to the uptake and
incorporation of virulence genes which in some cases cluster in regions known as
pathogenicity islands [71], for example the cag4 pathogenicity island of Helicobacter pylori
[72]. The cag pathogenicity island is a 40 Kb island flanked by direct repeats; this island
encodes 31 CDSs including the CagA cytotoxin and a type IV secretion system [73].
Pathogenicity islands are characterized by different G+C content to the core chromosome
G+C content, instability, integration at specific loci e.g. tRNA genes, presence of mobility
elements and the presence of direct repeats [71]. Pathogenic Yersina can be divided into
low-pathogenicity strains, which induce mild intestinal infection in humans, and high-
pathogenicity strains, which induce severe systemic infection in humans [74]. Several genes
responsible for the high-pathogenicity phenotype are clustered on a genomic island termed
the high-pathogenicity island [75]. This high-pathogenicity island present in Yersinia spp. is
particularly unstable and can be lost at frequencies of up to 10” per generation [76].
Virulence genes may also be located on transmissible genetic elements such as transposons
[71], plasmids [77;78] or bacteriophages [79;80]. However, in C. jejuni the degree to which
genetic differences contribute to variations in disease outcome and epidemiological
characteristics is as yet unclear [29]. In the current genomics age large scale methods have

been adopted to explore bacterial strain diversity.
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1.2.1 Genome sequencing

1.2.1.1 C. jejuni strain NCTC 11168

C. jejuni strain NCTC 11168 was isolated from a case of human campylobacteriosis in 1977
and is a commonly used laboratory strain. In 2000 the sequence of C. jejuni strain NCTC
11168 was published [8]. The genome of strain NCTC 11168 is 1641481 bp with 94.3%
predicted to code for proteins. Out of 1654 predicted Coding Sequences (CDSs)
approximately 22% of C. jejuni genes had no matches to previously identified genes with
known function. Only 55.4% of C. jejuni CDSs had orthologues in the closely related
bacterium Helicobacter pylori. The majority of predicted CDSs did not appear to be
organized into operons or clusters. Exceptions to this include the lipooligosaccharide (LOS)
and capsular polysaccharide biosynthesis clusters. Interestingly these polysaccharide
biosynthesis clusters have a lower G+C content than the rest of the chromosome. The
sequence data was largely unable to elucidate novel candidate genes for the production of
toxins, adhesins, invasins and other classical virulence determinants with the exception of
components of sialylation pathways and the cytolethal distending toxin genes (cdt4ABC).
There were also a lack of bacteriophage, inserted sequence (IS) elements and obvious
pathogenicity islands [8].

One striking discovery from the genome sequence was the identification of 24
regions of sequence polymorphism which mainly consisted of poly G/C tracts which alter in
length due to slipped-strand mispairing. Slipped-strand mispairing involves denaturation and
displacement of the strands of DNA in a duplex followed by mispairing of complementary
bases within a short repeat, e.g. a homopolymeric tract. When slipped-strand mispairing is
followed by replication or repair this can lead to the insertion or deletion of one or more
bases within the homopolymeric tract [81]. If the number of bases inserted or deleted is not

a multiple of three this in turn can alter the expression of specific proteins by shifting their
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translational reading frame. Tract length variation resulting in translational frameshifting has
been shown in other bacteria to be responsible for phase variation whereby bacteria
randomly vary surface properties or antigenicity [82]. The phase-variable genes in C. jejuni
predominantly cluster in the lipo-oligosaccharide, capsule and flagellar biosynthesis regions

indicating that C. jejuni is also using this mechanism to alter surface properties.

1.2.1.2 C. jejuni strain RM1221

More recently the genome sequence of C. jejuni strain RM 1221, which was isolated
from the skin of a retail chicken, has been published [9] and at 1777831 bp was larger than
that of strain NCTC 11168. Strain RM1221 was predicted to encode 1884 proteins which
was 230 more than in strain NCTC 11168. The LOS and capsular polysaccharide
biosynthesis loci were predicted to encode many different CDSs to that of strain NCTC
11168. The genomes of strain NCTC 11168 and strain RM 1221 were shown to be syntenic
but this synteny was disrupted by four genomic islands in strain RM1221. Three of the
islands were phage derived with the fourth likely to be of plasmid origin [9]. Strain RM1221

also appeared to be devoid of functional IS elements.

1.2.2 Comparative genomic studies

1.2.2.1 Microarrays

Microarrays have been popular in recent years, with many bacterial species being studied,
and have proved useful for comparing diversity with respect to sequenced strains. Dorrell et
al. [51] have used a microarray approach to reveal extensive genetic diversity within C.
Jjejuni: 21% of genes in strain NCTC 11168 were absent or highly divergent in one or more
of the 11 C. jejuni strains tested. Genes for virulence determinants hypothesised to be
necessary for C. jejuni to cause disease in humans including the cytolethal distending toxin,

flagellar structural proteins, phospholipase A, the PEB antigenic surface proteins, and
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proteins potentially involved in host pathogen interactions such as CiaB, CadF and CheY
were conserved in all the strains tested [51]. With regard to strain diversity this approach
can only show genes that are missing or significantly divergent compared to strain NCTC
11168 and not replacements or insertions that may exist within the genome of these different
strains. There have also been two other comparative papers using strain NCTC 11168
microarrays and various other strains [83;84]. Pearson et al. [83] showed that between 2.6%
and 10.2% of the NCTC 11168 CDSs were absent or divergent in the 18 C. jejuni strains
tested. Variable CDSs were located in seven plasticity regions on the genome of strain
NCTC 11168 which included the LOS and capsular polysaccharide biosynthesis loci as well
as flagellin biosynthesis and post translational modification loci. Taboada et al. [84]
compared 51 C. jejuni strains to NCTC 11168 showing that 20% of NCTC 11168 CDSs
were divergent in at least one of the test strains. Most of these variable genes were located in
16 plasticity regions including surface polysaccharide biosynthesis and modification loci and
restriction modification loci as well as regions containing hypothetical CDSs.

C. jejuni strain ATCC 43431 has been analysed using a shotgun microarray to
identify genes unique to this strain in comparison to strain NCTC 11168. This method
identified 130 complete and incomplete CDSs [85]. Many LOS and capsule associated
genes were discovered along with restriction modification genes, integrases and hypothetical
genes. However, these CDSs were only fragments and were not expanded to give genomic

context.

1.2.2.2 Subtractive hybridization

Subtractive hybridization has been used for some time as a method for identifying genes
expressed in one cell type but not another by hybridizing cDNA to RNA [86;87]. The
method has since been adapted for identifying DNA differences between bacterial strains

[88;89]. Subtractive hybridization was evaluated as a method of comparing genomes using
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the two sequenced strains of H. pylori where it was shown to identify 95% of CDSs unique
to one strain compared to the other [90].

Ahmed et al. [91] have used subtractive hybridization as a technique to identify gene
fragments in strain 81116 that were not present in strain NCTC 11168. Strain 81116 is also a
human campylobacteriosis isolate but has been proposed to show greater colonization
potential of chickens than the strain NCTC 11168. In strain 81116, 24 fragments that were
unique to this strain (less than 75% identity at the nucleotide level to NCTC 11168) were
identified and used to hybridize to genomic DNA from 9 other strains: one insert was unique
to 81116, one was present in all 9 tested strains and the rest showed variable distributions
[91]. Gene fragments identified included those with similarity to restriction-modification
enzymes, arsenic-resistance genes and cytochrome C oxidase III genes [91]. However these
fragments were not characterized further to obtain entire genes and to assess their
distribution across the genome. The method of subtractive hybridization has drawbacks,
including limited coverage of the genome, and the production of only small fragments of

novel DNA which must then be cloned after manipulation which can introduce biases.

1.2.2.3 Differential hybridization in other organisms

Others have addressed the problem of identifying novel sequences in one bacterial strain
compared to another. Liang et al. used a differential hybridization approach to identify
differences between Pseudomonas aeruginosa strain X24509 and the sequenced strain PAO1
[92]. They developed a method of differential hybridization using arrayed libraries of cloned
DNA fragments and found a genomic island (PAGI-1) that was present in 85% of pathogenic
isolates. PAGI-1 was sequenced and CDSs within it predicted. Several CDSs showed
sequence similarity to known genes including dehydrogenase genes, genes coding for
proteins implicated in detoxification of reactive oxygen species and transcriptional

regulators. The role of PAGI-1 in Pseudomonas aeruginosa is unknown but it may encode
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genes that have a role in protecting the cell against oxidative damage and the transcriptional
regulators may control the expression of chromosomal genes providing a selective advantage
for strains that have acquired PAGI-1. This study showed that differential hybridization is a
valid approach for identifying virulence factors in conjunction with sequence data as Liang
et al. were able to identify the insertion site of PAGI-1 [92]. This method has several
advantages: 1) there are no cloning steps after manipulation, ii) a breadth of coverage can be
achieved by generating large libraries, and iii) the length of sequences studied can be

modified by altering the insert sizes of the clone libraries.
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1.3 Aims of this thesis

C. jejuni has been demonstrated to be both genotypically and phenotypically diverse.
Differences in phenotype between strains can often be due to novel genes or islands present
in one strain compared to another. These genotypic differences may relate to different
clinical outcomes, epidemiological characteristics or environmental persistence. In order to
explore this possibility:

1) Genomic DNA arrays of C. jejuni strains with different phenotypic characteristics will be
created.

1) DNA present in the strains to be tested, which is not present in the sequenced strain
NCTC 11168, will be identified using a differential genomic DNA hybridization approach
with small-insert libraries.

1i1) Strain specific DNA will be characterized by sequencing and annotation in order to
identify potential virulence or survival factors.

iv) The extent and context of novel regions containing these factors will be determined

relative to the chromosome of strain NCTC 11168 by sequencing larger-insert libraries.
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2. Materials and Methods

2.1 Materials

2.1.1 Bacterial Strains and plasmids

Chapter 2 — Materials and Methods

Table 2.1: C. jejuni strains and plasmids used in this study

characteristics Penner Reference/Source
Strain serotype
NCTC Sequenced strain, human isolate 0:2 NCTC 11168 *
11168 (Worcester 1977), source: unknown [3;8]
81-176 | Human isolate (Minnesota 1981), 0:23/36 Black et al. 1988 "
source: raw milk [36]
81-176 | pTet and pVir - Bacon et al. 2000
plasmids [55]
M1 Human isolate (UK 2000), source: 0:9 Unpublished/
poultry VLA, Weybridge®
40671 Human outbreak isolate (UK 2000), 0:50, phage Champion ” [93]
source: water source suspected, type 6
unproven by epidemiology
52472 Blood invasive human isolate, source: untypable, Unpublished/
unknown phage type 1 | PHLS, Colindale”

A National Collection of Type Cultures, Colindale, London, UK

B Vanderbilt University, Nashville, Tennessee, USA

¢ Veterinary Laboratories Agency (VLA), Weybridge, UK

P public Health Laboratory Service (PHLS), Colindale, London, UK

Purified genomic DNA from all strains and plasmids was provided by Brendan Wren’s

group at the London School of Hygiene and Tropical Medicine (LSHTM, London, UK).
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2.1.2 Reagents

Reagents used in this study were purchased from Fisher Scientific (Loughborough,
Leicestershire, UK), BDH Laboratory supplies (VWR International, Dorset, UK) or Sigma
(Dorset, UK) unless otherwise stated. Restriction endonucleases were purchased from New

England Biolabs (NEB) (Hitchin, Hertfordshire, U.K.).

2.2 General Methods

2.2.1 Growth of Escherichia coli clones

Escherichia coli clones were grown for 18-22 hrs at 37°C, agitating at 320 rpm in 2x Luria-
Bertani broth (2LB; 20 mg/ml tryptone, 10 mg/ml yeast extract and 10 mg/ml NaCl)
containing 0.1 mg/ml Ampicillin for pUC clones, 12.5 pg/ml Chloramphenicol for pBAC

clones or other antibiotics as appropriate.

2.2.2 Preparation of DNA

2.2.2.1 Isopropanol preparation for isolation of pUC plasmid DNA

pUC clones were grown (section 2.2.1) in a volume of 1 ml of 2LB per well in 96-well boxes
(Beckman). Boxes were spun in a centrifuge (Eppendorf 5810R) at 4000 rpm to pellet the
cells. Culture supernatant was decanted and cells were resuspended in 120 pl Glucose-Tris-
EDTA (GTE; 20% glucose, 1 M Tris-HCI, pHS8.0, 0.1 M EDTA) plus 60 pg/ml RNase A (Q-
Biogene, Cambridge, UK). After resuspension 120 pl 0.2 N NaOH/ 1% SDS was added
followed by 120 pl 3 M potassium acetate. In order to remove cell debris and precipitate
plasmid DNA 140 pl of cell lysate was pipetted into a filter plate (Costar 3504) which was
placed above a storage plate (Costar 3365 serocluster) containing 140 ul of isopropanol, and
both plates were spun together for 15 mins at 4000 rpm and 4°C in a centrifuge. The

supernatant was discarded and pellets washed with 100 pul 70% ethanol by spinning for 5
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mins at 4000 rpm and 4°C. Pellets were dried then resuspended in 60 pl of autoclaved

double distilled water (DDW).

2.2.2.2 Vacuum preparation for isolation of BAC DNA

Clones were grown (section 2.2.1) in a volume of 1.5 ml per well in 96-well boxes
(Beckman). The boxes were spun in a centrifuge (Eppendorf 5810R) for 3 mins at 4000 rpm
to pellet the cells and the culture supernatant was discarded. Cells were resuspended in 100
pul GTE containing 0.1 mg/ml RNaseA (Q-Biogene) on a box vortexer (Luckham) set on
speed 8 for 3 mins. After resuspension, 100 pl 0.2 N NaOH/ 1% SDS was added and cell
suspensions were mixed again on a box vortexer for 1 min, incubated at room temperature
for 2 mins then 100 pl 3 M potassium acetate was added and the cell suspensions mixed
using a box vortexer for 2 mins. The cell lysate was then transferred into a filter plate with
pore size 0.65 uM (MADVN6550 Millipore) on a vacuum manifold with a second filter plate
(MANUBACS50 Millipore) underneath and a vacuum of 10-15 mmHg was applied until the
cell lysate had passed through the top filter plate. The bottom filter plate (MANUBACS50)
was then transferred to the top of the vacuum manifold and a vacuum of 20-25 mmHg was
applied until the contents had passed through the filter plate into a waste receptacle. To
wash the DNA, 200 pl of DDW was added to the filter plate and the vacuum of 20-25 mmHg
reapplied until the plate was dry. The filter plate was then removed from the vacuum
manifold and 35 pl 10 mM Tris-HCI pH8 was added to neutralize and resuspend the DNA.
Filter plates were vortexed on box vortexer (Luckham) speed 5 for 10 mins to aid
resuspension. The DNA was then pipetted from the filter plate into a 96-well plate for

storage (costar serocluster).
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2.2.2.3 Low-throughput preparation of DNA

Clones were grown (section 2.2.1) in a volume of 6 ml. Overnight cultures were spun in a
centrifuge (Eppendorf 5810R) in 50 ml tubes (Falcon) for 15 mins at 3000 rpm and 4°C.
The culture supernatant was discarded and cells pellets resuspended in 200 pl GTE
containing 0.1 mg/ml RNaseA (Q-Biogene). The cell mixture was then pipetted into 1.5 ml
tubes (eppendorf) containing 400 pl 0.2 N NaOH/ 1% SDS and incubated at room
temperature for 5 mins, 300 pul 3 M Potassium acetate was then added and the tubes were
spun in a centrifuge (Eppendorf 5415D) for 15 mins at 13000 rpm. To precipitate the DNA,
750 pl of cell lysate was transferred into a fresh 1.5 ml tube (eppendorf) containing 450 pl of
isopropanol and the tubes were spun for 15 mins at 13000 rpm in a centrifuge. The
supernatant was removed and the pellets were washed with 1 ml 70% ethanol. The pellets
were dried and then resuspended in 20-60 pul TE (10 mM Tris: 0.1 mM EDTA) as

appropriate to the pellet size.

2.2.3 Gel electrophoresis

DNA fragments were separated by agarose gel electrophoresis using 0.5% or 0.8% w/v
agarose or low melting point (LMP) agarose (Invitrogen, Paisley, UK) in either Tris-acetate-
EDTA (TAE) or Tris-Borate-EDTA (TBE) buffer [94]. Samples were loaded in ficoll
loading dye (1mg/ml Bromophenol blue, 0.1mg/ml Ficoll 400, 1xTBE v/v) diluted 4 with
running buffer .

DNA was visualized by adding 10 pg/ml ethidium bromide to the running buffer and
leaving to stain for 10-30 mins before viewing under ultraviolet. Alternatively, DNA was
visualized by adding VistraGreen (Amersham, Buckinghamshire, UK) according to the
manufacturers instructions, in a volume of DDW sufficient to cover the gel, and staining for

30 mins before viewing on a Dark Reader (Clare Chemical research,
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www.clarechemical.com). Fragment size was determined by comparison with appropriate

DNA ladders including a A HindIII digest (NEB) and pBR322 Bs/NI digest (NEB) mix, 1 Kb

ladder (Invitrogen), 100 bp ladder (Invitrogen) or Raoul™ (Q-Biogene).

2.2.4 Polymerase Chain Reaction

All Polymerase Chain Reaction (PCR) amplifications including sequencing were carried out
on a Peltier Thermal Cycler (PTC-225 MJ Research, Bio-Rad, Hertfordshire, UK) except for
reactions incorporating radio-labelled nucleotides (see section 2.3.5). Oligonucleotide
primers were all synthesized in-house.

PCR amplification was performed using Tag DNA polymerase (Applied Biosystems,
Foster City, CA, USA). Reactions contained 10-100 ng of DNA template, 50 pmoles of each
primer (forward and reverse) and dNTPs (Amersham) at a final concentration of 0.25 mM
each in a total reaction volume of 50 pl. PCR conditions consisted of 94°C for 30 s to
denature the template, followed by 30 cycles of 92°C for 30 s, a variety of temperatures
(based on individual primer Tm) for 30 s and 72°C for 1-4 min (depending on expected

length of product), unless otherwise stated.

2.2.5 Restriction enzyme digests

Restriction endonuclease digestion was performed over a period of 3-4 hrs at the specified
optimum temperature (usually 37°C) using 1 unit of enzyme per pug of DNA unless otherwise
specified. Double digests were performed using buffers compatible with both restriction
enzymes according to the manufacturer’s protocol. Complete digestion was verified using

agarose gel electrophoresis (section 2.2.3).
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2.2.6 DNA manipulation
2.2.6.1 Gel extraction

2.2.6.1.1 Spin column kit

Fragments were excised from the agarose gel, and purified using MinElute™ gel extraction

kit (Qiagen, Sussex, UK) according to the manufacturer’s instructions.

2.2.6.1.2 LMP agarace digestion

LMP agarose gel slices were melted in 1.5 ml tubes (eppendorf) in a waterbath at 65°C for 5
mins. The tubes were then transferred to a waterbath at 42°C and allowed to equilibrate
before 5 pl of AgarAce® (Promega, Southampton, UK) was added for every 200 ul gel
volume. Samples were incubated at 42°C for at least 20 mins. DNA was then extracted by

phenol extraction (section 2.2.6.2) and purified by ethanol precipitation (2.2.6.3).

2.2.6.2 Phenol extraction

An equal volume of TE-buffered phenol (Sigma) was added to samples and agitated using a
vortex genie (Scientific Industries, New York, USA) for I min. Samples were incubated on
ice for 5 mins then spun in a centrifuge (Eppendorf 5415D) for 3 mins at 13000 rpm. The
aqueous layer was pipetted into a 0.5 ml tube (eppendorf) and incubated on ice for 5 mins
before being spun in a centrifuge for 3 mins at 13000 rpm. The aqueous layer was then

transferred into a 1.5 ml tube (eppendorf).

2.2.6.3 Ethanol precipitation

DNA was precipitated by adding 1/10™ the sample volume of 1 M NaCl, 2.5 volumes of
70% ethanol; 1 pl pellet paint (Novagen, Darmstadt, Germany) was used to aid pellet

visualization. Samples were incubated either at -70°C for 1 hr or -20°C overnight before
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being spun in a centrifuge (eppendorf 5417R) for 30 mins at 14000 rpm and 4°C. Pellets
were washed with 1 ml 70% ethanol before centrifugation for 5 mins at 1400 rpm and 4°C,

and then dried before resuspending as appropriate.

2.3 Differential hybridization methods

2.3.1 Construction of a pUC19 library of DNA fragments

2.3.1.1 Preparation of DNA

Approximately 10 pg of chromosomal DNA was sheared using a sonicator (x12020
sonicator, Heat systems Inc., New York, USA) in a final volume of 60 pl to create fragments
between 12 kb and 500 bp. The ends of sonicated DNA were repaired using 0.3 pl mung
bean nuclease (256 U/ul, Amersham Pharmacia Biotech, Piscataway, NJ, USA) incubated at
30°C for 10 mins in the presence of mung bean buffer (15 mM Sodium acetate, 25 mM
NaCl, 0.5 mM ZnCl,, 2.5% glycerol). The DNA was then ethanol precipitated (section
2.2.6.3) and size fractionated by LMP agarose gel electrophoresis (section 2.2.3). Fragments

of appropriate size were recovered and purified (section 2.2.6.1.2).

2.3.1.2 Ligation

Purified DNA fragments were ligated to pUC19 vector in the following reaction mix: 3 pl
DNA solution, 0.3 ul pUC19 Smal-Bacterial Alkaline Phosphatase (BAP) (Q-Biogene 40
ng/ul), 0.4 ul ligase buffer, 0.3 ul T4 DNA ligase (5 U/ul Roche, Lewes, East Sussex, UK).
The ligation mixture was incubated at 12-14°C overnight. Ligation was terminated using 1

ul Proteinase K (Roche 14 mg/ml) in a final volume of 50 ul and incubated at 50°C for 1 hr.

2.3.1.3 Transformation

Transformation was performed using 0.5 pl of ligation mixture, 40 pl electrocompetent

Escherichia coli DH10B (Invitrogen) and an electroporation device (BioRad, genepulser) set
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at 1.7 Kv, 200 Q, 25 puF. Cells were allowed to recover in 500 ul SOC [95] at 37°C for 1 hr
and plated on Tryptone Yeast Extract (TYE) plates (15 mg/ml Agar; 8 mg/ml NaCl; 10
mg/ml Bacto Tryptone; 5 mg/ml yeast extract) containing 0.1 mg/ml ampicillin, with 2.5 mg
5-bromo-4-chloro-3-indolyl-B-D-galactoside (X-gal) and 2 mg isopropylthio-p-D-galactoside

(IPTG). White colonies were picked after overnight incubation at 37°C.

2.3.2 Construction of a pPBACe3.6 library of DNA fragments

2.3.2.1 Preparation of pBACe3.6 vector

The vector pBACe3.6 [96] was supplied in E. coli DHI0B cells by Pieter de Jong from the

Children’s Hospital Oakland Research Institute, USA (http://bacpac.chori.org). The vector

pBACe3.6 was prepared for cloning as described in ‘Current Protocols in Human Genetics’
[97].

Briefly, a caesium chloride gradient was used to remove and purify the vector DNA
from the host cell DNA, after total DNA extraction. The pUC stuffer fragment was removed
by restriction endonuclease digestion and the resultant “sticky ends” dephosphorylated to
prevent vector recircularization. Control ligations with a 16 kb fragment of lambda DNA

were performed to check the quality of the vector.

2.3.2.2 Preparation of DNA

DNA fragments of chromosomal DNA were prepared by limited digestion with an optimised
dilution of Sau3Al in 10x bovine serum albumin (BSA) for an optimized length of time
(determined by previous trial digestions) at 37°C in a 200 ul volume, to give DNA fragments
of between 10-40 Kb as appropriate. The enzyme was inactivated and DNA extracted using
phenol (section 2.2.6.2) followed by ethanol precipitation (section 2.2.6.3). DNA fragments
were separated using a 0.4% low melting point (LMP) agarose gel (section 2.2.3). The

appropriate size fractions were recovered from the gel and purified (section 2.2.6.1.2).
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2.3.2.3 Ligation

Approximately 20 ng of the purified DNA size fraction was used for ligation in a 50 pl
reaction volume containing 10 ng pPBACe3.6 pre-cut with BamHI (section 2.3.2.1), 9 ul 30%
polyethylene glycol (PEG) 8000, 1 ul 0.1 M MgCl,, 5 ul ligation buffer and 1 pl 1/10 ligase
(diluted in 10x BSA). The ligations were incubated overnight at 16°C and terminated by
adding 2.5 pl of 0.5 M EDTA and 1 pl of 14 mg/ml Proteinase K (Roche), incubated for 1 hr
at 37°C then 1 pl of 100 mM phenylmethylsulfonyl fluoride (PMSF) (sigma) was added.
The ligation mixture was then dialysed on a 0.025 um pore size microdialysis filter (MF-
Millipore VSWP, Millipore UK Ltd, Watford, UK) floated on 0.5 x TE v/v in a petri dish

and incubated at 4°C for 3 hrs. The ligation mix was then pipetted from the filter.

2.3.2.4 Transformation

Transformation was performed using 1 pl of each ligation, 20 ul electrocompetent E. coli
DHI10B cells (Invitrogen) and a CellPorator (Life Technologies, Paisley, UK) equipped with
a voltage booster set at 4 kQ, 330 uF, 13 kV/cm, fast charge. Cells were allowed to recover
in 500 pl SOC [95] by incubation at 37°C for 1 hr before being plated onto TYE plates
containing 20 pg/ml chloramphenicol and 5% sucrose, and incubated overnight at 37°C.

Colonies were picked the following day.

2.3.3 Propagation of library clones

Clones were picked either manually or using the Sanger Institute automated picking facility
into media (section 2.2.1) plus 7.5% glycerol for storage. All libraries were routinely tested
for phage and Pseudomonas contamination by spotting colonies onto agar plates seeded with
a DHI10B lawn or onto Pseudomonas selective agar with C-N supplement (Oxoid,

Basingstoke, Hampshire, UK) according to manufacturer’s instructions.
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2.3.4 Preparation of colony arrays

2.3.4.1 Colony blotting

The clones were arrayed onto 78 x 119mm Nytran N membrane (Schleicher and Schuell,
Dassel, Germany), supported on agar plates, using the Sanger Institute automated robotic
arraying facilities. pUC plasmid clones were arrayed in duplicate in a 384-pin 4x4 gridding
pattern resulting in 6144 clones per filter. BAC clones were arrayed in duplicate in a 96-pin
4x4 gridding pattern resulting in 1536 clones per filter. After colony blotting, the agar plates

plus membranes were incubated for 16-18 hrs at 37°C.

2.3.4.2 Lysis of bacterial clones

The membranes were placed colony side up on chromatography paper soaked in 10% SDS
for 5 mins. Membranes were then transferred to chromatography paper soaked in denaturing
solution (0.5 N NaOH/ 1.5 M NacCl) for 10 mins then allowed to dry for 10-20 mins on dry
chromatography paper. After drying the membranes were briefly submerged in neutralizing
solution (0.5 M Tris-HCI pH 7.4/ 1.5 M NaCl), followed by a 5 min wash with fresh
neutralizing solution on an orbital shaker. A further 5 min wash in neutralizing solution was
performed, followed by a 5 min wash in 1/10 neutralizing solution. The membranes were
then washed with agitation in 2X SSC/ 0.1% SDS for 5 mins, 2X SSC for 5 mins then
washed twice with 50 mM Tris-Hcl pH7.4 for 5 mins. Membranes were air dried DNA side
up on chromatography paper for a minimum of 6 hours before UV cross-linking for 2 mins

on a transilluminator (254 nm).
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2.3.5 Hybridization of membranes

2.3.5.1 Radiolabelled probe generation using random octamers

Random octamer primers were annealed to denatured DNA templates and extended by the
Klenow fragment of DNA polymerase I, incorporating one radiolabelled nucleotide and three
unlabelled nucleotides, to form a probe [98]. This labelling reaction was carried out using
100 ng of sonicated DNA and components of the BioPrime DNA labelling system
(Invitrogen) according to manufacturer’s instructions, except for using an in-house dNTP
mix (0.6 mM of A, G, T) and 30 pCi [a->*P]dCTP (Amersham). Labelling reactions were
incubated at 37°C for 1 hr then 5 pl of stop buffer (0.5 M EDTA) was added and the probes
were purified using a microspin G25 column (Amersham). An equal volume of sonicated
human placental DNA (Sigma) was added to each probe, then the mixture was denatured at

99°C for 5 mins.

2.3.5.2 Generation of radiolabelled probe using PCR

Primer pairs complementary to pUC clone insert sequences were used to amplify regions of
DNA from pUC clones (section 2.2.4). Products were checked for size using agarose gel
electrophoresis (section 2.2.3) then purified through spin columns (microspin S-400HR,
Amersham) according to the manufacturer’s instructions. These purified templates were
then added to 1 pul of 10x PCR buffer (50 mM KCI, 5 mM Tris pHS8.5, 2.5 mM MgCl,), 0.4
ul of 2.5 mM dATP, dTTP and dGTP, 0.5 units Tag polymerase and 4 pCi [a->*P]dCTP in a
10 pl reaction volume. PCR amplification was performed on a thermocycler (Perkin and
Elmer, Boston, MA, USA) at 96°C for 30 s to denature the template, followed by 30 cycles
of 92°C for 30 s, 53°C for 30 s and 72°C for 2 mins. Probes were purified using a microspin

G25 column (Amersham) then denatured at 99°C for 5 mins.
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2.3.5.3 Hybridization

Membrane sets were soaked in 2x SSC (1x SSC is 15 mM sodium citrate and 0.15 M NaCl)
prior to pre-hybridization. Membrane sets were pre-hybridized in glass tubes, in a
hybridization oven at 65°C in 15 ml Church buffer (1 mM EDTA, 0.5 M NaHPO, (pH7.2),
7% Sodium Dodecyl Sulphate (SDS) 1% BSA) for 1-3 hrs. Pre-hybridization buffer was
decanted and probe was added to the membranes in a fresh volume of Church buffer and

incubated at 65°C overnight.

2.3.5.4 Washes

The day following hybridization (section 2.3.4.3) the membranes were washed twice at room
temperature with 2x SSC/ 0.1% SDS for 20 mins, then twice at 65°C with 0.1x SSC/ 0.1%
SDS for 20 mins. The membranes were then sealed in Saran wrap, placed in an
autoradiograph cassette and exposed to photographic film. It was found that a rinse step
using 2x SSC/ 0.1% SDS conducted in the hybridization tubes improved the quality of

results for differential hybridization reactions.

2.3.6 Sequencing of library clones

2.3.6.1 Sequencing primers

5-3

MI13F: TGTAAAACGACGGCCAGT

pUCI18R: GCGGATAACAATTTCACACAGGA
T7: TAATACGACTCACTATAGGG

Sp6: ATTTAGGTGACACTATAG
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2.3.6.2 Sequencing reactions

All sequencing was performed using ABI Prism® BigDye® terminator chemistry (Applied
Biosystems) and loaded on ABI 3700 capillary sequencing machines at the Sanger Institute

sequencing facility according to their protocols.

2.3.6.2.1 pUC clone sequencing

Sequencing reactions were conducted using 3 pl of DNA (20 ng/ul), 0.25 ul BigDye v3.1,
2.5 ul BigDye buffer (400 mM Tris pH9, 10 mM MgCl,), and primer (either M13F or
pUCI18R) to a final concentration of 3 pM in a total reaction volume of 9 pul. DNA was
amplified by thermocycling with the following conditions:-
96°C 30 s
92°C4s
50°C4s 44 cycles
60°C 1 min 50 s
10°C holding temperature
After thermocycling DNA was precipitated by adding 25 ul of precipitation mix (60 mM
sodium acetate, 4 uM EDTA in 96% ethanol) and spinning in a centrifuge for 20 mins at
4000 rpm and 4°C. Pellets were then washed with 30 pl 70% ethanol before spinning in a
centrifuge for 5 mins at 4000 rpm and 4°C and dried before being loaded on sequencing

machines.

2.3.6.2.2 Sequencing from primers internal to cloning vector

Sequencing reactions were carried out as in section 2.3.6.2.1 except primers designed from
the insert sequence were used at a final concentration of 30 pM. Either plasmid or PCR
products purified using spin columns (Microspin S-400HR, Amersham) were used as

sequencing templates.
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2.3.6.2.3 BAC end sequencing

Sequencing reactions were conducted using 10 pul DNA (650-800 ng), 3 ul of BigDye v3.1, 3
ul BigDye buffer (400 mM Tris pH9, 10 mM MgCl;) and 30 pM of primer (either T7 or Sp6)
in a reaction volume of 20 pl.
DNA was amplified by thermocycling with the following conditions:-
95°C 5 mins
95°C30s
51°C 10s 75 cycles
60°C 4 mins
10°C holding temperature
After thermocycling DNA was precipitated by adding 5 pl 3 M Sodium acetate and 125 pl
96% ethanol, the plates were spun in a centrifuge for 1 hr at 4000 rpm and 4°C. The pellets
were washed with 100 pl 70% ethanol and spun in a centrifuge for 15 mins at 4000 rpm and

4°C and then dried before being loaded on sequencing machines.

2.3.7 Analysis of sequence

The trace files were processed using Asp
(http://www.sanger.ac.uk/software/sequencing/docs/asp/) and basecalled using Phred [99].
The individual read sequences were compared to the query sequence using WUBLASTN
from the Washington University Basic Local Alignment Sequence Tool algorithms (WU-

BLAST; http://blast.wustl.edu [100]). MSPcrunch [101] was then used to map query

sequences back to the relevant subject sequence. Reads to be further analysed were
assembled using Phrap (Green, P., unpublished) into contiguous sequences. Coding
sequences (CDSs) were predicted within Artemis [102] and the translated protein sequences
were compared to a non-redundant protein database using WUBLASTP [100] and FASTA

[103]. Predicted proteins were compared against the Pfam database of protein domain
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Hidden Markov models (http://www.sanger.ac.uk/software/Pfam/). The protein sequences
were also searched for signal peptides (http://www.cbs.dtu.dk/services/signalP-2.0/),
transmembrane helices (http://www.cbs.dtu.dk/servicessTMHMM-2.0) and prosite motifs

(http://www.expasy.ch/prosite/). Clustal X was used for protein and DNA alignments [104].

Shading was supplied by Boxshade server

(http://www.ch.embnet.org/software/BOX _form.html). NJplot [105] was used to visualize
guide trees produced by clustal X. EMBOSS applications
(http://emboss.sourceforge.net/apps/) “needle” for Needleman-Wunsch [106] global

alignments and “water” for Smith-Waterman [107] local alignments were used.

41



Chapter 3 — Plasmid sequencing

3. Plasmid sequencing and annotation

3.1 Introduction

Bacon et al. [55] identified two plasmids in C. jejuni strain 81-176 and partially
characterized them. One plasmid was implicated in virulence (pVir) where mutation of the
genes comB3 and virB11, type IV secretion system homologues, were both found separately
to reduce adherence to and invasion of a host cell line. The other plasmid was implicated in
tetracycline resistance (pTet) [55]. As at the time of starting this project the plasmid
sequences were unavailable, it was decided to sequence these plasmids in order to be able to
differentiate which unique 81-176 genes identified in the hybridization experiments (chapter

4) were present on the chromosome and which were present on the plasmids.

3.2 Results

3.2.1 Overview of methods

The plasmids were sequenced using a shotgun strategy: purified 81-176 plasmid DNA was
used to construct a library of plasmid DNA fragments of 2-4 Kb in pUC19 (section 2.3.1),
plasmid DNA containing cloned fragments was prepared from the E. coli host strain (section
2.2.2.1) and enough inserts sequenced using forward and reverse primers to provide 10-fold
coverage of the original Campylobacter plasmids (1413 reads) (section 2.3.6.2.1). The
sequence reads were assembled using Phrap (Green, P., unpublished) into 4 large contiguous
regions of 30788 bp, 23049 bp, 10671 bp and 10372 bp. Unfortunately no pUC clones were
found containing end-sequences in more than one of these contiguous regions that would
bridge the gaps. In order to join these sequences primers were designed to be
complementary to the ends of each contiguous region and used in PCR reactions in each

possible combination (section 2.2.4). Successfully amplified products were purified using
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columns (section 2.3.5.2) and then sequenced using the PCR primers in order to close the
gaps (section 2.3.6.2.2). The final consensus sequences for each 81-176 plasmid were
constructed in all places from at least four reads, with reads in both forward and reverse
directions. The sequences were annotated using Artemis [102] to predict coding sequences

(CDSs) and FASTA [103] to search protein databases (section 2.3.7).

3.2.2 Identification of replication origins

The circular plasmid genomes were broken, for the purpose of annotation, and each
predicted CDS was assigned an identity number from this point. CDSs on pVir were called
pVirl-54; CDSs on pTet were called pTetl-50. A sensible place to split a circular sequence
would be at the origin of replication. In order to identify the predicted origin several features
found at replication origins were searched for. There are several mechanisms for plasmid
replication in bacteria including strand displacement, rolling circle and theta replication. A
feature of replication origins common to all methods of replication is the presence of directly
repeated sequences to which replication proteins bind. In addition there may also be an
adjacent A+T rich region containing repeats and one or more dnad boxes where the host
DnaA initiator protein binds [108]. The origin of replication is sometimes found adjacent to
the gene encoding the replication initiation protein [109]. It is unclear how many repeats are
necessary for replication initiation, as an origin from the chromosome of Coxiella burnetii
was characterized which contains only two dnaA boxes and three A+T rich 21-mers [110].
Many characteristic features associated with replication, e.g. dna4 boxes, are not found at all
replication origins [111].

In pVir the proposed origin has an A+T content of 83% directly preceding a highly
repetitive region. This repetitive region is followed by a predicted protein (pVir54c) with
similarity to a replication protein (RepA) from Erysipelothrix rhusiopathiae. This probably

represents the origin of replication for this plasmid.
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In pTet there is a potential replication protein (pTetl) which has similarity to a
replication protein from the plasmid ps23 of Selenomonas ruminantium. There is no high
A+T region preceding this putative replication protein but there are two 40 bp repeats located
just upstream. It was decided to split the sequence before the putative replication protein as
there was no strong candidate for an origin of replication in this plasmid. However, there is
a 273 bp region between pTetl9 and pTet20 which contains a small cluster of three short
repeats 20-30 bp in length as visualized using dotter [112]. This region has an A+T content
of 81% and it is possible that this represents an origin of replication, as the replication

protein and origin need not be located in the same place [113].

3.2.3 General characteristics

The plasmid pVir was found to be 37473 bp with a G+C content of 26%. A total of 54 CDSs
were predicted covering 86% of the plasmid sequence. The plasmid pTet was found to be
larger than pVir at 45204 bp and has a G+C content of 29% which is closer to that of the C.
jejuni genome (strain NCTC 11168 having 30.6% and strain RM1221 30.3%). In total 50
CDSs were predicted in pTet covering 92% of the plasmid sequence; this is fewer than
predicted for pVir as the average length of predicted CDSs from pVir is 597 bp compared to
835 bp in pTet.

There are predicted CDSs with similarity to DNA replication and plasmid
conjugation proteins on both plasmids as well as many CDSs with similarity to hypothetical
proteins from other bacteria and CDSs with no detectable similarity to proteins from other
organisms (Appendix 1- pVir and Appendix 2 — pTet).

A circular representation of each plasmid is shown in Fig 3.1.
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3.2.3.1 Characteristics of pVir

The plasmid pVir contains 37 predicted CDSs which show no detectable homology to
proteins from other bacteria. This represents 69% of the total predicted CDSs for this
plasmid. There are also 4 predicted CDSs which show similarity to hypothetical proteins
from Helicobacter pylori. Other CDSs with similarity to proteins from Helicobacter pylori
include a putative topoisomerase (pVir38), involved in DNA replication, and a putative
partition gene (pVir52), involved in segregating low copy number plasmids into daughter
cells of the host bacterium [114]. In addition to the topoisomerase and par4 homologues
there are other predicted CDSs that show homology to genes involved in plasmid
maintenance e.g. single-stranded binding protein (pVir40) and repA (pVirS4c). The plasmid
is also predicted to encode type IV secretion system homologues. The predicted CDSs
pVir26, pVir27, pVir28, pVir29, pVir30, pVir33 correspond to virB4, virBS8, virB9, virB10,
virB11 and virD4 of Agrobacterium tumefaciens. The virB8, virB9, virB10 and virBI1
homologues were previously identified in pVir by Bacon et al. [55]. There are also some
predicted CDSs with homology to genes from conjugative plasmids that are not involved in
the formation of a type IV secretion apparatus. These include a homologue of TrbM from
the Escherichia coli plasmid RP4 (pVir3) and a conjugal transfer protein homologue of

Rhizobium loti (pVir37).
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B

Fig 3.1: A circular representation of the plasmid sequences. A: pVir, B: pTet.

The circles represent the following features, numbering from the outside in: 1, 2, all CDSs
(transcribed clockwise and anticlockwise respectively); 3, CDSs predicted to encode type IV
secretion system homologues transcribed clockwise; 4, in A only: repeat units, in B only: as 3,
transcribed anticlockwise; 5, G+C content; 6, GC deviation ((G-C)/ (G+C)) with a window size of
250 bp and a step size of 10 bp. The 12 o’clock position of each circle represents the predicted origin

of replication and CDS colours represent the following putative functions: red, information transfer
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(transcription/ translation + DNA/ RNA modification); light green, unknown; dark green, surface;

orange, conserved hypothetical; blue, pathogenicity/ adaptation; pink, bacteriophage/ IS elements.

From Fig 3.1A it can be seen that the CDSs predicted to encode a type IV secretion
system have a higher G+C content than the rest of the plasmid. Although the overall G+C
content of pVir is 26% the region containing the type IV secretion system homologues is
29.4% G+C which is much closer to that of the C. jejuni chromosome and pTet, indicating
that, in effect, the rest of the plasmid has a lower G+C content (approximately 24%). The
majority of the CDSs are transcribed in one direction, and there are only a few predicted
CDSs transcribed in the opposite direction and these correlate with changes in GC deviation,
indicating potential recent re-arrangements. It has been noted that several bacterial genomes
show a preference for G over C on the leading strand extending from the origin of replication
to the termination region [115]. Strand compositional asymmetry may arise due to a
combination of factors including replication and repair mechanisms, transcription, and
selective constraints affecting amino acid and codon usage [115]. Strand compositional
asymmetry may not be as apparent in plasmids between the origin and terminus of
replication as it is for bacterial chromosomes [116].

There are many repeats in the sequence of pVir (Fig 3.1A). CDSs pVirl7 and
pVirl8 are flanked by a perfect 156 bp direct repeat (rep3 and rep4). This repeat unit is
present at 5 other intergenic locations on the plasmid in a partial or imperfect form giving 7
units in total. Repeat 6 and repeat 2 share the highest identity to repeat 3 and repeat 4
although repeat 2 has an 11 bp section that breaks the identity in the middle. Repeat 7, repeat
1 and repeat 5 are less conserved towards the ends showing highest identity in the middle
(Fig 3.2). These repeat units are spread evenly around the lower G+C portion of the plasmid
in intergenic regions and are themselves A+T rich. It is unclear what function these repeats

may have in this plasmid.
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rep3 1 AAAAAAGGGGGAAAATGTTTCGG-TTTGGTGCAAAATGAGTTTAAAAA-AACATATAAAA
rep4 1 AAAAAAGGGGGAAAATGTTTCGG-TTTGGTGCAAAATGAGTTTAAAAA-AACATATAAAA
rep6 1 AAAAAAAGGGGAAAATGTTTCGG-TTTGGTGCAAAATGAGTTTAAAAA-A--ATATAAAT
rep?2 1 AAAAAAAGGGGAAAATGTTTTGGGTTTGGTGCAAAATGAGTTTAAAAA-AACATATAAAA
rep’/ 1 GAAAAAATCTCTTAATTCTAATTTTATTCTACGACACTATATTATAAATAACATATAAAT
repl 1 GCCAAAAGATGAAAACGGTTTTCCTGTTTTT----ACTTTTTAAAAATTAACATATAAAA
repb 1 ATTATATCATAAATATTAATAAAAATCAATATTTATCATTAATAAATATAATTATTAAAA
rep3 59 AAAGTATAAATAACATATAAA-—————————— AAATGTATATATTAAGTATAGATTAAGT
rep4 59 AAAGTATAAATAACATATAAA-—————————— AAATGTATATATTAAGTATAGATTAAGT
rep6 57 AACCTATAAATAACATATAAA-—————————— AAAGGTATAGATTAAGTATAGATTAAGT
rep?2 60 AAAGTATAAATAACATATAAATAACATATAAAAAAGGTATATATTAAGTATAGATTAAGT
rep’/ 61 AACATATAAAAAACCTATAAA--——————=——= AAATGTATATATTAAGTATATATTAAGT
repl 57 AATGTATAAATAACATATAAA-——-———————— AAAGGTATATATTAAGTATATACTAAGT
repb 61 AACATATAAAAAACATATAAA--—-———====—=— AAAGGTATAGATTAAGTATATATTAAGT

rep3 108 ATAAAAAAGGTATAATTATAATAACAAAAACAAAAGACAAAGG-CAAAAA
rep4 108 ATAAAAAAGGTATAATTATAATAACAAAAACAAAAGACAAAGG-CAAAAA
rep6 106 ATAAAAAAGGTATAATTATAATAACAAAAACAAAAGACAAAGG-CAAAAA
rep2 120 ATAAAAAAGGTATAATTATAATAACAAAAACAAAAGACAAAGGACAAAAA
rep7 110 ATAAAAAATGTATAATTATAAGA-CAAAA--CAAAGACAAAGGATTAAAG
repl 106 ATAAAAAAGGTATAATTTTACAA--AAAAGGAGAAATATAGTGAGAAAAA
rep5 110 ATAAAAAATGTATAATTATATTAATTTAATTTTTAAAATAGGAGTAAAAA

Fig 3.2: Alignment of the long repeat units of plasmid pVir. Repeat units were numbered
sequentially from the predicted origin of replication (see fig 3.1A). Repeats 3 and 4 are perfect 156
bp direct repeats. Repeats 2 and 6 are imperfect repeats with repeat 2 containing an 11 bp
interruption in the centre of the conserved region. Repeats 1, 5 and 7 share the most identity in the

central portion of the sequence and are less conserved towards the ends.

3.2.3.2 Characteristics of pTet

In the plasmid pTet there are 18 predicted CDSs with no detectable homology to proteins
from other bacteria; representing 36% of the total CDSs. There are also a number of
predicted CDSs with homology to hypothetical proteins from other organisms.  There are
more type IV secretion system homologues in pTet than there are in pVir. Many of the type
IV secretion system homologues in pTet share highest similarity to proteins from
Actinobacillus actinomycetemcomitans (pTet27, pTet32, pTet33, pTetd7, pTet39 and
pTetll). The predicted CDS pTet27 is similar to a predicted ATPase from Actinobacillus

actinomycetemcomitans which shows homology at the N-terminus to VirB3 and VirB4 in the

48



Chapter 3 — Plasmid sequencing
C-terminus. The other predicted CDSs are homologous to VirB5, VirB6, VirB10, VirD4,
and VirD2 of  Agrobacterium  tumefaciens  respectively. Actinobacillus
actinomycetemcomitans is a human pathogen associated with periodontal disease that
encodes a type IV secretion system on the 25 Kb plasmid pVT745 that is also present on the
chromosome of another strain [117;118]. There are also CDSs similar to homologues of a
type IV secretion system from the partially sequenced plasmid pCjA13; pTet35, pTet36 and
pTet38 which are equivalent to VirB8, VirB9 and VirB11 of Agrobacterium tumefaciens
respectively [56]. Downstream of the type IV secretion system homologues there is a CDS
with similarity to the lipoprotein MagB13 from Actinobacillus actinomycetemcomitans
followed by a CDS with homology to TrbM from Haemophilus aegyptius in the same
arrangement as in plasmid pVT745 of Actinobacillus actinomycetemcomitans. There are
some predicted CDSs which show homology to proteins involved in plasmid maintenance
e.g. a replication protein (pTetl), a single-stranded binding protein (pTet30), a DNA primase
(pTetl6) and a topoisomerase (pTetd44). There is also a member of the site specific DNA
recombinase family (pTet23c) and in the same region there is also a CDS (pTet24c) with
homology to VapD2 from Riemerella anatipestifer plasmid pCFC1. Proteins containing a
VapD N-terminal domain have been implicated in virulence [119].

From Fig 3.1B it is apparent that there is a region of high G+C around the
tetracycline resistance gene (42%) and a dip in G+C content before the replication protein.
As with pVir predicted CDSs on the opposite strand correlate with changes in GC deviation.

In pTet the putative recombinase pTet23 is located on a region that is flanked by
imperfect 31 bp inverted repeats (Fig 3.3); 25 bp out of the 31 bp are identical. These
repeats enclose the region including pTet23-pTet25 which encodes proteins on the opposite
strand to the surrounding ones. There is also a further set of imperfect inverted repeats (26

bp out of 34 bp are identical) within the first that surrounds pTet24-pTet25. It is possible
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that this region is invertible with the recombinase acting on one pair of repeats.
Recombinases are known to play a role in plasmid replication by resolving plasmid
multimers [120]. Recombinases have also been implicated in variable expression of proteins
by inverting regions of DNA containing promoters to switch on and off downstream genes.
In several studies this has been implicated in generating bacterial cell surface diversity [121-
123]. In the case of pTet there is a predicted promoter present on the invertible region of
DNA that is positioned directly before genes predicted to encode type IV secretion system
homologues. There are three sigma factors in C. jejuni, RpoD (sigma 70), FliA (sigma 28)
and RpoN (sigma 54) [124]. It has been suggested that the C. jejuni rpoD promoters contain
a periodic signal, involving variation in A+T content and T stretches, instead of a conserved
-35 box [125], however another group have proposed a consensus sequence for the -35
region [126]. The region upstream of pTet26, representing the start of the type IV secretion
system operon, does not contain sequence with strong agreement to the proposed
Campylobacter rpoD promoter consensus sequences. Using the bacterial promoter

prediction program BPROM (http://www.softberry.com) which searches for agreement to

the Escherichia coli 6" consensus -10 sequences of AACTAAATT and TTTTATAAT, -35
sequences of TTGAAT and TTTAAT were predicted on opposite strands (Fig 3.4)
suggesting a bidirectional promoter region between the inner and outer inverted repeats
present between pTet25 and pTet26. The Neural Network Promoter Prediction program

(http://www.fruitfly.org/seq tools/promoter.html) also identified putative promoters between

the two repeat units, IR1 and IR2, on both strands. However, it should be noted that these
predictions are based on the Escherichia coli paradigm and may not hold for Campylobacter;
in addition transcription of this operon may be under the control of an alternative sigma
factor. The inverted repeat unit is located only 18 bp upstream of the start codon of the

predicted CDS pTet26 suggesting that a promoter for this operon would be located within the
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inverted repeat region. This suggests that control of transcription of the type IV system

could be under the control of this putatively variable promoter and this will be discussed

further in chapter 7.
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Fig 3.3: Putative invertible region in the plasmid pTet. The region is viewed using Artemis [102],
forward and reverse DNA lines are represented by the central dark grey bars. The three forward and
three reverse reading frames translated from the DNA sequence are represented by the light grey
bars. Open boxes show features: sets of inverted repeats are marked by light blue boxes labelled IR1
and IR2 on the DNA lines. The sites of predicted promoters are labelled by dark green boxes on the
forward and reverse DNA lines appropriate to their predicted orientation. CDSs are marked on their
reading frames with the following colours to indicate functional categories: light green, unknown;
red, information transfer (transcription/ translation + DNA/RNA modification); blue, pathogenicity/
adaptation. pTet23c is a putative site-specific DNA recombinase which may invert the regions

between either set of inverted repeats.

51



Chapter 3 — Plasmid sequencing

Promoter

HF FIL S5 KT#0OTIL VYV KNS # Y LNIKSF*ITIILTI®#IL#HNO@#&TIa#TFTI®Y #I0J0I#DTIMNIEKTILMWNFILTLKIG?YG*
I F LS FHIJIKPHNIEKTF+ & KTIL&AZNTS#TIIKHATFES#®?Y #&FNY KTIEKTFWMNLTFTIIEK?YEKTFKT#TIIEKTERESTIF#HREKTIDWHMWD

PFFYPFTIEKMNLTHNSSEKEKSGSFLTIILEKS #HEKTLLWMNHNTIHNLTITIIKTLWMNTLTI®YTLLWMMTMNLEHIES ®HNATIDLWFTFWHNETFRTI WM

nTe
CATTT T T TATCCT T TCAT CAAARACC TAAC ARAT T TAGTAAAAAATAGCTAATACTTAAAT AAAAG CT T GARTIAT AT TAAT TTAAT TAT AN A TR T AAT TTAT T TAT TAAATACAAATTTAACACATAAATALAAC GLTCAATTT TTTAACGARAGGATATGGETL
-35 -10 mis
|z1380 |z1400 21420 [21440 21450 |z1480 |21500 [z1520 |z1540
GTAAAAAAATAGEEARGTACTT T TGGAT TG TTAAGAT CATTT TTTETCGATTATGAATTTATTTTE GAAAACTTATTATAST TAAATAATATTTTAT T TASAT TASAT AL TART T T T TARAT TCTGTAT T TAT T T TGCGAGT TASMRAATTGCTTTCCTATAL CTAC
IR2 -10 -35 IRl

W K # ¢ KMLFEREYFELLF?YSsSISsSLY FSsSKFLIULEKTITIFSFEKTIS#EK-NEFWFEKLCOCLYF A&*NEKTLSLTIHTI
W K ¥ I R ED F WV + CIRTFFL+ Y KFLLEKIWITIHNTIGS®WHNSYF + I #NTI## I CTI#35HMHMFLY S LKIEKWWFZPYPH

HIK K D K * * F G L LN+ VY FTIATLSY#TITF®S&KS?YVY #HNL#LY¥LNLEKHNTILYLMNLYYTITFE RETT KT HERTFSTIS:=

pTet25¢ <
Promoter

Fig 3.4: Region between pTet25c and pTet26 predicted to contain a promoter. The region is viewed using Artemis [102], forward and reverse DNA lines
are represented by the central dark grey bars. The three forward and three reverse reading frames translated from the DNA sequence are represented by the
light grey bars. Open boxes show features: the inverted repeats are marked by light blue boxes labelled IR1 and IR2 on the DNA lines. There are predicted
promoters on both strands positioned between the two repeat units, positioned upstream of the start of pTet25¢ and the start of the putative type IV secretion

system, pTet26.
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3.3 Discussion

3.3.1 Comparison to published sequences

During the course of this study the sequences of pVir [127] and pTet [128] were published.
The numbers below refer to the locations of features in the sequence determined in this

study.

3.3.1.1 pVir

The sequence of pVir from this study shows good agreement with the published pVir
sequence, with a 99% nucleotide match. There are however some small differences between
the two sequences with the pVir sequence from this study containing an extra 5 bp; there are
10 bp differences in all. The predicted CDSs of pVir from the Bacon study have been named
Cjp and numbered from VirB8/ComB1 [127].

In the pVir sequence from this study there is 1 bp missing before base 25348 which
results in a frame shift relative to the Bacon sequence, extending the N-terminus of the
hypothetical pVir36 to a total length of 89 aa compared to Cjp09 which is 48 aa (Fig 3.5).
An extra G at base 33098 leads to a frame shift relative to the Bacon sequence which results

in the hypothetical pVird8 having 2 aa less than Cjp22 (Fig 3.6).
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Fig 3.5: A WUBLASTN comparison of the published pVir sequence with the pVir sequence
from this study in the region of pVir36. The comparison is viewed using the Artemis Comparison
Tool (ACT) where blocks of red indicate sequence homology and the intensity of colour is
proportional to the percent identity. However, single base pair changes cannot be accurately
represented. The three forward translated reading frames from each sequence are represented by light
grey bars and stop codons are indicated by vertical black lines. CDSs are indicated by open boxes
and the CDSs from this study are coloured to represent functional categories: orange, conserved
hypothetical; light green, unknown; white, pathogenicity/ adaptation. A base pair difference between
the two sequences results in a frame shift compared to the Bacon sequence and extends the N-
terminus of CDS pVir36. pVir36 is predicted to encode 89 aa whereas Cjp09 is predicted to encode
48 aa.
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Fig 3.6: A WUBLASTN comparison of the published pVir sequence with the pVir sequence
from this study in the region of pVir48. The comparison is viewed using ACT where blocks of red
indicate sequence homology and the intensity of colour is proportional to the percent identity.
However, single base pair changes cannot be accurately represented. Forward and reverse DNA lines

are in dark grey, and the three forward translated reading frames from each sequence are represented
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by light grey bars. CDSs are indicated by open boxes and the CDSs from this study are coloured to
represent functional categories: light green, unknown. An extra base in the sequence from this study
is circled in red; this extra base leads to a frame shift in CDS pVir0048 compared to CDS Cjp22 in
the published sequence.

There are 3 bp differences in the putative rep4 gene. There is a homopolymeric tract
of guanine residues (G) which appears to vary between G(10-11) before base 35611 (Fig
3.7). In the shotgun assembly three reads contained G(10) and seven reads contained G(11)
suggesting that this homopolymeric tract varies in length due to slip-strand misspairing. This
would vary the final 6-11 aa of the RepA protein, which is unlikely to have a functional
consequence. Also in this predicted gene there is a base pair difference at 35898 leading to a
predicted amino acid change from K in the Bacon sequence to E in the pVir sequence from
this study. Also, importantly, there is a base missing before 36345 which results in a frame
shift relative to the Bacon sequence giving an uninterrupted reading frame for repA
indicating that this is not a pseudogene in this version of the sequence (Fig 3.8). RepA is a
replication initiator protein which recognizes specific sequences at the origin of replication
and is required by most plasmids replicating by the theta mechanism, in addition to the host
DnaA protein, to initiate plasmid replication. There are however some examples where the
initiation of plasmid replication can occur in the absence of a plasmid encoded initiator
protein, the best characterized of which is ColE1 [108]. It would be necessary to conduct
further studies to identify whether pVir54c, predicted to encode a RepA protein, is required
for plasmid replication, or if it is accessory and therefore may accumulate deleterious

mutations without lethal consequence for the plasmid.

55



Chapter 3 — Plasmid sequencing

AT TG T T A AT AT TCTAT TCT T TCCCT TTT TG TAG GGG GGG TATCATATTTTCAGTTTTTCTT

50 17980 18000 18020
ATTTCAATCARATTT G.&WGMG.&TMGM.&GGGA&M.&C.&T&CT.&TM&GTCM-.M.&GM
o e e e R = e S e e e A e e e

¥ L # W L F + 5 E N EKEGEIEK?Y P PP Y 5 I KL K E E Bacon
L T L K F W L KA. ] e R e e P e

AT TAGT T T A A TAACTTCTATTCTT TCCCTTT T TOTAGLOG G GGG GGG TATGATAT CAGTT 7]

|35560 35580 3 5A00 35620
ATTTCAATCAAATTTTTGATTGAAGAT AAGARAG GOAARAALA Tﬂ.CTﬂTﬂ.&.&.&GTCﬂ.&.&.ﬂ.&.G.&.
¥ L # N L F +5RMNEKTGSGEKEKYFPFTFTHYE?®*NEKEK

_LFTNLTKF"u"LK+EKGKQLF‘F‘F‘YSIKLKEKay
Fig 3.7: A WUBLASTN comparison of the published pVir sequence with the pVir sequence
from this study showing the C-terminus of repA. The comparison is viewed using ACT where
blocks of red indicate sequence homology and the intensity of colour is proportional to the percent
identity. However, single base pair changes cannot be accurately represented. Forward and reverse
DNA lines are in dark grey, and the three reverse translated reading frames from each sequence are
represented by light grey bars. CDSs are indicated by open boxes and the CDSs from this study are
coloured to represent functional categories: red, information transfer (transcription/ translation +
DNA/ RNA modification). The C-terminus of the putative repA gene contains a homopolymeric tract

which alters the last 11aa of the encoded protein.
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Fig 3.8: A WUBLASTN comparison of the published pVir sequence with the pVir sequence
from this study showing the N-terminus of repA. The comparison is viewed using ACT where
blocks of red indicate sequence homology and the intensity of colour is proportional to the percent
identity. However, single base pair changes cannot be accurately represented. Forward and reverse
DNA lines are in dark grey, and the three reverse translated reading frames from each sequence are
represented by light grey bars. CDSs are indicated by open boxes and the CDSs from this study are

coloured to represent functional categories: red, information transfer (transcription/ translation +
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DNA/ RNA modification). There is a base missing compared to the published sequence which is
circled in red; this leads to a frame shift compared to the published sequence leading to a complete

replication gene.

Within the putative origin of replication there is a large homopolymeric tract of
adenine residues (A). In the pVir sequence of this study there are A(21) and in the Bacon
sequence there are A(20). Also in a non-coding region, there is an extra bp at 5422 between
pVir6 and pVir7. In the same region at base 5692 there is an extra base in the repeat region.
Further on, in pVir9, there is an extra base at 6604 which leads to a frame shift and extension
of pVir9 to 73 aa rather than 39 aa in Cjp37 (Fig 3.9). There is an extra base at 14490
leading to a frame shift relative to the Bacon sequence which causes Cjp50 (30 aa) and

Cjp51 (45 aa) to fuse in the same reading frame giving pVir24 (101 aa) (Fig 3.10).
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Fig 3.9: A WUBLASTN comparison of the published pVir sequence with the pVir sequence
from this study in the region of pVir9. The comparison is viewed using ACT where blocks of red
indicate sequence homology and the intensity of colour is proportional to the percent identity.
However, single base pair changes cannot be accurately represented. The three forward translated
reading frames from each sequence are represented by light grey bars and stop codons are indicated
by vertical black lines. CDSs are indicated by open boxes and the CDSs from this study are coloured
to represent functional categories: light green, unknown. An extra base in the sequence from this
study results in a frame shift relative to the Bacon sequence; pVir0009 is predicted to encode 73 aa

whereas the CDS Cjp37 is predicted to encode 39 aa.
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Fig 3.10: A WUBLASTN comparison of the published pVir sequence with the pVir sequence
from this study in the region of pVir24. The comparison is viewed using ACT where blocks of red
indicate sequence homology and the intensity of colour is proportional to the percent identity.
However, single base pair changes cannot be accurately represented. The three forward translated
reading frames from each sequence are represented by light grey bars and stop codons are indicated
by vertical black lines. CDSs are indicated by open boxes and the CDSs from this study are coloured
to represent functional categories: orange, conserved hypothetical; light green, unknown. An extra
base in the sequence from this study results in a frame shift relative to the Bacon sequence; the CDS

pVir0024 appears to be a fusion of Cjp50 and Cjp51.

With the exception of repA these differences occur either in intergenic regions or
hypothetical CDSs and may represent variation within the population, as the plasmids used

as sequencing templates were isolated separately.

3.3.1.2 pTet

The sequence of pTet in this study shows 99% nucleotide identity across the entire length to
the published version. The pTet sequence from this study is 1bp shorter and there are 9
differences in total from the published sequence. In the published sequence the predicted
CDSs have been named cpp or cmg for the mating associated genes. At base 21115 there is

a synonymous base change of TCC to TCT in the hypothetical CDS pTet25 compared to
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cpp29. There is an extra base at 24460 which results in a frame shift relative to the
published sequence resulting in an extension to the C-terminus of pTet27 (922 aa) compared
to cmgB3/4 (883 aa) (Fig 3.11) the ATPase from Actinobacillus actinomycetemcomitans
with which these CDSs share identity is 923 aa. There are 2 bp differences at 24708 and
24709 (GT to AC) and also a base missing before 24715 which leads to a frame shift causing
an extension to the N-terminus of pTet28 hypothetical protein (188 aa) compared to cpp32
(162 aa) (Fig 3.11). There is 1 less base at 28377 plus an extra base at 28414 leading to an
extension at the C-terminus of pTet33 VirB6 homologue (332 aa) compared to cmgB6 (281
aa) (Fig 3.12). At base 28863 there is a synonymous base change of CCG to CCT in VirBS.
One base is missing before 35080 relative to the published sequence which results in a frame
shift extending the reading frame of pTet41 which is predicted to encode a TrbM homologue
(254 aa) compared to cpp45 (143 aa) (Fig 3.13). The TrbM-like protein of Haemophilus

aegyptius is 217 aa long.
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Fig 3.11: A WUBLASTN comparison of the published pTet sequence with the pTet sequence
from this study in the region of pTet28. The comparison is viewed using the ACT where blocks of
red indicate sequence homology and the intensity of colour is proportional to the percent identity.
However, single base pair changes cannot be accurately represented. The three forward translated
reading frames from each sequence are represented by light grey bars and stop codons are indicated
by vertical black lines. CDSs are indicated by open boxes and the CDSs from this study are coloured

to represent functional categories: orange, conserved hypothetical; light green, unknown; white,
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pathogenicity/ adaptation. The C-terminus of pTet27 and the N-terminus of pTet28 are extended
relative to cmgB3/4 and cpp32 from the published sequence respectively.
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Fig 3.12: A WUBLASTN comparison of the published pTet sequence with the pTet sequence
from this study in the region of pTet33. The comparison is viewed using ACT where blocks of red
indicate sequence homology and the intensity of colour is proportional to the percent identity.
However, single base pair changes cannot be accurately represented. The forward and reverse DNA
lines are represented in dark grey, the three forward translated reading frames from each sequence are
represented by light grey bars and stop codons are indicated by vertical black lines. Features are
indicated by open boxes: pFam (blue), signalP (white), tmhmm (white) and prosite (green) matches
are indicated on the DNA lines; CDSs are represented on the reading frame lines and CDSs from this
study are coloured to represent functional categories: white, pathogenicity/ adaptation; dark green,

surface associated. The C-terminus of CDS pTet33 is extended compared to cmgBo6.
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Fig 3.13: A WUBLASTN comparison of the published pTet sequence with the pTet sequence
from this study in the region of pTet41. The comparison is viewed using ACT where blocks of red
indicate sequence homology and the intensity of colour is proportional to the percent identity.
However, single base pair changes cannot be accurately represented. The forward and reverse DNA
lines are represented in dark grey, the three forward translated reading frames from each sequence are
represented by light grey bars and stop codons are indicated by vertical black lines. Features are
indicated by open boxes: pFam (blue) and signalP (white) matches are indicated on the DNA lines;
CDSs are represented on the reading frame lines and CDSs from this study are coloured to represent
functional categories: white, pathogenicity/ adaptation; dark green, surface associated; light green,
unknown. A base missing compared to the published sequence leads to a frame shift extending the

C-terminus of CDS pTet0041, a homologue of TrbM, compared to cpp45.
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3.3.2 Characteristics of pVir and pTet

Bacon et al. suggest that plasmids have been found in 19-53% of C. jejuni strains [55], with
the best characterized being plasmids encoding antibiotic resistance determinants. Plasmids
have been implicated in virulence in other bacteria. The virulence plasmids of Yersinia spp
encode a type III secretion system involved in the secretion of plasmid encoded Yersinia
outer proteins (Yops) that block phagocytosis, and induce cytokine expression and apoptosis
[78;129]. Shigella flexneri contains a virulence plasmid that encodes a type III secretion
system which secretes invasion protein antigens (Ipa) that induce uptake of the pathogen into
eukaryotic cells, apoptosis, and vacuole membrane lysis [77;129]. However, the role of
plasmids in C. jejuni virulence has not been well studied to date. More recently several pVir
genes have been subjected to mutational analysis [127]. Mutation of the predicted CDSs
cjpl5 and cjp29 which have no detectable homology to proteins from other bacteria, cjp32,
which has similarity to Cj0041 and cjp49, a homologue of Helicobacter pylori HP0996,
resulted in reduced invasion of a host cell line when compared to wild type levels [127].
pTet conjugation genes have also been subject to mutational analysis showing that cmgB3/4
is required for conjugal transfer [128]. Others have looked at the distribution of plasmids
within populations of C. jejuni showing that few strains carry pVir. In one study one out of
16 plasmid containing clinical isolates was found to contain pVir, with 8 containing
sequences with homology to pTet [56]. Another study found 18 out of 104 clinical isolates
contained pVir [130].

In Helicobacter pylori there are two separate and functionally independent type IV
secretion systems, one for protein translocation (cag) and one for natural transformation
(comB) [131;132]. From the results of Bacon ef al. it appears that the type IV secretion
system of pVir may function in both roles: a mutation in comB3 reduced adherence, invasion

and natural transformation, although mechanisms for these traits are unknown. The Yersinia
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enterocolitica flagellum export apparatus has been shown to also secrete several extracellular
proteins including YplA [133] showing that some export apparatuses may be multifunctional
in contrast to the separate systems of Helicobacter pylori.

pTet also contains components of a type IV secretion/ conjugation system.
Comparison to other type IV secretion systems (Fig 3.14) shows that the systems in pTet and
pVir are similar except pTet has VirB2, B3, BS, B6 and B7 homologues. The only VirB
homologue that is present in all known conjugation systems and absent from protein
secretion systems is the homologue of VirB5 from Agrobacterium tumefaciens. Although the
function of VirB5 is not known it has been suggested that it may be a minor structural
component of the pilus along with VirB2 in Agrobacterium tumefaciens [134]. Most
importantly pTet also contains a nickase (MagA2) homologue, also known as a relaxase,
which would not be expected in a protein secretion system. Relaxases play an essential role
in conjugative DNA transfer by nicking the DNA which must then be unwound by a DNA
helicase to produce the single strand of DNA transferred to the recipient cell [135]. The
MagA?2 homologue, like MagA2 of Actinobacillus actinomycetemcomitans pVT745, does
not contain any nucleotide-binding motifs or a helicase domain which is sometimes present
in relaxases [117]. There is however a homologue of Sinorhizobium meliloti bacteriophage
PBC5 DNA methylase within 800 bp on the opposite strand which contains a helicase

domain which may play a role in DNA transfer.
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Fig 3.14: Schematic comparison of proteins involved in type IV bacterial secretion systems.
Proteins that are homologous are shown with arrows of the same colour. The order of proteins
expressed here is not necessarily the order in which the genes appear on respective stretches of DNA
with the exception of Agrobacterium tumefaciens. Arrow sizes are not representative of gene or
protein size. The plasmids R388, RP4 and pMk101 represent gram-negative conjugation schemes.
The Helicobacter pylori comB region is involved in natural transformation by DNA uptake while the
Helicobacter pylori cag and Bordetella pertussis ptl proteins form toxin secretion systems. Predicted
CDSs of pTet and pVir from this study have been added with the locus_id number of the homologous
CDS. This figure was adapted from the data of Cossart, P. et al. (2000) [129]; Firth, N. et al. (1996)
[136]; Christie, P. J. (1997) [137] and Novak, K. F. et al. (2001) [118].
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VirB/VirD4 homologues can mediate transfer of DNA and protein as they encode a
transmembrane pilus structure. In Agrobacterium tumefaciens a complex of transfer proteins
is necessary to chaperone DNA out of the cell. The transfer complex consists of a single
VirD2 molecule bound to the 5° end of the DNA which is coated with VirE2, a single-strand
DNA binding protein This suggests that these proteins carry a sequence necessary for export
[134]. It may be that in the case of pVir, proteins that have roles in virulence are
translocated, but this can not be confirmed until the secreted proteins are identified. Other
groups are currently working towards this aim [127]. There has also been evidence of pVir
genes being transcribed under the control of a 6>*-regulated promoter along with the flagellar
secretory apparatus [138]. More recently a strong association between campylobacteriosis
patients with bloody diarrhoea and the presence of pVir has been found [130]. Blood in
patient stools is generally associated with invasion which supports the findings of Bacon et
al. who suggested that pVir was associated with invasion of intestinal epithelial cells
[55;127].

In order to characterize the true origin of replication for both of these plasmids it
would be necessary to assess which regions could autonomously replicate. Other studies
have attempted to identify origins of replication by cloning suspected regions into antibiotic
resistance plasmids lacking an origin of replication [110]. As these plasmids are large it
would be intuitive to expect that they are low copy number, however, only pVir contained a
homologue of a partition gene. When the predicted partition gene cjp26 was mutated it
showed no detectable phenotype and the plasmid appeared to be stably maintained [127].
Another intriguing characteristic in pTet that warrants further investigation is the possibility
that the putative type IV secretion system is under the control of a variable promoter, this

possibility will be discussed further in chapter 7.
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4. Analysis of pUC libraries

4.1 Introduction

In order to screen the C. jejuni strains, 81-176, M1, 40671 and 52472 for regions of DNA not
present in the sequenced strain NCTC 11168 a method of differential hybridization [92] was
used. The strains were selected to show a range of phenotypes. Strain 81-176 is a
commonly studied laboratory strain and as such many novel regions have already been
identified. In addition strain 81-176 contains two plasmids not present in NCTC 11168 so
this strain should provide a good reference to evaluate the method. Strain M1 was contracted
by a scientist who developed severe inflammatory gastroenteritis following a visit to a
poultry abattoir in the UK. Chickens have been suggested as an important route of
transmission to humans, and as different strains are known to differ in their colonization
potentials [60] this strain may provide information about colonization factors in addition to
being virulent in humans. Strain 40671 is an outbreak strain; outbreaks of Campylobacter
are rare, in addition this strain has been associated with water which may indicate that this
strain is adapted to survival in the wider environment. Strain 52472 was isolated from a
patient with septicaemia which may indicate that this strain has invasion factors and is
adapted to survive within the blood stream. The differential hybridization step was planned
as the initial phase of the project, in order to sample the entire genome. This would give an
idea of the extent and variety of genes that are not present in strain NCTC 11168 and identify

regions for further, in depth, analysis.
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4.2 Results

4.2.1 Identification of DNA present in test strains and absent from NCTC
11168

A library of fragments 0.8-1.2kb was constructed in pUC19 for strains 81-176, M1, 40671
and 52472. Genes of C. jejuni NCTC 11168 have an average length of 948 bp [8] so an
insert size of approximately 1 kb was selected for gene comparison as larger inserts are more
likely to contain flanking DNA present in both strains being compared. Libraries of strains
81-176, 40671 and 52472 each consisted of 8064 clones and the library of strain M1
consisted of 8448 clones, representing roughly 5-fold coverage of the genome assuming a
similar genome size to NCTC 11168. The idealised equation P=1-¢™, where P = probability
of a base being represented and x = raw coverage [139], indicates that with 5-fold coverage
the library should represent 99.3% of the genome. These clones were arrayed onto a set of 3
(moderately charged) nylon membranes: one set was hybridized with labelled “self” genomic
DNA and the other with labelled NCTC 11168 genomic DNA. Clones that hybridized to
“selt” genomic DNA, but not to NCTC 11168 genomic DNA were selected for sequencing
(Fig 4.1). Sequence reads were then compared to the complete NCTC 11168 genome
sequence using WUBLASTN and, in the case of 81-176 to the sequences of the plasmids
pVir and pTet from this study (chapter 3, Appendix1 and Appendix 2). Sequence reads from
the test strains that showed more than 85% nucleotide id (identity) to any of the comparator
sequences were eliminated from further analysis. Reads that showed less than 85%
nucleotide id to compared sequences were assembled using Phrap (Green, P., unpublished)
into contiguous regions, then viewed and annotated using Artemis [102]. At this stage the
assembled contiguous regions were again compared to the sequence of strain NCTC 11168.
As some of the reads may have been of poor sequence quality the assembled consensus

sequence had a higher similarity to the genome of strain NCTC 11168 across the entire
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length in some instances. In strain 81-176 this accounted for 5 regions, in strain M1 8
regions and in strain 52472 7 regions which were discounted from further analysis unless
they occurred next to re-arrangement events compared to the NCTC 11168 chromosome or

represented more complete versions of pseudogenes in NCTC 11168.

A) 52472 probed with NCTC 11168

O O

oo

O O

00

B) 52472 probed with “self”

Fig 4.1: Differential genomic DNA hybridization array. A library of DNA fragments from each
strain was spotted onto nylon membranes. A) shows an example of a membrane from strain 52472
probed with genomic DNA from NCTC 11168 and B) shows a membrane from strain 52472 probed
with its own genomic DNA. The circled spots show representative examples of duplicate clones
carrying DNA inserts that show significantly reduced hybridization with the NCTC 11168 probe

compared with the “self” probe, and are therefore likely to carry inserts specific to that strain.
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4.2.2 False positive and false negative testing

To validate the accuracy of the method, false positive and false negative values were
calculated for each of the libraries. False positives were designated as clones that showed
differential hybridization patterns and yet had more than 85% sequence similarity to
chromosomal DNA from strain NCTC 11168. False negatives were designated as clones
that did not show a differential hybridization pattern and yet had less than 85% sequence
similarity to chromosomal DNA from strain NCTC 11168. For strain 81-176 135 out of 654
sequence reads (21%), for strain M1 276 out of 807 sequence reads (34%), for strain 40671
140 out of 413 sequence reads (34%) and for strain 52472 98 out of 1439 sequence reads
(7%) were false positives. To test false negatives 192 clones were sequenced in both
directions from strains 81-176 and M1. For strain 81-176 89% (168 out of 188 successfully
end-sequenced) had more than 85% nucleotide id to strain NCTC 11168 whereas 11% were
novel, and for strain M1 86% (161 out of 187 successfully end-sequenced) had more than
85% nucleotide id to strain NCTC 11168 whereas 14% were novel.

The sequence reads from pUC clones identified as containing end-sequences with
less than 85% nucleotide id to NCTC 11168, from the false negative testing screen, were
compared to the differential hybridization results. In strain 81-176 only 3 clones out of the
20 identified as novel (15%) had not been identified in the differential hybridization screen.
Of these 3 clones only one contained DNA that had not already been sequenced from other
pUC clones within the library. On closer inspection of the sequence from this clone it was
apparent that although the overall sequence was 80% similar to chuA there were regions of
higher similarity within that. This suggests that the method is unsuitable for reliably picking
up small variations in sequence similarity and that using a library with 5-fold coverage of the
genome partially compensates for variable hybridization of individual clones. For strain M1,

10 clones out of the 26 identified as novel (38%) had not been identified by the hybridization
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screen. Of these clones 5 contained DNA already sequenced leaving 19% of novel DNA not
previously identified by sequencing other library clones.

Only 11% of randomly selected library clones from strain 8§1-176 contained novel
sequence whereas 14% of randomly selected library clones from strain M1 contained novel
sequence. Using differential hybridization data to select clones for sequencing, 83% of
clones from strain 81-176 and 66% of clones from strain M1 contained novel sequence. This
technique therefore provides a good enrichment; however, it is estimated that around 20% of
novel DNA will be missed using this method alone. Further sequencing of BAC clones

encompassing novel regions should identify more sequence in these selected areas.

4.2.3 Strain 81-176 clones with matches to pVir and pTet

Of the 81-176 sequenced clones, 86 reads out of 654 matched to pVir, covering 37473 bp
(50%), and 95 reads matched to pTet, covering 20413 bp (45%) of the plasmid sequence
using WUBLASTN with an 85% nucleotide id cut-off. There appeared to be some
distribution bias with some regions of the plasmid receiving heavier coverage than others
and some regions devoid of matches entirely (Fig 4.2). The regions that were not covered by
the differential hybridization screen were also absent from the initial plasmid shotgun
assembly, possibly indicating that these regions are refractory to cloning. This could be for a
number of reasons: these regions could contain products that are toxic to the Escherichia coli
host or contain products that interfere with normal replication. For example, in pVir the
regions surrounding the putative partition gene were not sampled. In pTet both the putative
origin of replication and the putative origin of transfer were not sampled. Also the region
between pVir8-pVir 19 was not sampled. This has low G+C content at 22%, and as the
DNA was sonicated prior to cloning highly A+T rich regions may have been lost. It has
been shown previously that the initial rate of shearing during sonication is reproducibly more

rapid for A+T rich DNA [140].
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10001

10001

B

Fig 4.2: A circular representation of the plasmid sequences. A: pVir, B: pTet.

The circles represent the following features, numbering from the outside in: 1, 2, all CDSs
(transcribed clockwise and anticlockwise respectively); 3, the position of 81-176 pUC clone sequence
reads identified from the differential hybridization screen with more than 85% similarity to the
plasmid sequence; 4, G+C content; 5, GC deviation ((G-C)/ (G+C)) viewed using a window size of
250 bp, with a step size of 10 bp. The 12 o’clock position of each circle represents the predicted

origin of replication and CDS colours represent the following putative functions: red, information
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transfer (transcription/ translation + DNA/ RNA modification); light green, unknown; dark green,
surface; orange, conserved hypothetical; blue, pathogenicity/ adaptation; pink, bacteriophage/ IS

elements.

The concentration of plasmid DNA compared to chromosomal DNA in the DNA
preparation used to make the library was not known so a direct comparison of the likely
coverage of novel regions of chromosomal DNA can not be made based on the coverage of

plasmid DNA.

4.2.4 General Features of novel pUC assemblies

For each of the contiguous regions of assembled pUC reads the predicted CDSs were
analysed using FASTA to search protein databases and assign putative functions (section
2.3.7) (Appendix 3, 4, 5 and 6). In some cases the contiguous regions contained several
novel CDSs and also a region of high identity to strain NCTC 11168, indicating a probable
insertion/substitution event compared to the NCTC 11168 genome.

For strain 81-176 the 473 reads were assembled into 58 contiguous regions
representing 85,755 bp of sequence containing 108 partial or complete predicted CDSs. For
strain M1 the 531 reads were assembled into 81 contigs representing 113,180 bp of sequence
containing 156 predicted CDSs. Strain 40671 contains the smallest amount of novel
sequence identified, with 273 reads assembled into 59 contigs representing 78,923 bp of
sequence containing 100 predicted CDSs. Strain 52472 contains the largest amount of novel
sequence identified, with 1341 reads assembled into 101 contigs representing 205,235 bp of
sequence containing 279 predicted CDSs.

Discounting CDS matches with more than 95% amino acid id to NCTC 11168 across
entire length, 93 novel genes were discovered in strain 81-176, 137 in strain M1, 97 in strain
40671 and 268 in strain 52472. The CDSs with more than 95% amino acid id were found to

be either towards the ends of contiguous regions containing novel sequence or next to
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insertion or deletion (indel)/ rearrangement events, which may provide useful positional
information.

Strain 52472 has many bacteriophage associated genes which are not present in
NCTC 11168. It is possible that many of the hypothetical genes from this strain are also
bacteriophage associated as, in addition to genes required for assembly, bacteriophage carry
many genes with as yet undetermined function. Without more sequence information from
the surrounding regions it is not possible to distinguish between these and chromosomal
hypothetical genes. Bacteriophage genes tend to be less conserved and less easy to
recognize by similarity searches [141]. Sequence reads assembled into contiguous regions
predicted to encode bacteriophage associated proteins have a greater depth of coverage than
other contiguous regions. This could indicate that similar bacteriophage are integrated at
multiple sites in the genome.

Excluding phage associated CDSs in strain 52472 the largest class of predicted CDSs
in all strains tested are hypothetical (Fig 4.3). There are 35 hypothetical CDSs in strain 81-
176 (38% of novel), 38 in strain M1 (28% of novel), 46 in strain 40671 (47% of novel) and
63 in strain 52472 (24% of novel). In the genome sequences of strains NCTC 11168 and
RM1221 22% and 29% of predicted CDSs were classed as hypothetical. In strains 81-176
and 40671 the proportion of novel CDSs classified as hypothetical is greater than that
identified for the chromosomal background of the sequenced strains. In strain M1 there are
actually more predicted surface associated CDSs (46, 34%) than hypothetical CDSs (38,
28%). Surface associated CDSs probably make up the second largest category overall with
31 in strain 81-176 (33% of novel), 22 in strain 40671 (23% of novel) and 24 in strain 52472
(9% of novel). Another major category for all strains is information transfer/DNA
modification which includes restriction-modification (RM) associated CDSs: 6 in strain 81-

176, 14 in strain M1, 9 in strain 40671 and 19 in strain 52472. There are also some predicted
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CDSs associated with general metabolism: 7 in strain 81-176, 8 in strain M1, 3 in strain
40671 and 13 in strain 52472. The rest of the categories appear to vary according to strain:
strains 81-176 and M1 contain several predicted CDSs associated with energy metabolism,
and strains 40671 and 52472 contain many CDSs associated with pathogenicity and

adaptation.

A. Functional categories of predicted CDSs in 81-176 pUC assemblies

O Pathogenicity/Adaptation/Chaperones
W Energy metabolism

B Information transfer/ DNA modification
@ Surface

O Degradation of large molecules

M@ Degradation of small molecules

[ Central/intermediary/misc metabolism
O Unknown

23

O Conserved hypothetical
B Pseudogenes
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B. Functional categories of predicted CDSs in M1 pUC assemblies

O Pathogenicity/Adaptation/Chaperones
B Energy metabolism

W Information transfer/ DNA modification
@ Surface

O Degradation of large molecules

@ Degradation of small molecules

O Central/intermediary/misc metabolism
O Unknown

@ Regulators

O Conserved hypothetical

W Pseudogenes

O Phage/transposon

C. Functional categories of predicted CDSs in 40671 pUC assemblies

O Pathogenicity/Adaptation/Chaperones
l Information transfer/ DNA modification
@ Surface

O Central/intermediary/misc metabolism
O Unknown

@ Regulators

O Conserved hypothetical

W Pseudogenes

O Phage/transposon
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D. Functional categories of predicted CDSs in 52472 pUC assemblies

22

O Pathogenicity/Adaptation/Chaperones
W Information transfer

@ Surface

O Central/intermediary/misc metabolism
O Unknown

O Conserved hypothetical

B Pseudogenes

O Phage/transposon

125

13

52

Fig 4.3: Pie-chart diagrams depicting functional categories for novel predicted CDSs.
Functional categories are described in the keys beside each chart. Certain categories make up a large
proportion of the novel CDSs of all strains: DNA modification; Surface; unknown; conserved

hypothetical.

From the FASTA analysis it is also apparent that there are a number of CDSs with
some identity to CDSs from strain NCTC 11168 rather than being novel genes. This
category is made up of genes with between 65 and 95% amino acid id to CDSs in strain
NCTC 11168. In 81-176 this category accounts for 30% (28) of the novel CDSs, in M1 20%
(26), in 40671 13% (13) and in 52472 9% (24). However, the numbers of CDSs with 65-
95% amino acid id to NCTC 11168 in strains 81-176, M1 and 52472 are similar so this
actually reflects the fact that strain 81-176 has a smaller proportion of novel CDSs compared
to the rest and that strains 40671 and 52472 have a larger proportion of novel CDSs. The vast
majority of CDSs with 65-95% amino acid id to CDSs in strain NCTC 11168 are surface

associated with some of the rest being associated with metabolism and some hypothetical.
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In the strain NCTC 11168 genome sequence CDSs are numbered from c¢j0001 to
¢j1731 with CDSs on the complementary strand suffixed with a c. In this study CDSs have
been numbered sequentially with a strain identifier of 8 for strain 81-176, M for strain M1, 4
for strain 40671 and 5 for strain 52472, followed by a P for pUC library. Contiguous regions
have been named similarly with a strain identifier, a library identifier followed by the read
name from the first sequence read of that contiguous region. Data for the predicted novel

CDS:s are presented in Appendix 3, 4, 5 and 6.

4.2.5 Regions showing limited identity to genes in NCTC 11168

4.2.5.1 Surface associated

4.2.5.1.1 N-linked glycosylation locus ¢j1119¢-¢j1130c¢

The predicted CDSs MP0007 and MP0008 (MP2f03q) show 97% id to Wlal and WlaK
showing that WlaJ is missing in this location in strain M1 as it is in strain 81116 [142]and

RM1221. This region has been shown to be highly conserved between several strains [37].

4.2.5.1.2 Lipo-oligosaccharide biosynthesis locus cj1131-1152

The lipo-oligosaccharide (LOS) gene cluster of C. jejuni is one of the most highly studied
regions within this bacterium and has been demonstrated to be highly variable between
strains. DNA sequences from the LOS region of 11 C. jejuni strains were compared by
Gilbert et al. [143] and assigned to one of 3 classes, A, B or C.

In strain M1 all the predicted CDSs from the LOS region show highest identity to
CDSs from strain 81116, also known as strain NCTC 11828 [144], which does not fall into
the A, B or C class system (Fig 4.4). The predicted CDS MP0121 (MP2b12p) shows high
identity to WIaNA and the partial CDSs MP0120 and MP0029 (MP1f05p) both show high

identity to WlaNB. CDS MP0028 (MP1f05p) shows high identity to a transferase, RImA,
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and CDS MP0O010 (MP5b05p) shows 59% id to a DTPT dehydratase from H. hepaticus.
Predicted CDS MP0051 (MP3d07q) shows high identity to a hypothetical CDS, MP0052 to
an aminotransferase and MP0053 to a membrane protein. Predicted CDSs MP0015 and
MPO0016 (MP3b05q) show high identity to two glycosyltransferases from strain 81116 with
MPO0016 showing 63% id to CgtA (Cj1138) from strain NCTC 11168. The predicted CDSs
MP0034 (MP2f12q) and MP0019 (MP3d02q) show high identity to an O-acetylation protein
and MP0020 (MP3d02q) to a hypothetical protein which are inserted upstream of gmhA

(MP0021). This arrangement is present in class B1 LOS clusters [59].

e

Clas @@ S
i)
= e ) o

Fig 4.4: Schematic representation of the genes from different LOS classes of C. jejuni according
to Gilbert ef al. 2002 [143]. Arrow sizes are not representative of gene or protein size. Arrows are
labelled with predicted protein products; numbers represent CDS locus id numbers from C. jejuni
NCTC 11168; hyp= hypothetical protein; acet= acetyltransferase. Contiguous regions from this
study are represented by lines underneath the arrows and are labelled with their contig identifiers.
Strains ATCC43446, OH4384, OH4382, ATCC43432, ATCC4360 and ATCC43438 belong to class
A; strains ATCC43449 and ATCC43456 belong to class B; strains NCTC 11168, ATCC43429 and
ATCC43430 belong to class C. Data for the LOS locus of strain 81116 was obtained from NCBI,
accession numbers AJ131360 and AF343914 (Oldfield et al. 2002) [144].
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In strain 81-176 the predicted CDS, 8P0099 (8P2c01q) shows 74% id to
glycosyltransferase Cj1135 but 100% id to a glycosyltransferase from strain 43456 (Fig 4.4).
In strain 52472 the predicted CDS, 5P0268 (5P7h10p) shows 95% id to Cst-II from strain
43432 and in strain 81-176 the predicted CDS, 8P0063 matches to Cst-II previously
sequenced from strain 81-176. For strain 81-176 8P0064 NeuB1, 8P0065 NeuCl, 8P0066
CgtA-II, 8P0067 NeuAl and partial CDSs 8P0068 and 8P0105 acetyltransferase (8P2b09p)
show high amino acid id and a similar arrangement of the genes that encode them to strain
43456 which belongs to LOS cluster class B [143;145] (Fig 4.4). This arrangement of genes
seems to be shared in strain 40671 with CDS 4P0010 (4P3c10p) predicted to encode NeuB1
[146], 4P0092 (4P1a05q) predicted to encode NeuCl, 4P0050 (4P3e05q) predicted to encode
NeuAl and 4P0049 predicted to encode an acetyltransferase [145]. This LOS arrangement
also appears to be present in strain 52472: 5SP0109 (5P2f11q) is predicted to encode NeuBI,
5P0110 predicted to encode NeuCl, SP0130 (5P7h09p) predicted to encode CgtA-II, SP0131
predicted to encode NeuAl and 5P0132 predicted to encode an acetyltransferase.

In strain 52472 the predicted CDS 5P0133 shows high amino acid id to WaaV from
strain 11087 and CDS 5P0134 shows high identity to WaaF from strain 81116; both predicted
CDSs also show high identity to WaaF from RM1221. In strain 81-176 the predicted CDS
8P0104 (8P1107q) shows high identity to WaaV from strain 43456 [143], 8P0006 (8P6e09q)
shows high identity to WaaF and 8P0005 high identity to a hypothetical CDS from regions

previously sequenced in strain 81-176 [147].

4.2.5.1.3 Flagellar associated genes

In strains 81-176 and 40671 the homologues of ¢j0043 encoding the flagellar hook protein
FIgE appear to be variable. The predicted CDS 8P0054 (8P4a03p) shows high identity to

FIgE previously sequenced from strain 81-176 and predicted CDS 4P0012 (4P1c07p) shows
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homology to FIgE from strain lio7 and but these two predicted CDSs, 8P0054 and 4P0012,
do not share high identity with each other [138].

In strain 81-176 the predicted CDS 8P0010 (8P7e¢10q) shows 89% amino acid id to
the putative aminotransferase Cj1294. In strain M1 MPO0135 (MP4h07p) shows 89% id to
the hypothetical protein Cj1295 and MP0136 appears to be a fusion of the genes predicted to
encode aminoglycoside N3 -acetyltransferases Cj1296 and Cj1297 with 79% and 56% id to
each respectively although MP0136 appears to be more similar to RM1221 CJE1488. In
strain NCTC 11168 these proteins have a homopolymeric tract between them so they can be
translated as a single gene if a frame shift occurs due to slip-strand mispairing. In strain
40671 4P0098 (4P1g08p) shows 76% id to the hypothetical protein Cj1305. In strain 81-176
8P0041 (8P3e08q) shows high identity (97%) to NeuA2, involved in biosynthesis of
glycosyl moieties [148], but 8P0040 only shows 62% id to the hypothetical protein Cj1310.

Parts of the flagellar cluster have previously been sequenced in strain 81-176. The
following CDSs match to these previously sequenced genes; 8P0015 (8P7d11q) matches to
an orthologue of Cj1333 and 8P0045 (8P1c09q) matches to an orthologue of Cj1337 [148].
Both strains M1 and 40671 appear more similar to 81-176 than NCTC 11168 in this region.
For example, in strain M1 MP0040 (MP3b03q) shows 59% id to Cj1334 from strain NCTC
11168 and 76% to an orthologue of Cj1334 from strain 81-176. In strain 40671 4P0062
(4P3f10p) shows 73% id to Cj1334 from strain NCTC 11168 and 95% id to an orthologue of
Cj1334 from strain 81-176 [148]. In strain M1 partial CDS MP0024 (MP3e04p) shows 57%
id to Cj1337 from strain NCTC 11168 and 99.8% id to an orthologue of Cj1337 from strain
81-176. In strain 40671 (4P1g09q) 4P0070 shows 61% id to Cj1337 from strain NCTC
11168. In strain 81-176 partial CDSs 8P0044 (8P1c09q) and 8P0069 (8P6allp), and in
strain M1 MP0064 (MP1b10q) show high id to FlaB from 81116 [148-150]. In strain

40671 4P0069 shows 91% amino acid id to FlaB from C. coli.
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In strain 81-176 8P0027 (8P8b05p) shows 100% id to FlaA from strain d2677 and in

strain M1 MP0018 (MP4a03q) shows 100% id to FlaA from strain 81116. In strain 40671

4P0025 (4P1f06p) shows 71.5 % id to FlaA from strain NCTC 11168. 8P0026 (8P3h05p)

shows 34% id to hypothetical protein Cj1340 [149;150] and 8P0096 shows 78% id to
hypothetical protein Cj1342.

The only CDSs in strain 52472 that match to this region are SP0087 (5P5a07q) which

shows 94% id to hypothetical protein Cjl1341 and 5P0086 which shows 60% id to

hypothetical protein Cj1342. This suggests that the flagellar region of this strain is much

more similar to that of strain NCTC 11168 than the other strains.

4.2.5.1.4 Capsule locus cj1413-1448

It has recently been demonstrated that the capsule region is highly variable with many genes
being acquired by horizontal transfer along with gene duplications, deletions and fusions
[151]. Due to the extensive variation it is likely that some of the identified novel surface
associated genes discovered here may be part of the capsule locus but without further
sequence information it is not possible to identify where exactly they belong on the
chromosome. Relatively few predicted genes can be linked to the capsule. Where this is
possible, most of the CDSs are from strain 81-176 as this has already been sequenced in its
entirety [151]. The capsule sequence became available after the annotation of the novel 81-
176 regions in this study therefore a comparison using WUBLASTN revealed more matches
to this area (Fig 4.5). 8P0036 shows 63% id to Cj1442 and 8P0037 shows 96% id to KpsF
of strain NCTC 11168 (8P5al0q). Other predicted CDSs match to this region: 8P0043
(8P1e08q) which shows 78% id to DmhA of Yersinia pseudotuberculosis, predicted to be
involved in the conversion of heptose to deoxyheptose, 8P0001 (8P5c06p) which shows 56%

id to Fcl of NCTC 11168 and 8P0028 which shows 41% id to Cst-I from strain oh4384,
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which has been associated with GBS [146], and 8P0029 (8P2d02p) which shows 41% id to

Cj1431 from strain NCTC 11168 [151].
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Fig 4.5: Capsule locus of C. jejuni strain 81-176. CDSs from the capsule locus of strain 81-176
determined by Karlyshev et al. 2005 [151] (accession number BX545858) are depicted by arrows.
The size of the arrows is not representative of gene or protein size. Contiguous regions from this
study are represented by lines underneath the arrows and are labelled with their contig identifiers.

Stripped arrows represent genes that are novel/ significantly divergent from strain NCTC 11168.

Strain 40671 also has some predicted CDSs which may be associated with the
capsule region. 4P0063 matches 8P0043 and also shows 78% id to DmhA from Y.
pseudotuberculosis (4P1alOp). Also present on this contiguous region are the predicted
CDSs 4P0064 which shows 59% id to Fcl from strain NCTC 11168, 4P0065 which shows
81% 1id to the sugar epimerase Cj1430 and 4P0066 which shows 37% id to the sugar
transferase Cj1421.

Also potentially located in the capsular region are predicted CDSs 4P0058 (4P1d02q)
which shows 69% id to Cj1421c from strain NCTC 11168, 4P0059 which shows 58% id to
Cst-1 58% from strain oh4384 and 4P0007 (4P3f04p) which shows 50% id to the sugar

transferase Cj1440 and 4P0008 which shows 84% id to Cj1421.
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4.2.5.1.5 Miscellaneous

There are a number of predicted CDSs which are similar at the amino acid level to NCTC
11168 proteins but are only based on single read coverage which may mean that sequencing
errors are the cause of any observed variation rather than true variation. This applies to
strain 52472 predicted CDS 5P0269 which shows 90% amino acid id to the periplasmic
protein Cj0168 (5P5h05p) although 5P0269 seems to be more similar to RM1221 CJE0163.
In strain M1 MP0134 shows 86% amino acid id to membrane protein Cj0692¢c (MP3e02q)
and MP0129 shows 88% amino acid id to membrane protein Cj1049 (MP2e10p). In strain
40671 the predicted CDS 4P0091 shows 88% amino acid id to CfrA (Cj0755) (4P1a06p).

There are also a number of predicted CDSs which are similar at the amino acid level
to CDSs from strain NCTC 11168 but have higher sequence coverage than those discussed
above. In strain 52472 the predicted CDS 5P0074 shows 76% amino acid id to lipoprotein
Cj0629 with a large gap in the centre of the match (5P6f05q). In strain M1 the predicted
CDS MP0013 shows 69% amino acid id to the membrane protein PorA (Cj1259) (MP4e02q)
and a higher identity to strain X7199 at 88% amino acid id. CDS MP0035 shows 91% id to
ChuA (Cj1614) (MP3e06q). In strain 81-176 the predicted CDS 8P0035 (8P6e04q) shows
92% id to the membrane associated protein Cj0835.

In strains M1, 81-176 and 40671 the predicted CDS MP0139 (MP5h05p) shows 65%
and the predicted CDSs 8P0021 (8P5a05p) and 4P0016 (4P1d05p) show 64% id to the
membrane protein Cj1721 although all are similar to each other and also to RM1221

CJE1891.
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4.2.5.2 Metabolism

4.2.5.2.1 Molybdate transport region cj0294-cj0310
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Fig 4.6: Molybdate transport region of C. jejuni strain NCTC 11168. The region from cj0294-
¢j0310 is viewed using Artemis. The forward and reverse DNA lines are represented by the central
dark grey lines. The light grey lines represent all three forward and reverse translated reading frames
respectively. Open boxes represent features: pFam and prosite features are shown on the DNA lines;
CDSs are shown on the frame lines. CDSs are coloured to indicate functional category: white,
pathogenicity/ adaptation/ chaperones; yellow, central/ intermediary/ miscellaneous metabolism; dark

green, surface; light green, unknown; orange, conserved hypothetical.

¢j0294-¢j0310 is known to be a region with limited identity between strains [83-85]. In
strain 81-176 the contiguous region 8P7b08p contains predicted CDSs 8P0051, 8P0052 and
8P0053 with high amino acid identity to ¢j0294, c¢j0296 and cj0297 respectively showing
that a homologue of the predicted acetyltransferase ¢j0295 is missing in this location in strain
81-176. ModA-C (Fig 4.6) are variable in both strains 81-176 and 52472 with 8P0060 and
5P0075 showing 82% amino acid id to ModA, 8P0058 and 5P0077 showing 85% amino acid
id to ModB, and 8P0057 and 5P0078 showing 76% and 78% amino acid id to ModC from
strain NCTC 11168 respectively. The predicted CDSs 8P0059 and 5P0076 appear to be the
most divergent showing only 65% amino acid id to the hypothetical protein Cj0302
(8P4e04p, 5P4e07q). 5P0122 appears to be variable showing 74% id to BioC, 8P0046 and
5P0123 show 67% and 68% id to Cj0305 respectively and 8P0047 and 5P0124 both show
76% id to BioF (8P3b10q, 5P6g02q). The entire region shows high identity between the
strains 81-176, 52472 and also RM1221 possibly suggesting that the whole region in NCTC

11168 has been acquired by homologous recombination from a more divergent source.
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4.2.5.2.2 Region ¢j0807-cj0813

In strain 52472 the region homologous to ¢j0807-cj0813 appears to be highly variable. The
predicted CDS 5P0006 (5P2g09p) shows 77% amino acid id to the hypothetical protein
C;0808 and the partial CDSs 5P0007 (5P2g09p) and 5P0089 (5P6c03q) show 90% and 78%
amino acid id respectively to the hydrolase Cj0809. The predicted CDS 5P0090 (5P6c03q)
shows 74.1% amino acid id to the NH(3)-dependent NAD(+) synthetase NadE (Cj0810) and
the partial CDSs 5P0091 (5P6c03q) and 5P0029 (5P3a03q) show 82% and 84% id to the
tetraacyldisaccharide 4'-kinase LpxK (Cj0811). The partial CDSs 5P0028 (5P3a03q) and
5P0048 (5P7a07p) show 78% and 75% amino acid id respectively to threonine synthase

ThrC (Cj0812) and 5P0047 (5P7a07p) shows 83% amino acid id to KdsB (Cj0813).

4.2.5.2.3 Miscellaneous

In strain 52472 there are predicted CDSs that show limited amino acid id to the proteins
Cj0021-Cj0023 from strain NCTC 11168. On contiguous region 5P7d08q predicted CDS
5P0117¢c shows 86% amino acid id to the hypothetical protein Cj0021 of strain NCTC
11168, 5P0118c shows 82% amino acid id to the ribosomal pseudouridine synthase protein
Cj0022 and 5P0119c shows 94% amino acid id to PurB (Cj0023). This contiguous region is
constructed from 12 reads across 2.3 Kb giving a good depth of coverage so poor sequence
quality is unlikely to account for the amino acid differences.

In both strains 81-176 and M1 there are predicted CDSs which show limited amino
acid id to a cytoplasmic L-asparaginase, AnsA. CDS 8P0103 shows 83.46% amino acid id
and MP0110c shows 86.13% amino acid id to AnsA from NCTC 11168.

In strain 81-176 a predicted CDS, 8P0092, with homology to purU (cj0789) from
strain NCTC 11168 appears to be shorter than in NCTC 11168. The predicted CDS 8P0092
is 158 aa long compared to Cj0789 which is 274 aa in NCTC 11168. It is not possible to say

whether this gene would still be functional or whether a duplication event may have occurred
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and a full length copy of the gene is present elsewhere on the chromosome. The predicted
CDS 8P0092 is located on contiguous region 8P7gllp and a rearrangement compared to
NCTC 11168 seems to have occurred with a predicted CDS with high identity to the iron

uptake transporter, ¢j0173c, occurring upstream of the purU homologue.

4.2.5.3 Hypothetical genes

There are many examples of hypothetical proteins that vary between the strains being studied
that have already been discussed in the context of other regions. However, there are some
examples of hypothetical genes varying at other locations on the chromosome that have been
identified in this study. In strain 81-176 the hypothetical protein Cj0403 appears longer than
in NCTC 11168 with 8P0004 (8P8b03p) being 232 aa long and Cj0403 being only 181 aa.
In strain M1 the predicted CDS MP0027 (MP1g01q) shows 91% id to the hypothetical

protein Cj1178.

4.2.5.4 Pseudogenes

One striking feature apparent from the pUC assemblies is the variability among predicted
pseudogenes and their surrounding genes from those in strain NCTC 11168. In strain 81-176
the predicted CDS 8P0013 appears to be a fusion of the genes encoding the small
hypothetical proteins Cj1158-Cj1160 (8P7g05p) and on the same contiguous region 8P0012
shows 83% id to the membrane protein Cjl1161. Also in strain 81-176 the intact CDS
8P0108 (8P7e09p) shows similarity at the nucleotide level to the pseudogene Cj0742 and
shows 32% id to an afimbrial adhesin from Escherichia coli.

In both strains 81-176 and M1 there is variation around the arylsulfatase pseudogene
Cj0866. The CDSs 8P0107 (8P6a06p) and MP0036 (MP4f03q) show high identity to the
previously characterized arylsulfatase protein from 81-176 [152]. In addition several of the

CDSs surrounding the arylsulfatase pseudogene in NCTC 11168 appear to vary in strains 81-
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176 and M1. The periplasmic protein Cj0864 appears variable in strain M1 with MP0154
(MP4d12p) showing 92% id across part to the protein in strain NCTC 11168 but appearing
more similar to RM1221 CJE0951. In strain 81-176 predicted CDS 8P0011c shows 48%
identity to DsbA across the entire length but also shows 100% id to parts of Cj0864 with a
101 aa insert between aa 43 and 44. Although there is little overlap between MP0154 and
8P0011 both show high identity to RM1221 CJE0951.

Also in both strains 81-176 and M1 the region between c¢j0967-cj0975 appears
variable. In strain 81-176 8P0042 appears to be a fusion of the genes encoding hypothetical
proteins Cj0970-973 (8P2e¢09q). MPO0141 (MP4c04p) is a pseudogene showing 96% id
across part of the full length periplasmic protein Cj0967. Also present on the same
contiguous region is MP0142 which shows 36% id to a hemagglutinin-related protein from
the 2.1 Mb mega-plasmid of Ralstonia solanacearum. MP0143 (MP2g07q) appears to be a
fusion of the genes encoding Cj0970-Cj0973 showing between 56% and 95% id to each
individual protein and MP0144 shows 97% id across part to putative secretion protein
Cj0975.

In strain M1 MP0132 (MP3b01p) shows 43% id to the secreted protease EspC from
Escherichia coli. This may represent an intact version of the pseudogene cj0223 as this
predicted CDS is present downstream of argC and shows 96% nucleotide id to strain NCTC
11168.

In both strains M1 and 52472 MP0155 (MP4e06p) and 5P0277 (5P5g10q) show 33%
and 40% id respectively to a PrpD protein homologue from Bradyrhizobium japonicum that
may be required for propionate catabolism. These predicted CDSs are located downstream
of ¢j1394 and may represent a functional version of the pseudogene ¢j1395. It also appears

that this gene is complete in RM 1221 (CJE1583).

87



Chapter 4 — Analysis of pUC libraries

In strain 52472 5P0052 (5P5c07q) shows 51% id to a glycerol-3-phosphate
transporter from Escherichia coli. As this is present next to surE it may be that the N-
terminus of this transporter, which is present in a different reading frame in strain NCTC

11168 (cj0191), is present in the same frame in this strain.

4.2.6 Predicted CDSs shared between test strains but absent from NCTC

11168

It was decided to investigate how many of the novel genes were present in multiple test
strains. Using a combination of WUBLASTN and reciprocal FASTA it was possible to
assess the distribution of the CDSs and partial CDSs identified so far. As some of the
predicted CDSs are only partial it is possible that more CDSs are shared between strains but
the overlap between them is not large enough to be able to ascertain with confidence whether

these genes are present in more than one strain. The results are presented in Fig 4.7.

81-176 ' 50472

<7/

67 4 106
40671 Ml

Fig 4.7: Venn diagram of predicted novel CDSs shared between strains in this study. The green
ellipse represents novel CDSs identified in strain 81-176; the red ellipse represents novel CDSs
identified in strain 52472; the yellow ellipse represents novel CDSs identified in strain M1 and the

blue ellipse represents novel CDSs identified in strain 40671. Numbers in black represent predicted
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CDSs unique to each strain; numbers in green represent CDSs shared between two strains; numbers
in red represent CDSs shared between three strains and the number in blue represents a CDS shared
between all strains. From this initial screen it appears that the majority of novel CDSs are unique to

each strain.

4.2.6.1 CDSs present in all test strains

There is one CDS that had homologues present in all the test strains and also in RM1221
(CJE0757), and which putatively encodes a di-/tripeptide transporter. In strains 81-176, M1,
40671 and 52472 the predicted CDSs 8P0055 (8P6g02p), MP0038 (MPlal2p), 4P0078
(4P3e03p), and the partial CDSs 5P0055 (5P5f02p) and SP0002 (5P6e05q) show 48%, 47%,
53%, 50% and 45% id to a di-tripeptide ABC transporter from Photorhabdus luminescens
respectively. The CDSs 8P0055, MP0038, 4P0078 and 5P0055 all show over 90% id to each
other.

There appear to be two transporters located on the same contiguous regions of DNA
in strains 81-176, M1 and 52472. In strain 81-176 8P0056 shows 48% id to an ABC
transporter from Photorhabdus luminescens, in strains M1 MP0039 and 52472 5P0054 show
44% and 48% 1id to a transporter from Y. pseudotuberculosis respectively. The sequence of
strain 40671 does not extend this far so it is not possible to tell whether a homologous CDS

is present in this strain or not.

4.2.6.2 CDSs present in three test strains

4.2.6.2.1 Shared between 81-176, M1 and 40671

The variable membrane protein Cj1721 had homologues in strains 81-176 (8P0021), M1

(MP0139), 40671 (4P0016) and also RM 1221 (section 4.2.5.1.5).
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4.2.6.2.2 Shared between 81-176, 40671, 52472
There are four predicted CDSs that had homologues present in strains 81-176, 40671 and
52472. These are all associated with the LOS biosynthesis cluster and encode the proteins
NeuB1 (8P0064, 4P0010, 5P0109), NeuC1 (8P0065, 4P0092, 5P0110), NeuAl (8P0067,
4P0050, 5P0131) and an acetyltransferase (8P0068, 4P0049, 5SP0132) as discussed in section

4.2.5.1.2.

4.2.6.3 CDSs present in two test strains

4.2.6.3.1 Shared between 81-176 and M1

There are 14 CDSs shared between strains 81-176 and M1. As previously mentioned in
section 4.2.4.4 8P0107 and MP0036 are predicted to encode an arylsulfatase production
protein previously identified in 81-176 [152]. Also already mentioned in section 4.2.5.2.3,
are 8P0103 and MPO110 encoding a variable AnsA protein, and mentioned in section
4.2.5.1.3 are 8P0069 (8P6allp) and MP0064 (MP1bl10q) which are predicted to encode
FlaB.

Half of the shared genes are associated with respiratory chains, some of which are
inserted before a ¢j0031 homologue in both strains, relative to strain NCTC 11168. The
predicted CDSs 8P0083 (8P7d05p) and MP0108 (MP4d08p) show 62% and 54% id to
Cj0031 respectively. Also present on the same contiguous regions of DNA are the predicted
CDSs 8P0082 and MPO0107 which show 67% and 68% id to a gamma-
glutamyltranspeptidase (GGT) from Helicobacter pylori, and the predicted CDSs 8P0081
and MP0106 which show 59% and 54% id to a cytochrome C biogenesis protein from
Wolinella succinogenes. More predicted CDSs with homology to cytochrome C biogenesis
proteins are present with the predicted CDS 8P0084 (8P4b02p) and the predicted partial

CDSs MP0050 (MP1hOlq) and MPO0089 (MP4e08q) showing 55%, 54% and 49%
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respectively to a cytochrome c protein from Shewanella oneidensis. The predicted CDS
8P0085 (8P4b02p) and the predicted partial CDS MP0090 (MP4e08q) show 36% and 39%
id to a cytochrome c protein from Geobacter sulfurreducens and Shewanella oneidensis
respectively and MP0118 (MP2e03p) shows 28% id to a formate dehydrogenase protein
from Vibrio cholerae. The predicted CDSs 8P0086 (8P4b02p) and MPO117 (MP2e03p) both
show 39% id to a hypothetical protein from W. succinogenes. Also present on the same
contiguous region in 81-176 is the predicted CDSs 8P0087 which shows 37% id to a
cytochrome C protein from Helicobacter hepaticus.

There appear to be more respiratory associated genes located downstream of the
¢j1584 homologue in strain M1. The predicted CDSs MP0103 (MP1g06p) and 8P0078
(8P6g03q) both show 62% id to DmsA from W. succinogenes. On the same contiguous
region in 81-176 there are further oxidoreductase homologues with 8P0079 and MP0069
(MP5c01p) showing 62% and 63% id to FdhB, a putative oxidoreductase, and 8P0080 and
MPO0068 showing 47% and 43% id to MraY, a hypothetical protein from W. succinogenes
respectively. Also in strain M1 MP0067 (MP5c01p) shows 38% id to a hypothetical protein
from W. succinogenes although this is not present in the 81-176 assembly. None of these
putative respiratory chain associated proteins have homologues in strain RM1221.

In addition to respiratory associated proteins there are also some hypothetical
proteins that are shared, for example MP116 (MP2d03p) shows 51% id to a hypothetical
protein from Helicobacter hepaticus but also matches 8P0098c (8P1al2p) which shows 41%
id to LpsA from V. parahaemolyticus and matches RM1221 CJE1884. The predicted CDSs
MP0066 (MP3b09p) and 8P0039 (8P2h05p) show 24% and 23% id to a hypothetical protein

from Fusobacterium nucleatum respectively.
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4.2.6.3.2 Shared between 81-176 and 40671
There is only one predicted CDS present in both strains 81-176 (8P0043) and 40671
(4P0063) which is located in the capsule region and shows homology to the DmhA protein

from Y. pseudotuberculosis as discussed in section 4.2.5.1.4.

4.2.6.3.3 Shared between 81-176 and 52472

There are nine predicted CDSs that are shared between strains 81-176 and 52472, seven of
which are located in the molybdate transport region. The proteins ModC (8P0057, SP0078),
ModB (8P0058, 5P0077), C;0302 (8P0059, 5P0076), ModA (8P0060, 5P0075), Cj0305
(8P0046, 5P0123), BioF (8P0047, 5P0124) and BioA (8P0048, 5P0125) are highly similar in
both strains as well as RM1221 as discussed in section 4.2.5.2.1.

Another predicted CDS with high identity between the two strains is 8P0060 and
5P0130 encoding CgtA-II in the LOS biosynthesis cluster discussed in section 4.2.5.1.2.
Also showing high identity between the two strains is 8P0050 (8P1b01p) and 5P0083
(5P8g09p) which show homology to HsdM from V. cholerae. In strain 52472 this appears to
be inserted next to DnaK but in 81-176 there is no positional information although there is an
adjacent predicted CDS, 8P0049, present on the same contiguous region which shows 37%

id to a type I restriction modification protein from Methanosarcina mazei.

4.2.6.3.4 Shared between M1 and 40671

There are four predicted CDSs that are shared between strains M1 and 40671 which are all
associated with restriction modification (RM) systems. In strain 40671 there appears to be a
novel region inserted downstream of ¢j1047. Predicted CDS 4P0046 (4P1g12p) shows 39%
id to a type I RM protein from Archaeoglobus fulgidus which appears to be present in two
pieces in M1; MP0048 (MP2g01p) which shows 46% id to a type I RM protein from

Archaeoglobus fulgidus and MP0049 which shows 33% id to a type I RM protein from W.
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succinogenes. Also present on these respective contiguous regions are the predicted CDSs
4P0045 and MP0047 which both show 27% id to a hypothetical protein from Shewanella
oneidensis. There is also an additional predicted CDS in strain 40671, 4P0044 that shows
47% id to a hypothetical protein from Bacteroides thetaiotaomicron.

There is another contiguous region associated with RM that is shared between the
two strains. The predicted CDSs 4P0067 (4P3b11p) and MP0081 (MP4g01p) show 71% and
70% id to a type I RM protein from W. succinogenes respectively and the predicted CDSs
4P0067 and MP0080 show 46% and 45% id to a hypothetical protein and RIfA from

bacteriophage P1 respectively.

4.2.6.3.5 Shared between M1 and 52472

There are seven predicted CDSs that are shared between strains M1 and 52472. A shared
region that has already been discussed in section 4.2.4.4 contains MP0155 (MP4e06p) and
5P0277 (5P5gl0q) which are predicted to encode proteins involved in catabolism of
propionates, which are short-chain fatty acids found in the intestinal lumen [153].

Not discussed before are the predicted CDSs MP0101 (MP1dl1p) and 5P0165
(5P5d09p) which are both predicted to encode TetO, and MP0100 and 5P0025 (5P4d12p)
which show homology to a small hypothetical protein from a transposon. This hypothetical
CDS is found adjacent to tetO on pTet. However, in M1 the adjacent hypothetical predicted
CDS MPO0099 does not show homology to pTet. This potential tetracycline resistance locus
is investigated further in chapter 5.

There is also a putative phage repressor protein that appears to be shared between the
two strains encoded by MP0062 (MP3c05q) and 5P0248 (5P3b03q) and also RM1221.
However, the surrounding predicted CDSs are not shared: in the case of strain 52472 this

CDS is part of a 15 Kb region containing many phage associated genes.
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There are a few predicted CDSs associated with restriction modification systems that
are shared. The predicted CDSs MP0087 (MP2cl1p) and 5P0024 (5P5e08p) show high
identity to the HsdM from strain RM2227 and RM1170 respectively and also to RM1221 as
do the predicted hypothetical proteins MP0087 and 5P0104 (5P2e10p) [154]. Also in strain
M1 on this contiguous region MP0088 shows high identity to HsdS from strain RM1163 and
MP0086 shows 42% id to the decarboxylase PcaC from M. acetivorans. Also associated
with the RM locus of RM1221 are the predicted CDSs 5P0105 (5P2el10p) and MP0017

(MP2h08p) which show identity to CJE1727 and CJE1728.

4.2.6.3.6 Shared between 40671 and 52472

There are 18 predicted CDSs which are shared between strains 40671 and 52472 which are
all homologous to proteins encoded on the plasmid pTet. It is possible that these strains
possess a conjugative plasmid similar to pTet as none of these regions show homology to
any known chromosomally located genes. None of these show homology to proteins present
in strain RM1221.

There are other matches on these contiguous regions and on other contiguous regions
that are not shared between the two strains. These include 4P3al2p from strain 40671, and
5P4d02q, 5P6a01q, 5SP6b02q, 5SP5d09p and 5P4d12p from strain 52472. These may not have
been sequenced in the respective strains or possibly different versions of the plasmid are
present in the different strains.

Strain 40671 contains 18387 bp of sequence that matches to pTet representing 41%
of the plasmid but contains most of the type IV secretion system genes with the exception of
the virB5 and virD2 homologues. Strain 52472 contains 33034bp of sequence that matches
to pTet representing 73% of the plasmid and contains homologues of all the type IV

secretion system genes. It may also be possible that part of the plasmid is inserted on the
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chromosome in a similar way to the plasmid derived island of RM1221. Further work would

be needed to explore this possibility.

4.2.6.4 Predicted novel CDSs present in RM1221

The complete genome sequence of C. jejuni strain RM 1221 has recently been published [9].
Table 4.1 below shows the number of genes identified in the pUC libraries that are present in

the sequence of RM1221.

Table 4.1: CDSs identified in the pUC libraries that are present in RM1221.

81-176 Ml 40671 52472

21 30 4 108

4.2.6.4.1 Shared between 81-176 and RM 1221

There is only one predicted CDS in strain 81-176 that shares identity with RM1221 but with
none of the other strains including NCTC 11168. This predicted hypothetical CDS 8P0031
(8P8h11p) shows identity to RM1221 CJE0905 and appears to be inserted downstream of the
hypothetical gene ¢j0121; interestingly there appears to be a hypothetical gene inserted in the

same place in strain M1 although these hypothetical genes are not similar.

4.2.6.4.2 Shared between M1 and RM1221

The predicted CDS MP0145 (MP4f07p) appears to be inserted downstream of the M1

homologue of the uptake permease ceuB (cj1352) and shows 80% id to the hypothetical

protein Cj0970. This arrangement seems to be conserved between strains M1 and RM1221.
Also conserved between the two strains is RM1221 CJE0312 and MP0030

(MP2h03q) which shows 55% 1id to Cj0262, a methyl-accepting chemotaxis signal

transduction protein. There is also a conserved CDS associated with restriction-modification
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systems, RM 1221 pseudogene CJE1720 and MP0071 (MP2g03q) which shows high identity
to HsdR from strain 81116 and appears to be inserted before a homologue of the

dehydrogenase ¢j1548 [154].

4.2.6.4.3 Shared between 40671 and RM1221

The hypothetical predicted CDS 4P0085c¢ (4P1al2q) appears to be conserved between strains

40671 and RM1221 CJE0388.

4.2.6.4.4 Shared between 52472 and RM1221

Most of the predicted CDSs in strain 52472 that show homology to strain RM1221 are
bacteriophage associated or hypothetical proteins. In total there are 84 bacteriophage
associated CDSs that share high identity to strain RM1221 leaving 41 bacteriophage
associated CDSs that are novel to strain 52472. These novel bacteriophage associated CDSs
are interspersed with the matches to RM1221. There are also 23 hypothetical CDSs that
show homology to strain RM1221.

There are some DNA modification associated CDSs that appear to be shared between
the two strains. The predicted CDS 5P0035 (5P6a05p) shows high identity to MloA,
Methylase-linked ORF, from strain 1852 and RM1221, and the predicted CDS 5P0065
(5P8c04p) shows 53% id to a type III RM protein from Helicobacter pylori and to RM1221.
Also on contiguous region 5P8g05q there are four predicted CDSs with high identity to
RM1221 CDSs CJE0255-CJE0258, including 2 hypothetical proteins (5P0069, 5P0070), an
extracellular deoxyribonuclease (5P0068) and a DNA binding protein (5P0067). There is
also a methyltransferase 5P0136 (5P3e03p) inserted downstream of cj0259 pyrC which
shows identity to RM1221 CJE0310.

There are some plasmid associated genes shared between the two strains with SP0108

(5P6a01q) putatively encoding a TraC-like protein and showing identity to RM1221
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pseudogene CJE1121, and 5P0121 (5P1d01q) showing identity to a hypothetical protein and
RM1221. Both 5P0108 and 5P0121 show homology to pTet. RM1221 is known to have a
large insert of novel DNA predicted to be of plasmid origin [9].

The predicted CDS 5P0066 (5P5h03q) shows some homology to the autotransporter
domain of VacA from Helicobacter pylori although this may be a pseudogene in this strain
as there is a stop codon in the middle of the CDS. This region shows similarity to RM1221
at the nucleotide level although the reading frame is disrupted by several frame shifts in
RM1221. In strain M1 there is also a predicted CDS MP0023 (MP2g06p) that shows
homology to the autotransporter domain of VacA which appears to be inserted after cj1359
(ppK). However, this partial CDS is apparently intact and does not show high identity to

5P0066 possibly as they match to different areas of VacA.

4.2.7 Predicted CDSs unique to each test strain

4.2.7.1 Strain 81-176

4.2.7.1.1 Restriction modification

MP0062 (8P6d08p) shows 45% id to a type I RM system protein from M. mazei.

4.2.7.1.2 Hypothetical

The hypothetical CDS 8P0024 (8P3a07q) appears to be inserted upstream of an orthologue
of ¢j1658, predicted to encode a membrane protein. There are also two hypothetical CDSs
inserted downstream of secY (¢j1688), 8P0076 and 8P0077 (8P7f11p) which show 35% and
38% 1id to hypothetical proteins from Clostridium perfringens and Rhizobium loti
respectively. There are also many predicted CDSs that show no detectable homology to
previously sequenced genes; 8P0094 (8P2h12p), 8P0008, 8P0009 (8P2a0lp), 8P0O101

(8P4c05q), 8P0095 (8P5e04q) and 8P0097 (8P3d09q).
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4.2.7.1.3 Surface (transport)

The predicted CDS 8P0023 (8P6a01p) shows 21% id to the secretion associated protein
HxuB from Haemophilus influenzae which appears to be inserted upstream of cj0976.
8P0002 (8P6a02q) shows 30% id to a putative adhesin from Chromobacterium violaceum.
8P0007 (8P6h01q) shows 39% id to a C4-dicarboxylate transporter from V. vulnificus this
contiguous region shows 95% nucleotide id to the NCTC 11168 genome in the region of
pseudogene cj1389. 8P0016-8P0019 (8P1b02p) appear to be fragments of genes predicted to
encode membrane associated proteins inserted upstream of an orthologue of cj1308,

including an acetyltransferase and 33% id across part of WbkC from Brucella melitensis.

4.2.7.1.4 Miscellaneous

8P0089 (8P6d10q) putatively encodes a novel secreted serine protease that shows 40% id to
Cj1365 and is inserted between orthologues of ¢j1368 and ¢j1369. 8P0070 (8P7102p) shows
42% id to part of TraN from Sphingomonas aromaticivorans and 8P0071 shows 20% id to
part of TraG from E. coli. This region shows some homology to the TraG pseudogene
identified in strain M1 (section 4.2.6.2.4) although the arrangement of open reading frames

appears to be different.

4.2.7.2 Strain M1

4.2.7.2.1 Restriction modification

The predicted CDS MP0070 (MP2g03q) shows high identity to RloA from C. jejuni strain
1551 and the predicted CDSs MP0112 and MP0113 (MP1f03p) show high identity to HsdS
and RloB from strain 81116 [154]. MP0002 (MP5d06p) shows 92% id to a type I RM
protein from strain p37. In addition MP0014 (MP3f12p) shows 53% id to the endonuclease

Cj0139.
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4.2.7.2.2 Hypothetical

There are many unique hypothetical CDSs in strain M1. The hypothetical CDS MP0074
(MP4h06p) is inserted downstream of ¢j0123 and MP0056 and MP0057 (MP5h04p), which
show 34% and 36% id to a hypothetical protein from Helicobacter hepaticus, appear to be
inserted downstream of ¢j1223. The predicted CDSs MP0109 (MP1c08p) and MP0122
(MP5b01p) show 39% and 57% 1id to a hypothetical protein from Helicobacter hepaticus and
to Cj1305 respectively. There are also seven predicted CDSs that show no significant

homology to previously sequenced genes.

4.2.7.2.3 Surface

There are many predicted CDSs in M1 that show homology to surface associated proteins,
far more than in any other category. There are a large number of predicted CDSs associated
with sugar modification. MP0031 (MP1b09q) shows 40% id to a phosphodiesterase from
Bradyrhizobium japonicum, MP0032 shows 28% id to a hydrolase from Caulobacter
crescentus and MP0033 shows 36% id to an ABC transporter from Brucella suis. MP0041
(MP5c06p) shows 44% id to an O-antigen biosynthesis protein, WbyH and MP0042 shows
33% id to a reductase, AscF from Y. pseudotuberculosis. MP0043 (MP1h04q) shows 56% to
an epimerase, EpsS from Methylobacillus and MP0044 shows 53% id to a galactopyranose
mutase from Helicobacter hepaticus. MP0078 (MP3eOlp) shows 34% id to a glucose
epimerase from Pyrococcus furiosus and MP0079 shows 38% id to a glucose dehydrogenase
from Pyrococcus abyssi. MP0058 (MP5d03p) shows 49% id to a glucose dehydrogenase,
UgdH from Agrobacterium tumefaciens and MP0059 shows 68% id to UDP-glucose 4-
epimerase from F. nucleatum 68%. MP0095 (MP3d08p) shows 28% id to the hypothetical
protein Cj1431, MP0096 shows 59% id to DdhA, glucose-1-phosphate cytidylyltransferase,
from Y. enterocolitica and MP0097 shows 60% id to a glucose dehydratase from F.

nucleatum.
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There are also other surface associated CDSs that are not predicted to be involved in

sugar modification. MP0046 (MP3d04q) shows 25% id to a hypothetical protein putatively
involved in adhesion from Chromobacterium violaceum. The rest are associated with
transport systems. MP0114 and MP0O115 (MP1b04q) show 36% and 57% id to two proteins
associated with an ABC transporter from Rhizobium loti. There also appears to be a
transporter inserted downstream of ¢j1523 with MP0151 (MP2b05p) showing 36% id to a
dicarboxylate transporter from V. vulnificus suggesting that this may be a more complete
version of the pseudogene cj1528. This contig shows 65% id at amino acid level to the
pseudogene ¢j1528. Downstream of cjl687 there are three predicted CDSs MP0091
(MP3h01q) showing 44% id to a transport system permease from Rhodopseudomonas
palustris and MP0092 and MP0093 showing 49% and 45% to ABC transport proteins from

Rhizobium loti and Agrobacterium tumefaciens respectively.

4.2.7.2.4 Miscellaneous

There are several plasmid remnants with MP0076 (MP3a05q) showing 40% id to part of a
replication protein from Treponema denticola, located adjacent to MP0077 which shows
46% id to TnpV, a hypothetical protein from a transposon of Clostridium difficile; these
predicted CDSs appear to be inserted part way through a homologue of ¢j0770, which is
predicted to encode a membrane protein, possibly denoting transposon activity. The genome
of NCTC 11168 is unusual in the fact that it does not contain any bacteriophage remnants.
The predicted CDS MP0119 (MP3a03p) shows 31% id to a hypothetical protein from a
bacteriophage of Salmonella enterica Typhimurium. In addition there appears to be a
pseudogene MP0104 (MP4e01q) with 21% id to TraG from V. vulnificus inserted upstream
of ¢j0937, which is predicted to encode a membrane protein.

There are also various protease matches with MP0001 (MP2d02q) showing 37% id to

the serine protease SigA from Shigella flexneri, MP0148 (MP2f07q) showing 46% id to a
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haemoglobin protease from Escherichia coli (this contiguous region shows 92% nucleotide
id to ¢j0223) and MP0054 (MP3el1p) showing 24% id to a haemolysin from Xanthomonas
axonopodis.

The CDSs MP0082 and MP0083 (MP1g05q) show 44% and 57% id to the

oxidoreductases Cj0414 and Cj0415 respectively.

4.2.7.3 Strain 40671

4.2.7.3.1 Restriction modification

The other strains in this study appear to have many unique restriction modification
associated proteins but in strain 40671 there is only 4P0090 (4P1b05p) which shows 60% id

to Cj0032 a RM enzyme.

4.2.7.3.2 Hypothetical

There are, in contrast, many hypothetical predicted CDSs. There are two hypothetical
proteins (4P0004 and 4P0005 4P3d01p) inserted downstream of a homologue of ¢j0138.
4P0031 (4P2d09p) is a pseudogene inserted upstream of a homologue of c¢j0121. 4P0035
(4P1b12q) 1s also a pseudogene showing 51% 1id to a hypothetical protein from
Chromobacterium violaceum. There are 13 predicted CDSs that do not show detectable
homology to any known proteins from other bacteria.

There are also some examples of predicted CDSs that show homology to hypothetical
proteins from other bacteria e.g. 4P0018 (4P1h08q) shows 35% id to Helicobacter hepaticus,
4P0061 (4P3al0q) shows 30% id to Helicobacter pylori J99, 4P0020 and 4P0021 (4P1d03p)
show 32% and 47% id to W. succinogenes and Helicobacter pylori J99 respectively. 4P0081
(4P1c06p) shows 50% id to W. succinogenes, 4P0083 (4P2c10p) shows 26% id to
Clostridium perfringens, 4P0033 (4P3c01q) shows 53% id to Actinobacillus suis and 4P0034

shows 29% id to a C-methyltransferase from Bordetella bronchiseptica.
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4.2.7.3.3 Surface

There are several matches to hypothetical proteins associated with capsule clusters from
other bacteria. These include 4P0019 (4P3d10p) which shows 49% id to Cj1341, 4P0030
(4P3g02p) which shows 26% id to a hypothetical protein from the capsular gene cluster of
Actinobacillus suis and 4P0022 (4P3g08p) which shows 28% id to Cj1431. 4P0026 and
4P0027 (4P1b06q) show 59% and 40% id to a hypothetical and LPS biosynthesis protein
from Pseudomonas syringae and 4P0028 and 4P0029 show 58% and 41% id to two
hypothetical proteins from Actinobacillus suis. In addition, 4P0095 (4P2a08p) shows 39% id

to an acetyltransferase from strain 43446.

4.2.7.3.4 Miscellaneous

4P0039 (4P2b07p) shows 45% id to a pyridine nucleotide-oxidoreductase from Bacteroides
thetaiotaomicron inserted upstream of an orthologue of ¢j1069. There are many members
of the pyridine nucleotide-oxidoreductase family including glutathione reductases, lipoamide
reductases, mercuric reductases, trypanothione reductases and thioredoxin reductases many
of which are associated with metabolic pathways or stress responses [155]. However, on
closer analysis this putative oxidoreductase did not appear to cluster strongly with any of the
above members of the same family.

4P0006 (4P1d01p) shows only 40% id to an MCP-type chemotaxis protein from
strain NCTC 11168 possibly suggesting a novel chemotaxis receptor protein. 4P0051 and
4P0052 (4P1e06p) show 62% and 41% to a hydrolase and a hypothetical protein from
Pseudomonas syringae and 4P0053 shows 25% id to a C-methyltransferase from Leptospira

interrogans.
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4.2.7.4 Strain 52472

4.2.7.4.1 Restriction modification

In strain 52472 there are many predicted CDSs that show homology to RM associated
proteins. The predicted CDSs 5P0060, 5SP0061 (5P7el1p) and 5P0036 (5P6a05p) show high
identity to HsdR, RIoF and HsdS respectively from strain RM1170 [154]. CDS 5P0013
(5P3d03p) shows 73% id to a type II RM protein from RM1221 and on the same contiguous
region 5P0014 shows 57% id to a hypothetical protein from Helicobacter pylori. 5P0003
(5P2105p) shows 36% id to a type I RM protein from Staphylococcus aureus. 5SP0037 and
5P0038 (5P5d07p) show 57% and 62% id to a type III RM protein and DNA
methyltransferase from Helicobacter pylori respectively. Also homologous to the same
Helicobacter pylori type 111 RM protein is SP0065 (5P8c04p) which shows 53% id. There
are also fragments of CDSs that match to RM proteins. 5P0073 (5P1el2q) shows 46% id to
a type I RM protein from M. mazei and 5P0279 (5P7¢10q) shows 34% id to a type I RM
protein from an uncultured Archaeon, although these may be pseudogenes as the CDSs are

much shorter than the genes they share identity with.

4.2.7.4.2 Hypothetical CDSs

There are a number of unique hypothetical CDSs. 5P0040 (5P5gl12q) shows 33% id to a
hypothetical protein from Nitrosomonas europea and appears to be inserted next to aspB
(cj0762c). Inserted next to panB are two hypothetical CDSs, 5P0080 (5P5e¢04p) which
shows 44% 1id to a hypothetical protein from Helicobacter hepaticus and SP0081.

Other hypothetical proteins without any information as to where they may located on
the chromosome are 5P0059 (5P8b01p), SP0071 (5P5h08p) which may be phage associated

as it shows 41% id across part to a hypothetical protein from Salmonella enterica Typhi,
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located adjacent to phage genes, and 5P0141 (5P3c11q), 5P0142 which shows 40% id to a

hypothetical protein from Helicobacter hepaticus and 5P0143.

4.2.7.4.3 Surface

There are relatively few unique predicted surface proteins with 5P0044 (5P8h04p) showing
38% id to the periplasmic protein Cj0737 and 5P0053 (5P6b10q) showing 52% id to a

transport permease from Escherichia coli.

4.2.7.4.4 Miscellaneous

The predicted CDS 5P0087 (5P4h09p) shows 46% id to a DNA methyltransferase from
Helicobacter pylori and 5P0088 shows 31% id to serine/threonine protein kinase from the

yeast Debaryomyces hansenii which will be discussed further in chapter 5.
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4.3 Discussion

4.3.1 Surface structures

There are many surface associated genes which have been identified in this study, a large
portion of which show limited identity to NCTC 11168 rather than being completely novel.
Also, surface associated genes make up a large portion of the genes that are shared between
the different strains in this study. There is a great deal of low level variation within predicted
surface associated proteins as demonstrated by predicted CDSs that show 65-95% aa id to
CDSs from strain NCTC 11168. It is likely that surface proteins show a lower level of
similarity across the backbone than housekeeping proteins as surface proteins are exposed to
the external environment and therefore may be antigenic, stimulating an immune response
upon infection of a host and leading to diversifying selection of the genes. As is the case for
FIgE, the flagellar hook protein, the central portion has been demonstrated to be highly
variable whilst the remainder is relatively conserved as the central portion is surface exposed
[156].

Dorrell et al. [51] found many of the NCTC 11168 genes absent or highly divergent
in one or more of the 11 test strains used in their microarray study were associated with the
biosynthesis of surface structures. These surface structures included flagella, lipo-
oligosaccharide and the capsular polysaccharide biosynthesis regions [51]. C. jejuni
synthesises both a low molecular weight lipopolysaccharide (LPS) lacking O-antigen
repeats, termed LOS, and also a high molecular weight polysaccharide responsible for
Penner serotype and thought to be a capsular polysaccharide [53]. Variation in surface
structures may be important in evading the immune response of the infected host.

The LOS regions have been highly studied and it appears that strains 81-176 and

52472 belong to class B [143] (Fig 4.4). Strain M1 appears to have high identity to the LOS
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region of 81116. Few novel predicted CDSs identified in this study could be matched to the
LOS region for strain 40671; those that are putatively associated with the LOS locus may
belong to either class A or class B. A recent study of the LOS loci of 123 C. jejuni strains
has suggested an extra 3 classes of LOS loci [157] in addition to the 3 already proposed by
Gilbert et al. [143]. Parker et al. have assigned strain 81-176 to class B1 and 81116 to a new
class, E [157]. Strain M1 can therefore be putatively assigned to class E based on homology
to strain 81116. Campylobacter varies LOS structure by altering gene content as well as
through recombination within genes and homopolymeric tract variation. The result is that
the host is presented with constantly varying surface antigens [59].

Capsular polysaccharides contain negatively charged molecules which increase
resistance to phagocytosis and, because they are highly hydrated molecules, they may protect
bacteria from desiccation [35]. The capsular polysaccharide is therefore functional for C.
Jjejuni survival within a host and in the wider environment. As the capsule locus has been
shown to be highly divergent between strains, ranging between 15-34 Kb [151] and
containing many horizontally acquired genes, it may be that many of the novel genes
identified in this study are located in this region. Without further positional information it is
not possible to assign novel CDSs to a particular chromosomal region. For example, there
are many sugar modification proteins that are homologous to those from capsule regions in
other bacteria in strain M1 e.g. MP0041 (44% id to WbyH O-antigen of Y.
pseudotuberculosis [158]), along with various epimerases, mutases and glucose
dehydrogenases. There are also many hypothetical proteins matching to the capsule clusters
of other bacteria in strain 40671, including those from Actinobacillus suis and Pseudomonas
syringae. However, there are many similar classes of genes present at the LOS, flagellar and
capsule loci and it has recently been shown that some genes can be shared between capsule

and LOS [151]. Therefore, although these predicted CDSs match to proteins associated with
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the capsule from other bacteria it is not possible to be confident that they are involved in
capsular polysaccharide production in these strains.

In strains 81-176, M1 and 40671 there are many genes associated with the flagellar
locus that vary. Provisional data from Dorrell et al. suggested that the flagella locus of 81-
176 is missing large sections of DNA (or may be highly divergent) compared with NCTC
11168 [51]. This has been confirmed by Thibault et al. [148] who found that in strain 81-
176 orthologues of ¢j1318-cj1332 are missing, as are orthologues of ¢j1335 and ¢j1336. The
gene encoding flagellin is present on the C. jejuni chromosome in two copies and
intragenomic and intergenomic recombination between flad and flaB genes of C. jejuni has
been demonstrated to generate antigenic diversity [65]. The surface exposed portions of
flagellins are modified with several monosaccharide units of pseudaminic acid [37;148;159].
Flagella have been shown to have adhesive properties which are an important virulence

determinant as, prior to invasion, the bacteria must attach to the epithelial cells [129].

4.3.2 Transport

Campylobacter has been shown to have a large number of transporters and in this study a
number of ABC transporters were identified. ABC transporters use ATP hydrolysis to power
the uptake and efflux of solutes across the cell membrane. These transporters play a major
role in nutrient uptake and may be involved in secretion of toxins and antimicrobial agents.
Currently there are 22 subfamilies of ABC importers and 24 subfamilies of ABC exporters
[160]. Many found in this study are putatively associated with di-tripeptide transport
suggesting a role in nutrient uptake.

Strains 81-176 and M1 contain homologues of DcuC: a dicarboxylate transporter.
C4-dicarboxylates like succinate, fumarate and malate can be metabolized by bacteria under
both aerobic and anaerobic conditions [161]. In NCTC 11168 there are dcud and dcuB

homologues but no functional dcuC homologue although there are two pseudogenes, ¢j1528
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and cj1389, with homology to dcuC. In strain 81-176 it appears likely that the dcuC
homologue is a more complete version of pseudogene cj1389 whereas in strain M1 the dcuC
homologue shows some similarity to the pseudogene cj1528. DcuAB are used for
electroneutral fumarate:succinate antiport which is required in anaerobic fumarate
respiration. DcuC can replace DcuA or DcuB in catalyzing fumarate-succinate exchange
and fumarate uptake but usually DcuC carriers function in succinate efflux during

fermentation [161].

4.3.3 Restriction modification

Many restriction modification system associated genes were identified in this study, several
of which appear to be shared between strains. Restriction modification (RM) systems are
comprised of pairs of endonucleases and DNA-methyltransferases that recognise the same
DNA sequences. The endonucleases catalyze double-strand cleavage of DNA and
methyltransferases catalyze the addition of a methyl group to one nucleotide in each strand
of the recognition sequence that results in prevention of cleavage of self DNA. There are
four types of RM systems classified by subunit composition, cofactor requirements and
position of DNA cleavage site [162].

This study has shown variation in RM genes, e.g. ¢j0032, as well as novel genes with
similarity to RM genes of other species including those in V. cholerae (47% id), Caulobacter
crescentus (40% 1id), M. mazei (45%) and Archaeoglobus fulgidus (39%). It has been
suggested by others that there are multiple R-M systems in C. jejuni [91]. Ahmed et al.
found that within 24 fragments novel to strain 81116, 6 were similar to RM enzymes [91]
and provisional microarray data from Dorrell ef al. suggests that the restriction modification
/methylase genes are a particularly variable between strains when compared to NCTC 11168

[51]. RM genes have also been identified in other comparative studies [83-85].
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A recent paper has studied the diversity within the type I RM locus [154]. Based on
these data it would appear that M1 has an RM locus equivalent to that of strain 81116 and
52472 has a locus equivalent to strain RM1170. In contrast, strain 40671 has many type I
RM proteins homologous to those in other bacteria and does not appear to fall within this
typing scheme.

RM systems may function in protecting the cell from bacteriophage infection or
invasion by foreign plasmid or genomic DNA, as foreign DNA is unlikely to possess the
methylation pattern characteristic of the host cell DNA and will therefore be susceptible to
cleavage. C. jejuni is a naturally competent organism so it may not be beneficial to cleave
all foreign DNA. It has been suggested that restriction of homologous DNA taken up by the
cell may aid recombination by generating double-stranded breaks in the DNA [163]. Certain
C. jejuni RM systems have been shown to be phase variable [51], possibly allowing RM
properties of the cell to vary in order to facilitate recombination of foreign DNA or to

provide a higher degree of protection against infection by bacteriophage.

4.3.4 Metabolism

In strains 81-176 and 52472 the entire molybdate transport region was found to be variable at
the amino acid level from FASTA results (ModA 82% id, Cj0302c 65% id, ModB 85% and
ModC 76% and 78% id). This region was also identified by Dorrell et al. who listed modC,
¢j0300c as absent/highly divergent from some of the test strains compared to strain NCTC

11168 (http://www.sghms.ac.uk/depts/medmicro/bugs/GR-1858). Molybdate plays a key

role in anaerobic respiration by incorporation into molybdoenzymes including DmsABC and
formate dehydrogenase, all of which are involved in the reduction of alternative electron
acceptors to nitrate [164].

A WUBLASTN comparison of the molybdate transport region, including bioF

identified in 81-176 and 52472, to strain RM1221 showed 99% similarity. BioF is involved
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in the biosynthesis of biotin which is an essential prosthetic group for carboxylase enzymes
which each catalyse an essential metabolic reaction [164]. It is possible that this region in
NCTC 11168 is under diversifying selection or that it has been horizontally transferred from
another source, although the reasons why this region may vary are unclear. The natural
competence of C. jejuni and high recombination rate are thought to be involved in generating
diversity at the cell surface [51] but may also be involved in generating diversity elsewhere
in the genome.

There is a homologue of a PrpD family protein in strains M1 and 52472, and there is
also a homologue in NCTC 11168, but this is a pseudogene. PrpD is required for propionate
catabolism via the 2-methylcitric acid cycle [153]. Catabolism of propionate could provide
an abundant carbon source for these bacteria as propionate is a short chain fatty acid found in
the intestinal lumen [153]. A number of oxidoreductases were identified in this study that
are either novel or show limited identity to those from NCTC 11168. Oxidoreductases play a
role in many aspects of metabolism, and it is difficult to ascribe a specific function to most of

those found.

4.3.5 Respiration

Several reductases potentially involved in respiration were found among the CDSs predicted
on novel 81-176 and M1 contiguous regions: these included homologues of W. succinogenes
DmsA, a dimethyl sulfoxide reductase (62% id), FdhB, an oxidoreductase (47% id), and
MraY, a hyothetical protein with similarity to dimethyl sulfoxide reductase (43% id). Also
potentially involved in respiration are the CDSs with similarity to the cytochrome C
biogenesis proteins of W. succinogenes, Shewanella oneidensis and Geobacter
sulfurreducens. C. jejuni has a complex and highly branched respiratory chain and many
cytochromes as well as the possibility of anaerobic growth with fumarate as the terminal

electron acceptor [4]. This diversity in respiratory associated proteins may aid survival in
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the different ecological niches to which C. jejuni is exposed: for example, the avian and
mammalian gut which is essentially anaerobic [4].

Strains 81-176 and M1 each contain CDSs with similarity to Helicobacter pylori y-
glutamyl transpeptidase (GGT) (66% 1d). GGTs have a major role in glutathione metabolism
which in turn has a role in protection of the bacterial cell against oxidative stress [165].
GGTs may also play a role in transport of amino acids across cell membranes in bacteria
[166]. Both a cytochrome C oxidase III and a GGT specific to 81116 were found by Ahmed
et al. [91] again underlining strain variation in respiratory and oxidative stress associated

genes.

4.3.6 Chemotaxis

In this study a chemotaxis receptor protein has been found in M1 that is also present in
RM1221 but not in strain NCTC 11168. There is also a different novel chemotaxis protein
in 40671. It has been noted that in the NCTC 11168 genome the carboxy-terminal portion of
the methyl-accepting proteins representing the signalling domains is highly conserved. This
portion is proposed to be highly conserved in order to interact with CheW which is part of
the signal transduction complex. However, the receptor domains may be highly variable
representing specificity for different substrates [167]. This will be discussed further in

chapter 5.

4.3.7 Pseudogenes

Although this study was not designed to investigate pseudogenes, 8 pseudogenes from
NCTC 11168 have been identified through the differential hybridization screen and appear to
vary. It should be borne in mind that the depth of coverage in this pUC screen will not give
definitive results with regard to pseudogenes in all cases. In addition there are a number of

novel genes that are probably pseudogenes. This is perhaps not unexpected as genes that are
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not shared between strains are likely to be accessory and perhaps only required under a
subset of ecological conditions which the bacterium may encounter and therefore more likely

to pick up deleterious mutations.

4.3.8 Characteristics of each strain

4.3.8.1 Strain 81-176

Strain 81-176 is a highly studied strain with two plasmids not found in strain NCTC 11168,
as such this strain was selected as a way of testing the differential hybridization method.
This strain has the highest proportion of CDSs with 65-95% amino acid id to CDSs of strain
NCTC 11168. In addition to the plasmid sequences this study also identified novel
respiration associated genes and relatively few RM associated genes when compared to the
other strains used in this study. Amino acids are a useful nutrient source and in strain 81-176
a novel serine protease was identified, which contains an autotransporter domain and a
subtilase family domain. Proteases have also been implicated in virulence in bacteria, for
example the IgA protease of Neisseria and Haemophilus [168;169]. In addition a putative
adhesin, a di-tripeptide transporter, and a CDS with partial homology to TraG were
identified. These may be good candidates for further investigation.

A recent study by Poly et al. has used a microarray to identify CDSs present in 81-
176 that are absent in strain NCTC 11168 [170]. Poly et al. identified 58 contiguous regions
constituting 63 Kb of novel DNA sequence predicted to encode 86 CDSs. Of these 58
regions identified by Poly et al., 37 have been identified in this study; these 37 regions
correlate to 24 out of the 58 regions identified in this study (several of the novel regions
identified by Poly et al. mapped to single contigs in this study). This means that out of the

regions identified by Poly ef al. 36% have been missed in this study; most of the regions
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missed are from the LOS region or capsule region and have a low G+C content [170]. Of the

regions identified in this study 59% were missed by Poly et al.

4.3.8.2 Strain M1

Strain M1 has the most diversity of all the strains. There are many CDSs predicted to be
associated with surface structures, sugar modification, RM, respiratory chain, as well as
some putative adhesins (Fig 4.3). Of the novel CDSs from this strain the putative
autotransporter warrants further investigation as this may have virulence functions, and the
adhesins may be important for chicken colonization or virulence in humans. There is also a
predicted CDS with high identity to fefO which appears to be in a distinct context compared

to that in pTet.

4.3.8.3 Strain 40671

Strain 40671 has the highest proportion of hypothetical CDSs of all the strains with nearly
half of the novel CDSs categorized as hypothetical. Many of these hypothetical CDSs are
unique to this strain. There are many CDSs which show homology to genes located in
capsule biosynthesis loci of other bacteria which may suggest that this strain has diversity in
the polysaccharide biosynthesis regions although this possibility will need to be explored
further. There are some homologues of CDSs from pTet including homologues of many
type IV secretion system genes possibly indicating that this strain has a plasmid. There is

also a novel chemotaxis associated CDS.

4.3.8.4 Strain 52472

Strain 52472 has a large number of bacteriophage associated CDSs. Bacteriophage are
known to be highly mosaic in structure with a high rate of horizontal exchange between

bacteriophage occupying similar ecological niches [171]. Bacteriophage may pick up
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virulence determinants when they excise although none have been found in this study from
strain 52472 or in RM1221 [9].

In this strain there are also a number of regions which show only limited identity to
NCTC 11168, e.g. the molybdate transport region. Many homologues of pTet CDSs have
also been identified in this strain including homologues of all the type IV secretion system
genes indicating the possible presence of a plasmid. Strain 52472 has the highest number of

predicted CDSs associated with RM of all strains in this study (Fig 4.3).

4.3.9 Summary

The pUC screen has identified a large amount of variation between the test strains
confirming that C. jejuni is a highly variable species. However, it is difficult to tell without
the context of the surrounding genes what systems may be functional and which may be
pseudogenes. It is also very likely that there is redundancy within the identified CDSs, with
several partial CDSs actually belonging to the same genes. In order to explore some of these
regions further it was decided to sequence BAC library clones that contain some of the more

interesting genes (chapter 5).
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5. Analysis of BAC libraries

5.1 Introduction

The method of differential hybridization with small insert pUC libraries has identified a
range of interesting novel predicted CDSs as discussed in chapter 4. It is not possible to gain
an accurate prediction of function from fragments of predicted CDSs so to study regions of
interest in more detail larger insert BAC libraries were used. As some of the consensus
sequences from the pUC contigs are based on few reads, sequencing BAC clones to a higher
depth of coverage will provide more accurate sequence as well as providing context for the

CDSs and identifying the insertion point relative to the chromosome of strain NCTC 11168.

5.2 Results

5.2.1 Overview of methods

Two small-insert BAC libraries were constructed for each strain under investigation with 15-
20 kb and 20-40 kb inserts, each representing 5-fold coverage of the genome (section 2.3.2).
Each library was arrayed in duplicate onto membranes (section 2.3.4). Genes of interest
from pUC assemblies were selected for further analysis representing a selection of CDSs
shared between strains, CDSs unique to each strain, CDSs which may be involved in
virulence and CDSs which may be functional homologues of pseudogenes in strain NCTC
11168. Oligonucleotide primers were designed from regions of best coverage from the
contiguous regions containing the gene of interest and used to generate radiolabelled probes
to screen the BAC libraries (section 2.3.5). For strain 81-176, 7 probes were designed, strain
M1, 11 probes were designed, strain 40671, 7 probes and strain 52472, 7 probes were

designed (Table 5.1).
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Probe id | CDS contig match Organism with match
8P6a02 | 8P0002c | 8P6a02q | Putative adhesin | Chromobacterium violaceum
8P2¢09 | 8P0042 8P2c09q | hypothetical Campylobacter jejuni
8P4d10 | 8P0055¢c | 8P6g02p | DTPT transporter | Photorhabdus luminescens
8P3c06 | 8P0070 8P7102p | TraG fragment Escherichia coli
8P1d09 | 8P0076 8P7fl1p | hypothetical Clostridium perfringens
8P5c02 | 8P0078 8P6g03q | DmsA Wolinella succinogenes
8Pf01 8P0081 8P0081 | Cytochrome C Wolinella succinogenes
biogenesis

Table 5.1 B: strain M1 initial probes

Probe id | CDS contig match Organism with match
5P1h08 | MP0023c | MP2g06p | autotransporter Helicobacter pylori
8P4d10 | MP0038c | MPlal2p | DTPT transporter Photorhabdus luminescens
MP3d04 | MP0046¢c | MP3d04q | Putative adhesin Chromobacterium
violaceum
MP3ell | MP0054 | MP3ellp | Putative Xanthomonas axonopodis
haemolysin
8P1b12 | MP0090 | MP4e08q | Cytochrome C Shewanella oneidensis
MP1d11 | MPO101 | MP1dl1lp | TetO Campylobacter jejuni
8P5c02 | MP0103 | MP1g06p | DmsA Wolinella succinogenes
8P3c06 | MP0104c | MP4e0lq | TraG pseudogene Vibrio vulnificus
MP3b01 | MP0O133 | MP3b0lp | EspC Escherichia coli
MP4c04 | MPO141 | MP4c0O4p | Haemagglutinin- Ralstonia solanacearum
related protein
MP2{07 | MP0149 | MP2f07q | Haemoglobin Escherichia coli
protease

Table 5.1 C: strain 40671 initial probes

Probe id | CDS contig match Organism with match

4P1d01 | 4P0006 4P1d01p | MCP signal Campylobacter jejuni
transduction

4P1f05 | 4P0035 4P1b12q | hypothetical Chromobacterium violaceum

4P1el0 | 4P0039 4P2b07p | oxidoreductase Bacteroides thetaiotaomicron

4P1e06 | 4P0052c¢ | 4P1e06p | hypothetical Pseudomonas syringae

4P1h09 | 4P0060c | 4P3al0q | hypothetical Helicobacter pylori

4P1al0 | 4P0063c | 4PlalOp | DmhA Yersinia pseudotuberculosis

4Plal2 | 4P0085c | 4Plal2q | hypothetical Leishmania tarentolae
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Table 5.1 D: strain 52472 initial probes

Probe id | CDS contig match Organism with match
5P5al2 | 5P0044 5P8h04p | Periplasmic protein | Campylobacter jejuni
SP1h08 | 5P0066 5P5h03q | autotransporter Helicobacter pylori

5P4h09 | SP008S 5P4h09p | Serine-threonine Debaryomyces hansenii
protein kinase

5P5a06 | 5SP0116 5P5a06p | VirB4 Campylobacter coli
SP3h01 | 5P0196 5P7bl1p | hypothetical Bacteriophage D3112
SP5g10 | 5P0277c | 5P5g10q | PrpD family protein | Bradyrhizobium japonicum
5P3e01 | 5P0080c | 5P5e04p | hypothetical Helicobacter hepaticus

Clones that hybridized to each probe were end-sequenced (section 2.3.6.2.3) and
compared against the strain NCTC 11168 genome sequence using WUBLASTN (section
2.3.7). Clones with one or both ends containing sequence complementary to strain NCTC
11168 were selected for subcloning and sequenced using a shotgun strategy. The inserts
from BAC clones were released by digesting with the restriction enzyme Notl (section 2.2.5)
and separated from the vector backbone using agarose gel electrophoresis (section 2.2.3).
DNA was extracted from the gel (section 2.2.6.1.2) then fragmented using sonication and
cloned into pUCI19 vector (section 2.3.1.1). Escherichia coli colonies containing the
subclones were propagated (section 2.2.1) then the subclone DNA was prepared (section
2.2.2.1) and sequenced (section 2.3.5.2.1).

If sequence complementary to the strain NCTC 11168 genome sequence was not
found at both ends of the insert in the initial end-sequence screening, BAC clones with one
matching end were sequenced using a shotgun strategy then more primers were designed
further along the novel region and the process was repeated until the extent of the novel
region was found. Novel sequence was finished to a depth of at least 4 reads, with reads in
both directions and a consensus base quality of at least 30.

BAC sequences were named in the following way: first the strain designator
character, 8 for strain 81-176, M for strain M1, 4 for strain 40671 and 5 for strain 52472;

next the library designator character, B for BAC library; then the library plate number
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followed by the well reference. Thus the sequence 8B4F10 would be generated from the
BAC clone of strain 81-176 located in well F10 of plate number 4. The BAC sequences
were arranged in the same orientation as the NCTC 11168 chromosome with CDSs encoded

on the complementary strand labelled with a ‘c’.

5.2.2 Respiration

From the pUC assemblies it became apparent that there are a number of respiratory
associated CDSs that are shared between strains 81-176 and M1. A probe (8Pf01) for a
predicted CDS with homology to the cytochrome C biogenesis protein from W. succinogenes
(Table 5.1A) was used to identify a novel region in 81-176. The initial shotgun sequence
did not cover the entire novel insert so in order to expand this region to find the extent of the
novel insert a second probe was designed (8P1b12) for a CDS with homology to a
cytochrome C protein from Shewanella oneidensis. This probe was also used to identify the
corresponding region in strain M1 (Table 5.1B). BAC 8B4F10 shows that strain 81-176
contains an insert between the rDNA and a homologue of ¢j0033. This novel insert replaces

¢j0030 relative to the NCTC 11168 chromosome (Fig 5.1 and Table 5.2).
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Fig 5.1: Blastn comparison of strain NCTC 11168 and strain 81-176 BAC clone 8B4F10. The
comparison is viewed using the Artemis Comparison Tool (ACT) (Rutherford, K., unpublished).
Blocks of red indicate sequence homology with the colour intensity proportional to the percent id of
the match. Forward and reverse DNA sequences are represented by dark grey lines; the three-frame
forward and reverse DNA translations are represented by light grey lines. Features are represented
by open boxes: pFam (light blue), tmhmm (white), signalP (white) and prosite (green) matches, and
rDNA (dark blue), are indicated on the DNA lines. CDSs are marked on the frame lines; in NCTC
11168 the CDSs are all on one frame line irrespective of reading frame. CDSs are coloured
according to functional category: grey, energy metabolism; yellow, central/ intermediary/
miscellaneous metabolism; red, information transfer/ DNA modification; orange, conserved
hypothetical; dark green, surface; light green, unknown; white, pathogenicity/ adaptation/
chaperones. In strain 81-176 there are 5 CDSs (8B4F10_5-8B4F10 9c) between rDNA and ¢j0031
and 2 CDSs (8B4F10 11-8B4F10_12) between ¢j0031 and cj0033. 8B4F10 10 has regions of
similarity to cj0031 but the N- and C-terminus are novel. As the rDNA is present in 3 copies on the

chromosome, the red lines from the rDNA of strain 81-176 indicate matches to those other copies.
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Locus_id Putative function Organism with | SWALL E-value | %id
match
8B4F10 5 | Cytochrome C Shewanella QS8EJI6 2.6e-135 | 55.24
oneidensis
8B4F10 6 | Hypothetical Shewanella QS8EJI5 2.7e-12 | 39.43
oneidensis
8B4F10 7 | Thiol:disulfide Helicobacter Q9ZKD5 3.3e-13 | 36.31
interchange protein | pylori
8B4F10 8 | Cytochrome C Wolinella Q9S1E4 2.5e-124 | 41.13
biogenesis succinogenes
8B4F10 9c¢ | Gamma-glutamyl Helicobacter Q9ZK95 5.5e-135 | 67.2
transferase pylori
8B4F10 10 | Type I RM Campylobacter | Q9PJ80 0 85.25
enzyme Jjejuni
8B4F10 11 | hypothetical Enterococcus AA081633 | 9.3¢-4 29
faecalis
8B4F10 12 | Membrane Clostridium Q97GRS5 6.9¢-05 |33.33
carboxypeptidase acetobutylicum

The corresponding region in strain M1 was deduced from BAC MB2B4. In strain

M1 the BAC MB2B4 only contained the region between rec/ (cj0028) and cj0031 relative to

the chromosome of strain NCTC 11168. The BAC clone sequences of 8B4F10 and MB2B4

show 99% nucleotide identity although they contain a different intervening sequence (IVS)

in the 23s rDNA [172] (Fig 5.2).
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NCTC 11168
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Fig 5.2: Blastn comparison of strain NCTC 11168 and strain 81-176 BAC clone 8B4F10 23S
rDNA sequence. The comparison is viewed using ACT; blocks of red indicate sequence homology
with the colour intensity proportional to the percent id of the match. The sequence of the 23S rDNA
is marked by the dark blue boxes. In strain 81-176 there is a 145 bp IVS which replaces 8 bp relative
to the sequence of NCTC 11168. Below the ACT comparison is an alignment of the region of
difference between the IVS of strains M1 and 81-176. There are an extra 10 bp in the IVS of M1
compared to the IVS of strain 81-176.

As the sequences in strain 81-176 and M1 are so similar, only the CDSs from strain
81-176 will be discussed further. Downstream of the rDNA there are four predicted
cytochrome C associated genes, in the first cytochrome C homologue 8B4F10 5 there are 6
prosite cytochrome ¢ family heme-binding site signatures as well as a signal peptide. There
are also 6 cytochrome c family heme-binding site signatures and a signal peptide in the
second novel CDS 8B4F10 6 as well as 6 transmembrane helices. There are 14
transmembrane helices in 8B4F10 8, an Nrfl, cytochrome C biogenesis protein homologue.
This BAC also contains homologues of a gamma glutamyl transpeptidase and a RM protein
as discussed in chapter 4. The strain M1 BAC clone sequence of MB2