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Abstract

Campylobacter spp. are a major cause of bacterial gastroenteritis in people in the
developed world, including New Zealand. Many sources and transmission routes
exist, as these bacteria are common in animals and the environment. C. jejuni is
most frequently associated with poultry whereas C. upsaliensis and C. helveticus
with dogs and cats, respectively. Published data on Campylobacter in dogs and cats
in New Zealand and on the pathogenic potential of C. upsaliensis and C. helveticus
are very limited. This thesis investigated the prevalence of Campylobacter spp. in
household dogs and cats in Manawatu region, New Zealand, and in raw meat pet
food commercially available in Palmerston North, New Zealand. Five Campylobacter
spp. were isolated and the prevalence rates were significantly influenced by the
culture methods used. C. upsaliensis and C. helveticus were most frequently
detected from dogs and cats, respectively and C. jejuni in pet food samples. An
expanded panel of culture methods was used to screen working farm dogs and their
home-kill raw meat diet in Manawatu. This study reported three Campylobacter spp.
and Helicobacter winghamensis as being isolated from dogs for the first time. The
culture methods were again shown to bias the prevalence estimates. The isolates of
C. upsaliensis and C. helveticus from the household pets study and C. hyointestinalis
from locally farmed deer were used in a study to investigate the analytical sensitivity
in spiked human clinical faecal samples using the ProSpecT™ Campylobacter
Microplate Assay test that was developed for detection of C. jejuni/coli. The results
showed the ability of the test to detect all three species and showed the influence of
bacterial dose, faecal consistency and of the individual faecal samples on the test
results. Further studies investigated the pathogenic potential of C. upsaliensis and C.
helveticus in comparison to C. jejuni using an insect model of disease, Galleria
mellonella, and whole-genome analyses, respectively. The results of the survival
analysis in the G. mellonella study indicated that C. upsaliensis and C. helveticus
have pathogenic potential, but to a lesser extent than C. jejuni. Additionally, several
variables of experimental design were shown to significantly influence estimates of
hazard rates in survival analysis. Whole genome analyses also showed indications of
the pathogenic potential of C. upsaliensis and C. helveticus relative to C. jejuni, and
how it varies between and within species in association with the core and accessory
genomes, functional gene content profiles, and documented and predicted
pathogenic proteins. This thesis has furthered our understanding of the
epidemiology, detection, and pathogenicity of Campylobacter spp. in dogs, cats and
humans, and confirmed raw meat animal food as a potential source of
Campylobacter spp. for both people and animals.
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CHAPTER 1

1. Introduction

1.1. General background

The importance of Campylobacter spp. to humans is due to it being the most
common bacterial cause of acute gastroenteritis in the developed world (1-4),
including New Zealand (5, 6). Campylobacter-associated gastroenteritis is primarily
ascribed to C. jejuni and to a lesser extent C. coli, with the two species being
responsible for around 80-95% and 5-15% of confirmed human infections
respectively, and other species accounting for the remainder (3, 7). The disease
most commonly affects children under the age of five, young adults, and
immunocompromised and elderly people in the developed world (8, 9). In developing
countries, clinical disease mostly affects children under two years of age and adults
rarely suffer from disease but may have asymptomatic excretion which is rare in the
developed world (2). Clinical signs may range from mild self-limiting enteritis to
severe haemorrhagic diarrhoea with vomiting, abdominal pain and fever (10).
Complicated disease may develop with bacteraemia, post-infectious sequelae such
as Guillain-Barré syndrome, Reiter's syndrome, reactive arthritis, and irritable bowel
syndrome (9, 11). By using the disability-adjusted life years (DALY) metric, the global
health burden of Campylobacter was estimated at 8.4% of the total burden of
diarrheal diseases, which are ranked as the fourth leading cause of DALYs
worldwide (12).
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Campylobacter spp. have been isolated from many domestic animals including
poultry, cattle, swine, sheep, dogs, and cats, as well as wild animals of mammalian,
avian and reptile species (3, 13). Infection of humans occurs most commonly through
exposure by consuming contaminated food, or water, or by handling contaminated
material and direct contact with animals (9). Meta-analysis of extensive
epidemiological research has shown that the eating of undercooked chicken meat,
unpasteurised dairy products, environmental sources (drinking water, contact with
recreational waters and bird droppings), travel, direct contact with farm and pet
animals, and poor food hygiene practices are significant risk factors for contracting
campylobacteriosis (14).

C. jejuni was the first Campylobacter spp. isolated from dogs (10) and from cats (15).
Since then many other Campylobacter spp. have been detected in dogs and cats
with large variations in reported prevalence rates. The most commonly reported
species include C. jejuni, C. upsaliensis, C. helveticus and C. coli (16). The clinical
significance of Campylobacter spp. in pets is less clear compared with humans in the
developed world. Clinical signs have been mostly associated with C. jejuni and occur
mainly in young and stressed animals, or opportunistically with the presence of
concurrent diseases (16). C. upsaliensis and C. helveticus are weakly associated
with disease in pets but have been the most frequently detected Campylobacter spp.
in dogs and cats, respectively and are rarely detected in other sources (13, 17). As
dogs and cats are common companion animals worldwide, the exposure of humans
to C. upsaliensis and C. helveticus is likely to be frequent. However, the pathogenic
potential of C. upsaliensis and C. helveticus to humans remains to be further
investigated, thus these species are frequently being referred to as “emerging”

Campylobacter pathogens (13).

Apart from C. upsaliensis and C. helveticus, other species such as C. lari, C.
hyointestinalis, C. concisus and C. ureolyticus, are also considered emerging
Campylobacter pathogens (13, 18). The clinical importance of the emerging
Campylobacter spp. started to be recognised in parallel with the research and
development of new detection methods, notably microbiological culture methods.
Campylobacter spp. are fastidious organisms that are difficult to isolate. After
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Dekeyser and colleagues (19) pioneered a successful method for isolation of
Campylobacter spp. from faecal specimens in 1969, reports of C. jejuni as the most
frequent bacterial cause of acute gastroenteritis ensued worldwide over the next
decade (9). Over the following decades a multitude of different culture methods were
investigated and further developed. Initially these methods were directed at achieving
the enhanced isolation of C. jejuni, but through this research more and more new
Campylobacter spp. were discovered. In parallel with our increased knowledge about
Campylobacter spp., an awareness of it's complex diversity rose. Species within the
Campylobacter genus exhibit a vast diversity in growth requirements such as
incubation temperatures, atmospheric conditions, length of incubation, nutrient
requirements, and their different susceptibilities to antimicrobial agents (20).
Emerging Campylobacter spp. are nowdays considered potentially under-recognised
as a cause of disease in humans due to most methods having been optimised for
detection of C. jejuni and C. coli (17, 18).

The successful methodology for isolation has opened numerous avenues for
research of the epidemiology, pathobiology and ecology of Campylobacter spp. The
epidemiology of the disease has benefited and advanced over the years of
investigations, whereas the pathogenesis of the disease is still not fully understood.
The pathogenic mechanisms of Campylobacter spp. are an active area of research.
Models for investigation of pathogenicity include in vivo animal models and ex vivo
eukaryotic cell cultures, complemented with molecular biology tools such as
mutagenesis and recombinant DNA techniques, DNA microarray and genomic and
other ~omics studies (21). Many virulence mechanisms and genes have been
described such as the cytolethal distending toxins, adhesion to, and invasion of the
intestinal epithelial cells, as well as the importance of flagella for motility and invasion
(22, 23). Notwithstanding the advancements made, many questions remain
unanswered and the research community coined the term “Campylobacter
conundrum”. It stands for the enigma of how this microaerophilic bacterium,
possesing a small genome and lacking most of the well-known regulatory systems
compared to other bacterial enteric pathogens, yet still constitutes a major hazard for
humans (24). Why does the incidence of disease remain so high compared to other
bacterial enteric pathogens (25)?
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1.2. Thesis structure and format

This thesis is presented as a series of ten Chapters. Five discrete research Chapters
are written in the form of manuscripts for peer-reviewed publication and are
encompassed by the General Introduction, Literature Review, and General
Discussion. The last two Chapters are the collated literature cited and the Appendix

with the supplemental information organised by Chapters.

Chapter One

General Introduction presents a summary of general features of campylobacteriosis
in humans, dogs and cats, and of Campylobacter bacteria. The structure and
formatting of this thesis is summarised at the end of this Chapter.

Chapter Two

Literature Review describes current knowledge of Campylobacter bacteria and its
epidemiology in humans, dogs and cats. The review of "EpiLab records is
summarised at the end of this Chapter and is followed by the research aims of this

thesis.

Chapter Three

Isolation of Campylobacter spp. from client-owned dogs and cats, and retail
raw meat pet food in the Manawatu, New Zealand is in press in the journal

Zoonoses and Public Health.

Chapter Four
Isolation of emerging Campylobacter species in working farm dogs and their

frozen home-kill raw meat diets is to be submitted to the Journal of Veterinary

Diagnostic Investigations.
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Chapter Five

Variation in the limit-of-detection of ProSpecT Campylobacter Microplate
enzyme immunoassay in stools spiked with emerging Campylobacter species

has been published in the Journal of Microbiological Methods (Bojanic et al. 2016).

Chapter Six
Comparison of the pathogenic potential of emerging Campylobacter spp. using
larvae of Galleria mellonella as an infection model is to be submitted to journal

Virulence.

Chapter Seven

Whole Genome Comparison of Campylobacter upsaliensis, C. helveticus and
C. jejuni is to be submitted to journal Plos ONE.

Chapter Eight

General Discussion and future research summarises the significant findings of this
thesis and discusses the shortcomings and advantages of the methods used. The
relevance and implications of the results with an outlook for future studies conclude

this chapter.

Chapter Nine are collated cited literature according to the Journal of Clinical

Microbiology style.
Chapter Ten is an Appendix of supplementary material organised by Chapters and

statements of contribution to doctoral thesis containing publications of published

Chapters.
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CHAPTER 2

2. Literature review

2.1. Campylobacter

2.1.1. Historical overview

The first description of campylobacteriosis is thought to be a report of vibrio-like spiral
organisms in the faeces of children with enteric disease by Theodor Escherich in
1886 (cited in 9). The bacteria were not isolated but microscopically observed and
then thought not to have had an aetiological role in the disease. Similarly, in
veterinary medicine, a report of epizootic abortions in ewes described frequent
isolation of vibrio-like organisms from aborted foetuses (26) and in 1919 the isolation
of similar organisms from bovine foetuses lead Smith to propose the name Vibrio
fetus (27). In 1931 Jones et al. (28) described a similar organism involved in winter
dysentery of calves and proposed the name Vibrio jejuni after which Doyle described
similar organisms in swine dysentery in 1944 (29). In 1949, Stengenga documented
the role of V. fetus venerealis in the epizootic sterility of cows and in 1959 Florent
described the differentiation of two types, V. fetus venerealis and V. fetus intestinalis
based on biochemical and pathogenic characteristics (cited in 9). During that time of
the first half of the 20™ century, infections in humans were also described as Vibrio-
like. In 1938 in lllinois, a milk-borne outbreak of diarrhoeal illness was reported with
organisms similar to ‘Vibrio jejuni’ isolated from broth cultures from the blood of
affected patients. Faecal cultures were unsuccessful but vibrio-like organisms were

microscopically observed (30). In 1947 Vinzent reported Vibrio fetus isolation from
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the blood of three pregnant women, two of whom aborted (cited in 9). During the
1950's working on characterisation of strains from human infections, King (31, 32)
reported a ‘related vibrio’ to the V. fetus described by Vincent et al. (1947) but with
different biochemical and antigenic characteristics. Through these studies, two types
were proposed to be associated with enteric disease, the first V. fetus and the
second, ‘related vibrio’ that was more thermophilic in nature. The name
Campylobacter was first proposed by Sebald and Véron in 1963 to distinguish these
vibrio-like organisms from Vibrio spp. due to differences in the guanine and cytosine
(GC) content and their inability to utilise sugars (33). Reports of infections in people
were still infrequent, as organisms had only been successfully isolated from blood of
bacteraemic patients but not from stool specimens.

The breakthrough occurred when Dekeyser and Butzler and their team managed to
isolate the ‘related vibrio’ from the faeces and blood of a 20-year old woman with
severe diarrhoea and fever (19). The patient had no underlying diseases and no
other enteric pathogen was detected. The crucial step that enabled isolation from
faeces was the use of a differential filtration technique. That is, the faecal
suspensions were filtered through 0.65um filters and the filtrate inoculated onto a
selective agar plate. In the following years, using this new technique the team
reported an isolation rate of C. jejuni from 5.3% of 3800 children with diarrhoea and
only 1.6% from 7200 healthy individuals (34). In the children with diarrhoea, specific
complement-fixing antibodies to the C. jejuni isolated from stools were reported (cited
in 9) and testing of strains for antibiotic sensitivity showed susceptibility of isolates to
erythromycin (35). Since erythromycin has little effect on other common intestinal
pathogens, the combination of resolution of clinical signs and of faecal excretion of C.
jejuni following treatment became a therapeutic diagnostic test. Another
advancement made by Skirrow and colleagues was the formulation of a compound
selective agar without the need of the cumbersome filtration technique, further
facilitated the isolation of Campylobacter species (10). With more and more reports
ensuing worldwide, by the mid-1980’s campylobacteriosis became known as the
most frequent bacterial gastroenteritis occurring in  humans. Morphological

appearance of C. jejuni is shown in Fig. 2.1.
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Fig. 2.1. Scanning electron micrograph of Campylobacter jejuni.

(Source: http://www.cdc.gov/)

2.1.2. Taxonomy and microbiology

The Campylobacter genus is part of the Campylobacteraceae family, together with
the Arcobacter, Sulfurospiriium and Thiovulum genera, which with the
Helicobacteraceae family form the Campylobacterales order within the Epsilon class
of the Proteobacteria phylum (36, 37). The Campylobacter genus is currently
comprised of 29 species, not including subspecies (bacterio.net last accessed on 15

June 2016), which are presented in Table 2.1.
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Campylobacter spp. are small (1.5 to 5 um long and 0.2 to 0.5 pum in diameter),
curved to spiral gram-negative motile rods (see Fig. 2.1.) (38). Many of these species
are thermophilic which denotes their optimal growth at higher incubating
temperatures. For in vitro growth, 42 and 37°C are mostly used which reflects the
temperature of their avian and mammalian hosts respectively (20). C. fetus is an
exception with good growth reported at around 25°C (39). The atmospheric
conditions for optimal growth include a decreased concentration of oxygen and
increased concentration of carbon dioxide for which they are designated as
‘microaerophilic’ bacteria. Some species such as C. rectus, C. concisus and C.
curvus further require the addition of hydrogen to the gas mixture (18).
Campylobacter spp. are motile bacteria due to single or multiple flagella at one or
both poles of the cell. The flagellar apparatus enables the characteristic rapid
corkscrew-like, darting motility and enables the colonisation of the mucus lining of the
gastrointestinal tract (40). Campylobacter spp. are described as fastidious due to
their limited repertoire for utilising nutrients and slower growth, compared to other
intestinal bacteria, requiring up to several days for the production of colonies on
culture plates (18). These bacteria do not utilise carbohydrates (sugars) but derive
energy from amino acids, keto acids and citric acid cycle (also known as tricarboxylic

acid or Krebs cycle) metabolic intermediates (41).

The morphological characteristics of Campylobacter colonies differ according to the
culture medium used. In general, colonies are grey in colour, flat or slightly raised,
with irregular margins and tend to spread over the agar; an example presented in
Fig. 2.2. Rounding of the colonies and glistening or iridescence may also be
observed (38). Gram stain or wet mount phase-contrast microscopy is usually used
to assess the morphology and motility, and if the characteristic appearance (curved
rods with darting motility) is noted, presumption of the Campylobacter spp. is made. If
colonies have been obtained from selective media (containing antimicrobial agents),
and were grown in a microaerobic atmosphere, this characteristic morphological
finding combined with an oxidase-positive biochemical result can be reliably used to
report the bacteria as being Campylobacter spp. (38). On the other hand, with the

use of a filtration technique and a non-selective agar, the presumptive isolation of
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Campylobacter spp. is made by confirmation of the isolate as Gram-negative,

oxidase-positive and |-alanine aminopeptidase negative (42, 43).

Fig. 2.2. Campylobacter colonies on mCCDA medium.

(Source: Dr. Els Acke)

It is important to note that the diversity of the Campylobacter genus evades the
inclusion of all species by the above general phenotypic features. For instance, C.
showae resembles straight rods (44), C. mucosalis has yellow coloured colonies
(36), and C. gracilis is both non-motile and oxidase-negative (45). Phenotype refers
to a combination of observable characteristics of an individual organism resulting
from the interaction of its genotype (genetic make-up of an organism) with the
environment thus, reflecting the nature and nurture of the organism (46). Common
phenotypic tests usually consist of various biochemical tests, tolerance tests of
chemical compounds; growth at different temperatures, antibiotic sensitivity profiles,
serologic assays and cellular fatty acid profiles (47, 48). The most common
biochemical tests employed to identify Campylobacter spp. are the production of
oxidase, catalase activity, the hydrolysis of hippurate and indoxyl acetate, nitrate
reduction and the production of H,S (38). Several phenotypic features of common
Campylobacter spp. are presented in Table 2.2. Although these tests were initially
crucial for characterisation and identification of species, facilitated diagnostics, led to
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discovery of new species, and epidemiological associations, and nowdays most have
been replaced by genotypic techniques for accurate identification and
characterisation (17). The main limitations of phenotypic tests include the lack of
discriminatory power to differentiate closely related strains (49), the high occurrence
of non-typeable strains (50), the lack of standardised tests that lead to a variation in
results of the same strains between laboratories, and the lack of objectivity (17, 47).
The latter limitation stems from the fact that the strain under investigation is
compared to the profiles of known taxa which becomes problematic in testing rare or
mutant strains of known taxa, testing of newly discovered taxa, or taxa with spurious

or insufficient differential features between them.
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Notwithstanding the limitations of phenotypic tests, it is important to note that these
are still used in routine clinical laboratory settings due to their ease of use, wide
availability, fast turn-around time and low cost. Additionally, routine clinical
laboratories do not necessarily perform speciation of isolates but may rely on a
presumptive isolation of Campylobacter spp. based on colony appearance and
morphology on Campylobacter selective media in appropriate environmental
conditions, as previously described. For instance, in 2005 a report on laboratory
practices in the FoodNet programme reported only 124 out of 423 (31%) laboratories
perform speciation of isolates (52). FoodNet is a collaborative programme in the
United States conducting surveillance of foodborne pathogens diagnosed by

laboratory testing of samples from patients (https://www.cdc.gov/foodnet/index.html).

Similarly, in New Zealand, only 8 out of 32 (25%) of diagnostic laboratories reported
speciation of isolates (53). The antibiotic sensitivity profile is perhaps the most
important phenotypic characteristic from a diagnostic or, more specifically, an
isolation point of view (20). That is, a crucial step toward achieving a successful
isolation of Campylobacter spp. from faecal samples was and still is, inhibition of the
common faecal flora from overgrowing the plate to allow fastidious Campylobacter
bacteria to grow as an independent colony for a microbiologist to isolate. However,
the combination of antimicrobial agents used to suppress the faecal flora may not
enable all Campylobacter spp. to grow (54). Since the 1970’s, a preponderance of
methods have been developed and refined, but to this day there is no single selective
culture medium that enables growth of all known Campylobacter spp. and, by the
same token, all selective culture media may hinder the discovery of new

Campylobacter species.

2.1.3. Sources of Campylobacter species

Most of the taxa within the Campylobacter genus have been associated with various
diseases in human and veterinary medicine and show a considerable ecological
diversity being isolated from various sources (13). Although the same species have
been isolated from a multitude of sources, the Campylobacter genus is traditionally

subdivided into groups according to the most commonly and abundantly observed
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niche of isolation. As such, the three main niches of Campylobacter spp. are the
gastrointestinal tract, the urogenital tract, and the oral cavity (13, 55). That is,
intestinal Campylobacter spp. include C. jejuni, C. coli, C. lari, C. upsaliensis, C.
hyointestinalis, C. helveticus, C. hominis, and C. ureolyticus. Species associated with
the oral cavity are C. rectus, C. gracilis, C. concisus, C. showae, and C. curvus and
species associated with the urogenital tract are C. fetus and C. sputorum. However,
most species are far less studied than C. jejuni and C. coli, the prominent
gastrointestinal bacterial pathogens in humans, and C. fetus, the prominent
urogenital pathogen of ruminants (13). Therefore, knowledge of natural reservoirs of
less well known Campylobacter spp., and their biology in general is limited, as many
species have only been reported from one host species so far (Table 2.1). The main
reservoirs of C. jejuni are poultry, cattle, sheep and wild birds (5, 56-58) while C. coli
is mostly associated with sheep and pigs (59, 60). C. upsaliensis and C. helveticus
are predominantly detected in dogs and cats respectively (16, 17) whereas they are
rarely reported and with low prevalence rates (~1 — 2%) from other sources (61-65).

Campylobacter spp. have been isolated from many environmental sources such as
freshwater (5, 66, 67), seawater (68, 69), sewage (70, 71), oil fields (72), sand (73),
soil (74) and feedlots (75). The occurrence of Campylobacter spp. in these
environments is considered to arise from contamination with faecal matter harbouring
Campylobacter spp. through direct and indirect routes because Campylobacter spp.
do not grow and multiply outside of warm-blooded hosts (70, 76). The inability to
grow and multiply below 30°C is associated with the absence of cold-shock proteins
documented in C. jejuni, which many bacteria use for growth below optimal
temperatures (77, 78). Therefore, environmental sources are not considered as
reservoirs but as vehicles through which Campylobacter spp. spread between hosts,
and the level of loading of Campylobacter in the environment is associated with

changes in animal reservoirs (70).

Likewise, contamination of food of animal origin with Campylobacter spp. is
considered to occur through processes and practices in production and slaughter of
animals colonised by these bacteria (79). Although endogenous spread within the

host to organs such as the liver and spleen may also occur it is considered an

35



infrequent event (56). Contamination of other food such as lettuce, spinach and other
produce is due to direct or indirect faecal contamination (80). Food contaminated with
Campylobacter spp. may serve as a source for cross-contamination of other
foodstuffs, surfaces and utensils through handling, transport, preparation and storage
practices employed in the food chain and in kitchens (79). Contamination with
Campylobacter spp. can also occur through vectors such as flies (81). Therefore, the
source of infection, for animals and humans, with Campylobacter spp. may occur

through a wide variety of vehicles and transmission routes.

2.1.4. Detection and identification methods

Since Campylobacter spp. may be found in numerous primary and secondary
sources, there is a great variety in available detection methods (17, 47). Difficulties
encountered with the isolation of Campylobacter spp. have led to the development of
other diagnostic approaches, mostly to meet the needs of diagnostic laboratories. In
clinical settings, methods that have a shorter time-to-result, are less labour intensive,
require less equipment and are cheaper are usually preferred (82). However, such
advantages should not come at the expense of the sensitivity or specificity of the
method. One of the first methods used and most readily available has been direct
microscopy (wet mounts) of faecal suspensions combined with Gram staining which
reportedly has a high specificity while sensitivity may be as low as 6.5% (83) to 66%
(84). Other non-culture methods include immunological assays, various nucleic-acid
based methods, enzyme-linked immunosorbent serologic and
immunochromatographic assays (38). Each method has its own advantages and

disadvantages and several studies have evaluated their performances.

Despite difficulties associated with microbiological cultures, these are still the most
widely used methods of detection for routine diagnostic purposes (52, 53, 85). Unlike
non-culture methods, cultures enable isolation of the bacteria that can be further
subjected to various confirmatory and characterisation tests. For instance, species
identification and typing procedures can serve epidemiological investigations or

antibiotic sensitivity testing can be done for therapeutic purposes (17). In general, the
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most important features for successful isolation of Campylobacter spp. are:
incubating atmosphere (microaerobic or hydrogen-enriched microaerobic), incubating
temperature (37 or 42°C), the selective technique (filtration or agar containing
antimicrobial agents) and the method of plating (with prior enrichment or direct
plating of the sample) (18, 86). The choice of culture method depends on sample
type and the Campylobacter spp. of interest. Features of sample type that can
influence the choice of methods employed include quantities of both Campylobacter
spp. and background flora expected in the sample, the expected viability of
Campylobacter cells, and the source of sample (faeces, food, water, environment
etc.) (20, 87).

Direct plating of faecal swabs or suspensions to selective agar in a microaerobic
atmosphere at 42°C for between 48 and 72 hours is the most commonly employed
method for testing of human clinical samples (53, 85). This method is used because
human patients usually excrete high numbers of viable Campylobacter cells
(commonly > 10° CFU per gram/millilitre of faeces) (88), C. jejuni is the primary
species of interest, and the level of background flora is high (9). If the faecal sample
had a delay in transport, was used without a transport medium or kept at room
temperature, the viability of the Campylobacter cells would have been compromised
(20, 89). In such a scenario, the microbiologist should consider an enrichment
procedure in a nutrient broth prior to plating onto agar to facilitate recovery of
stressed and sub-lethally damaged cells due to exposure to air and room
temperature (87). The enrichment step usually takes 6 to 24 hours and the incubating
temperature may be reduced to 37°C. Supplementation of broth with antimicrobial
agents may be delayed for a few hours (20). The enrichment procedure would also
be beneficial in instances of expected low numbers of Campylobacter cells without
the viability of cells being jeopardised. Reduced numbers of viable Campylobacter
cells are expected in the later stages of enteral disease and in patients suffering from
sequelae of Campylobacter-associated enteritis as sequelae usually occur several
weeks to months after the initial clinical signs develop, patients may be excreting low
numbers of Campylobacter cells (89). Enhanced detection in patients with acute
diarrhoeal illness and patients suffering from sequelae may be achieved by repeated
testing of stool samples (90, 91). Should Campylobacter spp. other than C. jejuni

37



also be of interest in human clinical samples, the use of a H,-enriched microaerobic
atmosphere combined with 37°C, filtration onto non-selective agar and incubation of
five to six days is recommended (17, 18, 20, 89, 92). The incubating temperature of
42°C has a dual role; to facilitate isolation of C. jejuni reflecting the temperature of
the avian gut (56) and to additionally suppress the background flora though it may
inhibit some non-jejuni Campylobacter spp. (9). However, the amount of background
flora may also be influenced by the particularities of a selective agar used as some
have been developed for use at specific temperatures. For instance, Skirrow and
semi-solid motility medium agars were developed for use at 42°C and show poorer
selective properties at 37°C, whereas charcoal cefoperazone deoxycholate agar
(CCDA) and charcoal-based selective media show good selective properties at 37°C
(93). Additionally, several non-jejuni Campylobacter spp., including C. upsaliensis
and C. helveticus, do not grow, or grow poorly, at 42°C and are preferentially isolated
at 37°C (17, 18).

Culture methods employing a filtration technique with non-selective agar have
repeatedly outperformed selective agars in their ability to isolate multiple
Campylobacter spp. as well as the closely related Arcobacter, Sutterella and
Helicobacter species (92-96). On the other hand, these studies showed filtration-
based methods have reduced sensitivity compared to selective agars and are more
labour-intensive and cumbersome to perform relative to other methods (97). The
increased ability of the filtration method to isolate multiple species is attributed to the
physical principles for the basis of selectivity. That is, the small pore size of filters
(usually 0.65 or 0.45 um in diameter) serve to block the larger background flora
combined with the motility of Campylobacter cells which facilitates the passage
through the pores (98). In contrast, selective agars employ antimicrobial agents to
suppress the background flora but, in turn, may also suppress Campylobacter spp.
sensitive to the agents used (20) thus, giving false negative results. However, the
relationship between the agar, the antimicrobial agents and the background flora may
influence the isolation of Campylobacter spp. in a rather complex fashion as in the
example of a selective agar containing cefoperazone, amphotericin and teicoplanin
(CAT) antimicrobial agents (99).
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The incentive for developing such an agar were the frequent reports of catalase
negative or weakly positive Campylobacter spp. implicated as pathogenic to humans
(96, 100). This species originally isolated from dogs and subsequently named as C.
upsaliensis (101) had less than 20% of strains able to grow on common selective
agars, the majority isolated using filtration. The poor growth on selective media was
attributed mainly to their sensitivity to common antimicrobial agents used in selective
agars at the time such as cefoperazone, colistin, vancomycin, rifampin, tetracycline
and trimethoprim (102, 103). Therefore, CAT agar was developed for the isolation of
C. upsaliensis in addition to C. jejuni and C. coli (104) with the composition of
nutrients resembling commonly used blood-free selective agar (modified CCDA,
mCCDA) but varying in the composition of added antimicrobial agents. The main
feature of CAT is a reduction in the concentration of cefoperazone and the use of
teicoplanin. Cefoperazone was reduced from concentration of 32 mg/L to 8 mg/L,
which was sufficient to suppress Enterobacteriaceae yet enable the growth of C.
upsaliensis that had an average minimum inhibitory concentration of 16 mg/L. This in
turn did not suppress faecal Streptococcus spp. for which teicoplanin was added
(104). In the same study the two media were compared for the culture of 7000
human clinical samples. Out of five C. upsaliensis isolated, CAT agar recovered four
and mCCDA only one. With regard to the detection of other Campylobacter spp. and
level of contaminants on the plates, the results were comparable for the two
methods. Subsequent studies that compared the performance of CAT agar to
filtration and mMCCDA in human, dog and cat faeces showed CAT to be comparable
to the filtration method in overall sensitivity but with better analytical sensitivity (i.e.
able to detect lower bacterial concentrations), while both methods were better than
MCCDA for the isolation of C. upsaliensis (94). However, one study compared both
methods in more detail with a description of the performance with regard to antibiotic
profiles, absolute growth index, analytical sensitivity and duration of incubation for
detection of C. upsaliensis (99). This study could not explain the basis of superiority
of CAT over mCCDA by antibiotic profiles, production of colonies by absolute growth
index or length of incubation and observed only a weak association with the
analytical sensitivity because CAT was able to detect bacteria at concentrations of
10° CFU/mL and mCCDA detected 10* CFU/mL in spiked samples. Indeed, this is
quite a small difference and the basis of the superiority remains unclear.
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Researchers speculated that either the different antibiotic profiles of CAT and
MCCDA alter some component or product of the faecal microflora, or exposure of C.
upsaliensis to faeces alters its’ sensitivity in vivo to cefoperazone, thereby making it
sensitive to the higher concentrations used in mCCDA (99). These studies suggest
there are complex relationships between the milieu of the sample and the agar as no
particular component alone sufficiently explained the findings. The importance of the
sample type, it's matrix or milieu, and the targeted organism is indirectly supported by
a variety of culture methods available for different sample types (20). The
composition of some common culture broths and media for isolation of

Campylobacter spp. is presented in Table 2.3 and Table 2.4, respectively.
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Isolation of Campylobacter spp. from water, food and the environment inherently
differs from isolation from faeces, as in these samples bacteria are frequently
exposed to air, temperatures of room, chilled or deep-freeze ambient, and chemical
agents used in sanitation and hygienic procedures (20, 76, 79, 80, 86). Such
environments and processes employed may lead to changes in pH, osmotic
gradients, hydrostatic pressures, oxidative stress (105, 106), atmosphere
composition (107) and nutrient availability affecting the survival of Campylobacter
species (108). Therefore, in these samples lower numbers of Campylobacter spp.
and stressed or damaged cells are expected from the outset. Due to potentially low
numbers of Campylobacter cells and stresses exerted on cells, culture methods for
water, food and environmental samples use larger volumes of samples or rinses and
suspensions for samples in order to improve sensitivity (70, 86). Culture methods
and protocols employing pre-enrichment steps and a 37°C incubation temperature,
similar to modifications in the culture of human patient faecal samples described
above, have been reported to have a higher efficacy of isolation (87, 109-111).
However, certain types of samples frequently harbour high numbers of
Campylobacter cells, such as broiler litter, and direct plating to selective agars is
sufficient (112). The reduction of incubating temperature from 42 to 37°C can
facilitate the detection of non-jejuni Campylobacter spp. (80, 113) especially if used
in combination with H»-enriched microaerobic atmosphere and filtration onto non-
selective agar (61). Unlike for culture methods for human and animal faeces,
international guidelines and standards for the detection and quantification of
Campylobacter spp. from water (114), and food and animal feedstuffs have been
published (115, 116).

Non-culture based methods have been developed to directly or indirectly detect the
presence of the bacteria. Direct methods may include detection of bacterial antigens
(antigen-based) or bacterial DNA (nucleic acid-based), while indirect methods detect
changes external to bacteria but associated with their presence (e.g., biomarkers and
antibodies) (47). Indirect methods developed for Campylobacter spp. include assays
for the detection of antibodies against cellular antigens and include complement-
fixation assays, immunoblotting, and enzyme-linked immunosorbent assays (ELISAS)

(117). In a clinical context these methods are mainly employed for the diagnosis of
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Campylobacter-associated sequelae (118) as these patients may have negative
results using bacterial culture methods. These serologic assays are very important
for epidemiologic studies, risk assessments, and surveillance, as they can provide
data on Campylobacter exposure at the population level thus, may address disease-
to-infection ratio and immunity estimates (119), or to evaluate the public health

effects of control programs (120).

Direct  antigen-based methods  for  Campylobacter include ELISA,
immunochromatographic assays, latex agglutination, and lateral-flow antigen and
immunomagnetic separation technologies (82, 121-123). Apart from stool specimens,
the tests have been developed for use in various food products (124, 125). These
methods are based on mono or polyvalent antibodies produced (commonly from a
rabbit) against extracted specific antigens of C. jejuni and C. coli. The advantages of
these assays are their ease of use, rapid diagnosis, no requirement for sophisticated
instrumentation, and relative inexpensiveness (82). Disadvantages include the lack of
differentiation between C. jejuni and C. coli, potential cross-reactions with other
species, and not being able to provide an isolate for further analysis such as
genotyping or antibiotic sensitivity testing (47). Reports of diagnostic performance
characteristics of some commonly used faecal antigen tests for the detection of
Campylobacter spp. in humans are presented in Table 2.5. Combined approaches
may be used by laboratories such as applying the antigen-based methods for initial
screening purposes, followed by culture or nucleic acid-based tests of any positive
samples (85); or by separation of cells using immunomagnetic technique and

proceeding to DNA extraction (for nucleic acid-based tests) or culture (126).
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Nucleic acid-based tests share the advantage of same-day results with antigen-
based methods and the financial costs of their use and implementation in routine
laboratories is continually decreasing thus, have become more and more used (135).
Nucleic acid-based tests are based on the amplification of DNA segment using
primers or probes designed for a specific target DNA sequence which is facilitated by
the DNA polymerase enzyme. This method is known as the polymerase-chain
reaction (PCR) (136). The choice in the design of primers and probes may be to
target a specific species, a group within a particular species or genus-specific (or
higher taxonomic classes) sequence (47). The method may be applied to design a
presence/absence test (conventional PCR), multiple target test (multiplex PCR),
guantitative test (real-time quantitative PCR) and the detection of mutations,
polymorphisms and epigenetic differences in the DNA sequence (high-resolution melt
analysis). In all cases, the target organism is not isolated, but subsequent procedures
may be employed to isolate the bacteria as with the antigen-based methods (137,
138).

For species identification of isolates, phenotypic methods may be employed but have
been shown to be limited. For instance, the use of antibiotic sensitivity testing for
speciation is becoming more problematic due to the increasing frequency of
resistance (38), as was reported for C. upsaliensis (139). Antibiotic resistance is also
of concern for treatment of infections due to the increasing prevalence of
ciprofloxacin resistance in Campylobacter species (140). Identification using
biochemical tests such as positive hippurate hydrolysis has been a main feature for
C. jejuni but hippurate-negative strains (up to 10%) have been reported. PCR test for
detecting the presence of the gene responsible for hippurate hydrolysis (hipO) is
more reliable than the biochemical hydrolysis test as the isolate could possess the
gene but may not have it expressed thus giving a negative result if relying solely on
the biochemical test (141). As a result, molecular methods are the preferred means
for accurate species identification. Several genes have been used for species and
genus identification of Campylobacter species. Although PCR tests are the preferred

means for species identification, these tests are not without limitations (17).
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One of the disadvantages of PCR tests is related to the continuing discoveries of new
Campylobacter spp. similar to the lack of objectivity described for phenotypic schema
(47). For PCR it is the development of primers and probes used that are dependent
on the available information of DNA sequences at that time. As new species or
subspecies are discovered, or new data become available, the primers/probes
should be revalidated and reassessed in order to improve and optimise the
diagnostic efficacy. This issue has been recently shown a particular problem for
species of the C. lari group in a large, inter-laboratory study of Campylobacter PCR
tests. The study showed that PCR tests differed markedly in diagnostic performance
characteristics, sensitivity and specificity (142). This study was the largest inter-
laboratory evaluation of PCR tests conducted at the time of writing this thesis and the

results are presented in Table 2.6.

49



0g

98 8. el 0 quAB
00l 001 109 "D quAB
00} 99 unfal o guAb (8002) ‘Ie 18 esemey 4
Ja10eqojAdwe)
00l 001 VNYJ SEZ
oljlydoway |
00l 001 1100 "D 3nao
HOd xednjnw
001 001 unfal - vxd| .
(#002) e 18 Buopp
€9 001 1109 'O VN S€2 (€661) Te 10 s1ahg
00l 001 1100 "D
H0d xedyinw
96 99 nlfal -5 wopuey
‘(1661) 'Te 12 swwepue/
GS 001 Lre|joounfsl -o (€661) Te 10 dwe) uep
00l 001 nlfal -0 (2661) "Te 18 uour
G8 001 nlfal -5 (€661) "Te 1o s19h3 |
0 0 106.e) )
(%) (%) uoxe | soualsjoy OU Qe
Ayooadg AjAnisuag Aessy

‘obuel olwouoxe) sAesse yoes 0}

108dsal yum pale|nojes aiam 1s8] Yyoes Joj sanjeA Alolioads pue AlAnisuag "usAIb si Alojeloge| yoes ul (JueAs|al alaym ‘uonduossp

|leuiblio pue sabuel olwouoxe] Jisy) pue) pasn sise) ay| ‘dds JisjoeqojAdwe) snoleA Joj saliojeioge| [eNPIAIpUl Ul paysiiqelss

sAesse yum paulwexs exel G| Bunusseaidas sulens JsoeqojlAdwed Gz Jo yoes yum paulelqo synsel Jo Alewwng "9z ajqel



LG

001 001 109 "D V440
HOd 1Y ‘(4exjeD) Aesse
00} 001 nfal o odiy
asnoy-ul padojana
(1e)]eD) Aesse
001 001 "dds Je10eqojAdwe) VNYJ S91 G
asnoy-ul padojana
001 96 "dds Ja10eqojAdwe) VNY! S91
00} 8G el o VN S91 (9661) ‘e 12 uouI
001 001 109 "D wopuey
HOd xa|dninwi
001 99 unfal o wopuey v
‘(1661) ‘Te 18 swwepue
001 00l "dds Ja10eqojAdwe) VN S€2
001 8S e 0 vA|B
001 00l sisuaifesdn 'O vA|B
001 001 sma} "0 zgdes
68 00l 102 "D VA8
001 00l nfal -0 odiy (2002) 'Ie 18 buepp €
pajod}ap Sd4 ON VN 4+ "dds 1a10eq0/AdWeD gJAb
(,0) 001 (,001) O snanaAjdy "o gqiAB
001 00l sisualjesdn 'O glAb
001 00l smaj D giAB
0 0 106.e) )
(%) (%) uoxe | soualojoy OU Qe
Ayoioadg AjAnisuag Aessy




[A%]

“(z2v1) (€£102) "Te 1© uQ wod) paaInog “aAlisod (syeadas om) Jo 1n0) sy Nsal Jo }8s auo AjuQ , “wnionds ") ‘snSIPU0D "D

‘SNAIND "D ‘SIresoonwW *D ‘SIfeunsaluloAy "D ‘eemoys ") = + dds JajoeqojAdwe)d q "1noybnouy} pasn sem ri/Bu OG JO UOIjBIUBOUOD

VNQ € 2Jaym / ge| wodj sjinsal jo uondaoxa ayy yum ri/bu 0| JO Uonesjussuod e je YN JO 9Sn 8y} WOy PAALISP 819M SHNSal |V

(Areyauudoud)
G9 001 el D ‘1109 "D ‘unfal -5 (pey-oig) %09yD-0| 6
umouxiun
¥Od 1Y ‘(ubise@lawid)
001 00l lunfal -0 dped
Aesse |ernJawuwo)d
(2002)
00} 001 lunfal -0 odiy 8
Aein-eyiopa4 pue us|bu]
SN4 ON 00l "dds Is10eqojAdwed VN S9l (9661) ‘Te 19 uojul
43 001 lunfal o ydew (5661) Te 12 bonig el
€8 00l 102 "D vJAB
(5002)
L6 001 iunlal o vIAD ‘e 18 pieus|y “Aesse 9
asnoy-ul padojana
0 0 106.e) )
(%) (%) uoxe | soualojoy OU Qe
Ayoioadg AjAnisuag Aessy




Many other Campylobacter spp. have increasingly been recognised as human
pathogens with reports of C. upsaliensis (97), C. concisus (18) and C. ureolyticus
(143) as being more common than C. coli. Although C. jejuni/coli have been most
extensively researched there are still many questions left unanswered. Non-jejuni/coli
Campylobacter spp. have not been extensively studied to date making it difficult to
establish their public health significance (13). There is an under-appreciation of the
significance of non-jejuni/coli Campylobacter spp. as pathogens to humans mostly
because clear and unequivocal evidence of their pathogenicity is lacking, and some
species can be recovered from both healthy and sick people. The potential
significance of C. upsaliensis was first reported in 1990 (100) yet no significant

research endeavour has occurred with regard to its pathogenicity and virulence.

2.1.5. Pathobiology

Campylobacter, as a human pathogen, has been described as an “accidental tourist”
that has reservoirs in animals where it colonises as a commensal (23). The
pathogenesis of disease in humans in still not fully understood though significant
advances have been made in describing various features and mechanisms involved.
Mechanims of pathogenesis identified in C. jejuni are presented in Fig. 2.3. Motility of
C. jejuni has been shown as an important factor in the colonisation of the intestines
providing the ability to traverse the mucous barrier and preferentially target the deep
intestinal crypts (144). The flagellum is an unsheathed polymer of flagellin subunits
encoded by the flaA and flaB genes with a high degree of sequence similarity (~93%)
yet independent transcriptional promoters (145). Mutants in which flaB but not flaA is
inactivated remain motile, unlike those with a defective flaA gene which renders the
bacteria immotile, causing loss of their potential to adhere to, and penetrate into,
human intestinal cells in vitro (146). Similarly, flagellar mutants were also show to
have lost the ability to colonise chickens, their natural reservoir (147). Under
experimental conditions that mimic the viscosity of intestinal mucus, C. jejuni was
shown to have longer periods of straight swimming with significantly increased
velocity and enhanced binding and invasion of Caco-2 cells compared to the
standard growth media. These features were not observed with Salmonella enteritidis
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(148). Apart from studies employing in vitro and animal in vivo models, the role of
flagella was confirmed in an experimental infection of humans in which only motile
variants were isolated from stools despite volunteers being fed mixtures of motile and
non-motile phase variants (149). The flagellar apparatus of C. jejuni provides more
than an ability to move around. The sequencing of C. jejuni NCTC 11168 strain
reported 36 open reading frames involved with biosynthesis, export, assembly and
function of the flagellar apparatus (150). Several bacterial secreted proteins were
documented, most notably ciaB, which was required for the internalisation of C. jejuni
into mammalian cells (151). The activity of these proteins is dependent on the
functional flagellar apparatus through which secretion takes place (152). Flagellar
genes were shown to be co-regulated with several virulence factors associated with
flagellar glycosylation and cytolethal distending toxin production, with flnA as a key
element involved in the coordinated regulation in C. jejuni (153) as well as co-
regulated with genes involved in respiration and metabolism (154). Glycosylation of
the flagellin is important for flagellar assembly and functioning (155) without which
virulence is attenuated as shown by: (i) the decreased invasion of human epithelial
cells and (ii) the reduced virulence in the ferret diarrhoeal model as only three out of
16 ferrets fed with pseA (the gene involved with the pseudaminic acid component of
glycosylation of flagellin) mutant developed diarrhoea compared to 10 out of 16
animals fed the wild type 81-176 strain (156).
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Pathogenesis of enteric Campylobacter infection

Environment Intestine
Lumen Mucus Epithelinm Legend:
/{ Epithelial cell
\‘
9 /,--'
?
‘ : Campylobacter
. Motility
2. Chemotaxis ‘
3. Oxidative stress defence .
4. Adhesion Coccoid dormant
5. Invasion Campylobacter
6.  Toxin production
7. Iron acquisition
8. Temperature stress reponse
9. Coccoid dormant stage

Fig. 2.3. Pathogenic mechanisms of Campylobacter infection.

Sourced from Van Vliet and Ketley (2001) (157).

Motile bacteria use chemotaxis as a mechanism through which they sense the
environment to direct themselves toward more favourable or away from unfavourable
conditions. C. jejuni shows a positive chemotactic response to L-aspartate, L-
cysteine, L-glutamate, and L-serine amino acids and, of the carbohydrates, only to L-
fucose (158). Several salts of organic acids, including pyruvate, succinate, fumarate,
citrate, malate, and alpha-ketoglutarate, were also chemoattractants, as were bile
(beef, chicken, and oxgall) and mucin (bovine gallbladder and hog stomach) though
most constituents of bile tested individually were chemorepellents (158). Chemotaxis
is regulated by a single 2-component histidine protein kinase dependent signal
transduction pathway consisting of 6 chemotaxis proteins (CheA,B, R, W, Y and Z)
and methyl-accepting chemotaxis proteins (MCPs also referred to as transducer-like
proteins, tlp) (159). Bacteria are either attracted or repelled by chemicals sensed by

55



trans-membrane MCPs, and the information is transmitted to the flagellum motor via
the histidine kinase CheA and the response regulator CheY. Phosphorylated CheY
binds to the FliM component of the flagellar motor causing a change in rotation from
counter-clockwise to clockwise which effects a change from smooth swimming
forward to sideways tumbling motility and direction changes (160). C. jejuni mutants
that lack MCP receptors (DocB and cj0262c), exhibit impaired colonisation of chick
caeca (161) and mutants of CheY show delayed colonisation of mice and decreased
virulence in the ferret model (162). Similarly, strains with mutations in methyl-
accepting chemotaxis proteins tlpl, tlp3, tlp4 (docC) and tlp10 (docB), but not tlp5
displayed a 10-fold decrease in the ability to invade human epithelial and chicken
embryo cells. However, these deletions did not affect the chemotactic behaviour of
the mutants compared to that of the parental strain, hence demonstrating that the
corresponding proteins affect host interaction (163). Further studies have shown the
interaction of MCP and host differentiation along the gastrointestinal tract, as a
tlp10 mutant was reported defective in colonisation of the chicken proximal and distal
gastrointestinal tract, while the tlp6 and tlp8 mutants showed reduced colonisation of

the duodenum and jejunum (164).

In conjunction with motility and chemotaxis, adherence to host epithelial cells is also
a prerequisite factor in Campylobacter pathogenesis. JIpA is a surface-exposed
lipoprotein shown to have adhesin-like properties and a role in binding to the Hep-2
epithelial cells (165). It was demonstrated that JIpA interacts with the HEp-2 cell
surface heat shock protein (Hsp) 90a and initiates signalling pathways leading to the
host’s pro-inflammatory immune response through the activation of NF-kB and p38
MAP kinase (166). C. jejuni cell-binding factor 1 was shown to contain PEB1
(periplasmic binding protein), a homologue of cluster 3 binding proteins of bacterial
ABC transporters (167). In that study the researchers demonstrated that the
inactivation of this operon completely abolished the expression of cell-binding factor
1 and led to 50- to 100-fold less adherence to and 15-fold less invasion of HelLa
epithelial cells in culture and a significantly lower and shorter rate and duration of
colonisation in the mouse infection model. Binding to fibronectin, a glycoprotein of the
extracellular matrix component of epithelial cells, and subsequent internalisation of C.

jejuni by epithelial cells was shown to be mediated through the CadF protein of C.
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jejuni in in vitro studies (168). Mutants of the cadF gene were also shown as
incapable in colonising the caeca in all 60 challenged chicks (169). The FIpA protein
was also shown to mediate binding to fibronectin in human epithelial cells (170) and
both FIpA and CadF in a coordinated mechanism with secreted proteins promote
membrane ruffling and cell invasion (171). Investigation of some factors related to
adhesion had discordant reports. A previous study showed a capA insertion mutant
had a significantly reduced ability to adhere to and invade Caco-2 cells and
completely failed to colonise and persist in chickens (172) while in contrast another
study showed no effect on the ability to colonise chicken (173). Similarly, mutations in
the virB11 gene, which is part of the type IV secretion system, carried by a virulence
plasmid pVir resulted in significantly reduced adherence and invasion (174) but the
conjugative transfer of this plasmid did not increase the invasiveness of a recipient
strain (175).

Flagella play a major role in the invasion ability of C. jejuni through many
mechanisms. The flagella are also involved with secretion of non-flagellar proteins
during host invasion as a type Ill secretion system (176). Several genes of this export
apparatus were shown to affect the invasion ability of C. jejuni such as flaA, flaB,
flgB, flgE and flhA as well as flaC and cia gene products that are delivered into the
host cell's cytoplasm using this flagellar secretion system and are considered
essential for colonisation and invasion (152, 177). In vitro binding and internalisation
assays revealed that the binding of C. jejuni ciaB null mutants was indistinguishable
from that of the parental isolate, whereas a significant reduction in internalisation was
noted in INT 407 cells (151). Similarly, ciaC secreted proteins are required for full
invasion (178) whereas the cial protein is important for C. jejuni intracellular survival
in epithelial cells as it prevents the delivery of Campylobacter-containing vacuoles
(CCV) to lysosomes (179). Invasion of epithelial cells was documented in human
patients (180). CCV deviates from the canonical endocytic pathway immediately after
a unique caveolae-dependent entry pathway in epithelial cells in contrast to
macrophages where C. jejuni is delivered to lysosomes and consequently is rapidly
killed (181). Studies have shown that, within cells, C. jejuni undergoes a significant
metabolic downshift and reprograms its respiration, especially the fumarate pathway,
in order to adapt and survive the low oxygen and nutrient conditions inside CCV
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(182, 183). Antimicrobial peptides also have an important role in the innate immune
response (184) and the C. jejuni homologue of the VirK family of virulence factors
was shown as essential for antimicrobial peptide resistance and systemic infection in

a mouse virulence model (185).

Several toxins have been identified in C. jejuni (186, 187) with the tripartite cytolethal
distending toxin (CDT) similar to that found in other Gram negative bacteria the most
commonly described (188). CdtA and cdtC gene products are responsible for toxin
binding to the cell membrane and for delivery of the cdtB gene product, which is the
active unit causing progressive fragmentation of the nucleus, and cellular distension
and ultimately cell death in different cell lines (189, 190). The involvement of CDT in
diarrhoea was suggested as affecting the survival or maturation of crypt cells into
functional villus epithelial cells causing a temporary erosion of the villus and a
subsequent loss of absorptive functions (191). Interestingly, a C. jejuni cdtB mutant
was unaffected in it's ability to colonise the gut of adult severely immunodeficient
mice, but demonstrated impaired invasiveness into blood, spleen and liver tissues
(192). PCR studies have shown cdt to be present in many other Campylobacter spp.,
including C. coli, C. lari, C. upsaliensis, C. helveticus, C. fetus and C. hyointestinalis

(193), which indicates that other virulence factors must also be invived in disease.

Carbohydrate structures are involved with many aspects of pathogenicity. Sialylation
of capsular lipooligosaccharides (LOS) is associated with adhesion, invasion and
immune evasion. For instance, C. jejuni strains expressing sialylated LOS (classes A,
B, and C) invaded cells significantly more frequently than strains expressing
nonsialylated LOS (classes D and E), and knockout mutagenesis of LOS
sialyltransferase (Cst-Il) significantly lowers levels of invasion compared to the wild-
type strain, that can be restored by complementation of the gene (194). Sialylation of
the LOS increases invasive potential and reduces immunogenicity of C. jejuni (195).
A study revealed a correlation between genotypic diversity and the LOS locus
classes of C. jejuni with the majority of isolates grouped by the multi-locus sequence
typing (MLST) scheme to clonal complex (CC) CC-21 (correlated with LOS class C)
and CC-206 (correlated with LOS class B) with statistically significantly higher levels
of invasion than isolates from other CC (196). C. jejuni capsular polysaccharides,
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mediated by the kpskE gene, were also shown to play an important role in adherence
to, and invasion of, human embryonic epithelial cells but no significant role was
shown in colonisation of the chicken gut (197). On the other hand the expression of
the kpsM-dependent capsule undergoes phase variation at a high frequency and a
kpsM mutant showed significantly reduced invasion of INT407 cells, reduced
virulence in a ferret diarrhoeal disease model and decreased resistance to human
serum (198). Similarly, the N-linked general protein glycosylation pathway (encoded
by the multigene locus pgl) modifies many of the organism's proteins
and pglH mutants had a significantly reduced ability to adhere to and invade human
epithelial Caco-2 cells and to colonise chicks (199). N-linked glycosylation facilitates
immune evasion, as the glycosyl moieties are immunodominant resulting in limited
antibody generation against the protein fraction (160) and N-glycans were suggested

to protect C. jejuni surface proteins against gut proteases (200).

Stress response and survival mechanisms also play important roles in
Campylobacter biology. As an intestinal bacterium, coping with various adverse
environmental conditions is important for Campylobacter spp. transmission between
hosts, and temperature and atmospheric changes significantly influence the survival
of Campylobacter spp. (160). Sigma factors 28, 54 and 70 encoded by the fliA, rpoN
and rpoD genes respectively, regulate transcription of, motility, virulence, and
survival genes (153, 201, 202). The regulation of iron homeostasis and oxidative
stress in C. jejuni has been shown to be linked (203-206) and these regulators are
also involved in flagellar biosynthesis (205). C. jejuni generates genetic diversity to
improve its phenotypic fithness to survive and adapt to adverse environments
encountered, as shown in a comparison of pulsed field gel electrophoresis profiles in
vitro and in vivo (207). Environmental stresses encountered by C. jejuni in
transmission between different hosts include starvation, low pH and osmotic
stresses, temperature changes, desiccation, and nitrosative and oxidative/aerobic
stresses (108). More than any other stress conditions, increased oxygen tension in
the atmosphere will be the most viability-threatening stress that C. jejuni cannot avoid
and consists of superoxide and peroxide stresses (208). The genes involved in the
antioxidant defence system are induced and their activity increased when
Campylobacter are exposed to reactive oxygen species that may be generated due
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to an aerobic environment, aerobic respiration or produced by the host immune
system against the invading pathogen (209). To date eight major detoxification
enzymes/proteins have been identified and characterised within C. jejuni: AhpC (alkyl
hydroxyperoxide reductase), SodB (superoxide dismutase), KatA (catalase), Tpx
(thiol peroxidase), Bcp (thiol peroxidase), Dps (bacterioferritin), MsrA/B, and Cj1386,
an ankyrin-containing protein involved in heme trafficking to catalase (210, 211).

Biofilm formation and the viable-but-non-culturable (VBNC) state are also strategies
of C. jejuni to cope with adverse conditions. The state of bacteria in biofilms is
different to those from free, planktonic living bacteria and are characterised by
increased resistance to various stresses, especially oxidative, chemical and
antimicrobial (212). Biofilm formation by C. jejuni was shown to be increased under
aerobic conditions (213) and the antioxidant proteins AhpC and Tpx were shown as
important mediators of oxidative damage in C. jejuni biofilms (214, 215).The VBNC
form has been demonstrated in Campylobacter jejuni, representing a resting or
dormant stage in which cells reduce metabolic activity and do not replicate. As a
result they cannot grow in isolation media, and are characterised by increased
production of degradative and substrate-capture enzymes and cell shrinkage to a
coccoid form (216). Experimentally, the VBNC state can be induced by temperature,
starvation, formic acid, or aerobic conditions (217). C. jejuni VBNC populations
maintain the ability to adhere to human intestinal cells (218) and to colonise mouse

intestines even after several months of dormancy (219).

As the vast majority of studies of pathogenicity has focused on C. jejuni and to lesser
extent C. coli, the pathogenic potential of C. upsaliensis and C. helveticus (and other
Campylobacter species) is poorly characterised (13). C. upsaliensis isolates were
shown to adhere to lipids, human small-intestinal mucin and Hep-2 epithelial cells,
implying bacteria can access the human host’s cell membrane receptors (220).
Epithelial cell lines of intestinal origin appeared to be more susceptible to invasion by
C. upsaliensis than non-intestinal-derived cells (221). Using cytoskeletal inhibitors
this study further demonstrated evidence for both microtubule- and microfilament-
dependent uptake of C. upsaliensis by eukaryotic cells, which was also demonstrated
for C. jejuni (222). Whole-cell preparations and lysates of C. upsaliensis were shown
to produce a CDT-like effect on HeLa cells and human T lymphocytes, including
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cytodistension, nuclear fragmentation, cell cycle arrest and apoptosis in affected host
cells (223). A study of capsular LOS and polysaccharides gene clusters reported C.
upsaliensis possessed genes homologous to the sialic acid genes implicated in the
neurological disorder Guillain-Barré syndrome (224). Sequence analysis of the Fur
protein, involved with ferrous iron uptake, of C. upsaliensis showed highly homology
(87% amino acid identity) to C. jejuni Fur (225). Similarly, high homology of
autoinducer-2 synthase, LuxS involved in chemotaxis, was shown between C.
upsaliensis and C. jejuni but luxS was not detected in C. helveticus (226). However,
this study showed C. helveticus (and C. upsaliensis) to have autoinducer-2 activity
using reporter assays and questioned the negative result for luxS, suggesting it to be
due to use of a C. jejuni-specific PCR. Both C. upsaliensis and C. helveticus strains
were reported to have the ability to produce biofilms on stainless steel though
inconsistently and requiring a longer incubation in comparison to C. jejuni (227).

No other studies of C. upsaliensis and C. helveticus relating to investigations of
pathogenic potential were found in the review of the literature. However, the whole
genome of C. upsaliensis has been published (228). In that study of whole genomes
of C. jejuni, C. coli, C. lari, and C. upsaliensis, many genes involved in host
colonisation, including racR/S, cadF, cdt, ciaB, and flagellin genes, were conserved
across the species, but variations in LOS and polysaccharide loci appeared to be
species-specific. Furthermore, C. upsaliensis was shown to have the greater number,
length and variability of the poly G tracts that are associated with phase variation
than the other three Campylobacter species. Another notable finding in the C.
upsaliensis genome was the identification of a novel virulence locus, licABCD, with
varying, but significant, similarity to genes present in Haemophilus influenzae,
commensal Neisseria spp., and Streptococcus pneumoniae, which is possibly

involved in the attachment to host cells.

2.1.6. Typing of Campylobacter species

Characterisation of strains serves to describe the population structure of a species

and has been mostly used to research the epidemiology of disease, phylogenetics or
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pathogenicity of microorganisms. Genotyping is the preferred method for both
identification and subtyping of microorganisms rather than phenotyping (49). As
such, early Campylobacter phenotyping schemes such as those based on antibiotic
sensitivity profiles, serotyping, or biotyping have been superseded by schemes
based on the genetic makeup of the organisms, genotyping (17, 47) hence
phenotyping has been omitted in this review. Genotypic methods are divided in three
main categories: (1) DNA banding pattern-based methods, which classify bacteria
according to the size of fragments generated by amplification and/or enzymatic
digestion of genomic DNA, (2) DNA sequencing-based methods, which study the
polymorphism of DNA sequences, and (3) DNA hybridisation-based methods using

nucleotide probes (49).

There is a large number of restriction enzymes that can be used to cut (digest) DNA
at specific sequence. Digestion by restriction enzymes and amplification of DNA
produces millions of copies of fragments available for analysis (229). Pulse-field gel
electrophoresis (PFGE) is an enzymatic restriction-based method that separates
large DNA molecules in a flat agarose gel by applying alternating electric fields at
different angles. PFGE has a high discriminatory power and is considered a “gold
standard” for typing of many bacteria (230). Restriction enzymes most commonly
used with C. jejuni are Smal, Sall, Kpnl, Apal, and BssHIl (229) whereas Xhol
appears to be the most useful for C. upsaliensis (231). PFGE has also been
successfully applied to C. coli (232), C. fetus (233) and C. hyointestinalis (234). The
main limitation of PFGE is the time and labour consuming aspect of the method and
the lack of inter-laboratory comparability due to considerable variations in the

restriction enzymes and electrophoretic conditions (229).

Similar issues with inter-laboratory comparability can affect ribotyping. Ribotyping is a
method based on genotyping of rRNA genes using agarose gel electrophoresis of
digested genomic DNA followed by Southern blot hybridisation with a probe specific
for rRNA genes (5S, 16S and 23S). Unlike PFGE, the discriminatory power of
ribotyping is limited because most Campylobacter spp. contain only three rRNA gene

copies (229). Ribotyping was successfully applied to investigate C. upsaliensis
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outbreak in a children’s daycare centre in Belgium (235) and, in combination with

plasmid profiling, for comparisons of human and canine C. upsaliensis isolates (236).

Restriction fragment length polymorphism (RFLP) is similar to ribotyping except that
hundreds of short fragments are generated. This poses difficulties in separating
fragments by agarose gel electrophoresis but this can be mitigated using Southern
blotting with radioactively labelled probes (237). Another way to overcome this
shortcoming is to apply RFLP to a specific locus amplified by PCR, thus enzymatic
digestion is applied following DNA amplification. Typing of Campylobacter spp. using
this technique was applied to flagellar genes flaA and flgE which are a highly
conserved yet variable region (238) but with variable success partly due to at least
seven different procedures reported (229). It was also shown to be applicable to C.
coli, C. lari, and C. helveticus (239). By applying a multiplex PCR to more than one
locus, the PCR-RFLP method with C. jejuni genes gyrA and pflA reached the
discriminatory power of PFGE (240).

Amplified fragment length polymorphism (AFLP) is another highly discriminatory
technique using restriction enzyme digestion following amplification by PCR. The
technique is based on two restriction enzymes with recognition sites of variable
length that guide PCR amplification so that only those fragments flanked by both
restriction sites are amplified (229). AFLP was successfully applied to characterise C.
jejuni (241), C. coli (242), C. lari (243) and C. upsaliensis (244). Comparative studies
in C. jejuni showed AFLP to have higher discriminatory power than both PFGE and
PCR-RFLP (245), and was comparable to multi-locus sequence typing (MLST) and
sequence analysis of clustered regularly interspaced short palindromic repeats
(CRISPRs) (246). However, the disadvantages are that the AFLP technique is
complex (comparable to PFGE) and requires major capital investment (an automated

DNA sequencer and appropriate software) (229).

Typing methods based on fragment analysis may also be based on DNA
amplification without the use of restriction enzymes. The afore mentioned CRISPR
analysis is such a method based on typing of near-perfect direct repeat sequences
(usually 24-48 bp) that are interspersed with (similarly sized) non-repetitive spacer
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sequences (49, 246). High-resolution melting (HRM) uses PCR amplification and,
through melting curve analysis, enables discrimination of DNA alleles to the level of
single nucleotide polymorphisms (SNPs) (49). These methods can be combined,
such as HRM analysis of hypervariable CRISPR regions of C. jejuni and binary gene
typing (247) in order to give equivalent or better performance than the “gold
standard” of PFGE (230). Another method called Rapid Amplified Polymorphic DNA
(RAPD) analysis is based on the use of arbitrary short single primers to amplify
genomic DNA at multiple loci and has been used to characterise Campylobacter spp.
(49). However, while the RAPD method is inexpensive and with a fast turnaround
time, the poor reproducibility of results between laboratories is a major disadvantage
(248). DNA banding differences due to the influence of subjective interpretation of
RAPD data were observed between strains from an outbreak of C. jejuni (249) and
between duplicate samples (68). A slightly different approach for amplifying random
genomic DNA fragments involves using primers specific for enterobacterial repetitive
intergenic consensus (ERIC) sequences but this method is still limited by low
reproducibility (229).

As each organism is uniquely defined by its DNA sequence, typing methods based
on DNA sequencing have perhaps been the most successful due to the resolution of
the data obtained and provision of the broadest range of applications (17, 49).
Molecular cloning, breeding, species identification, genetic and genomic comparative
studies as well as phylogenetic and evolutionary studies are available, to name a
few. The major advantage of sequencing methods is the reproducibility between
laboratories and the ease of sharing data that enables a ready use within research
communities (49). Taken together, these are the reasons that over the last decades
the sequencing technologies had the largest development of all typing methods. Of
the public databases, GenBank is currently the largest online DNA sequence

database (http://www.ncbi.nlm.nlh.gov/genbank).

Since the first independent development work by the Sanger (the dideoxy method),
and Maxam and Gilbert (the chain-termination method) teams (for which they shared
the Nobel Prize in 1980), today there are three generations of methodological design
(49). The second-generation methods are characterised by various approaches that
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rely on PCR amplification such as sequencing by ligation (SOLID), by synthesis
(Roche 454 Pyrosequencer, lllumina) or semiconductor-based detection of hydrogen
release during DNA polymerisation (lon Torrent). The third generation methods (e.g.,
the Pacific Biosciences system and nanopore sequencing) are characterised by
removing the reliance on PCR amplification and by signal detection during the

enzymatic reaction of adding nucleotides to the complementary strand in real time.

Early DNA sequencing methods were limited to one or a few genes due to
constraints on cost, time, and availability. Genes highly conserved between bacteria
are useful for identification and phylogenetic analyses, for instance the 16S rRNA
gene essential for bacterial survival (250, 251). The RpoB gene (252) that encodes
the 3 subunit of RNA polymerase, which is presented in Fig. 2.4, and the groEL gene
(253) encoding a universal 60-kDa chaperonin involved with heat-shock response,
and the flagellar gene fla (238) have also been used for identification and/or typing of
Campylobacter species. However, the multi-locus sequence-typing (MLST) scheme
based on sequencing of multiple loci, all housekeeping genes, has been one of the
most widely adopted methods (254, 255) and to date the schema exists for many
different species (http://pubmist.net/databases/default.asp). The allelic profile for
each locus, a fragment of a gene in the scheme, is assigned a unique number in
order of its discovery and isolates with identical sequences are assigned the same
allele number. In the C. jejuni/coli MLST scheme, distinct allelic profiles of seven loci
characterise the isolate and the sequence type (ST) is defined by the combination of
alleles at each locus (256). The clonal complex (CC) groups are formed by two or
more isolates that share identical allelic profiles for at least four loci and is named
after the ST identified as the putative founder of the group. MLST schema exist for C.
coli, C. lari, C. upsaliensis, C. helveticus (257), C. fetus (258), C. sputorum, C.
hyointestinalis, C. curvus, and C. concisus (259). The use of MLST in Campylobacter
research has been applied to source attribution studies in New Zealand (260) and
worldwide (261-264), niche adaptation (265), investigations of origin of antibiotic-
resistance (266), genetic diversity (267) or distributions of a specific clone (268), and
phylogenetic studies (269, 270).
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Fig. 2.4. Neighbour-joining phylogenetic tree of the genus Campylobacter based on
partial rpoB gene sequences. E. coli was used as an outgroup. Bootstrap values of

500 simulations are indicated at major branches. Bar, 2% divergence.

Sourced from Korczak et al. (2006) (252).
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As the development of sequencing methods has progressed and became more
accessible and less cost-prohibitive, more complex typing schema have been
developed too. For instance, unlike MLST, the whole-genome needs to be
sequenced for a ribosomal MLST (rMLST). The rMLST scheme uses 53
housekeeping genes that encode the bacterial ribosome protein subunits (271). The
extension of sequencing of multiple loci may be applied to whole genomes too (272,
273). Whole genome sequencing has the highest discriminatory power that can
differentiate isolates down to the meroclone (variants within the colony forming unit)
and clone level, whereas rMLST is suitable for differentiating from the species to
strain level, and MLST can to the genus, species and the lineage or clonal complex
while 16S rRNA can only discriminate to the genus level (274).

The sequencing of the C. jejuni genome (150) was a significant landmark and large-
scale comparative genomic studies revealed extensive inter- and intra-species
diversity (275) and introduced new concepts such as the core and pan-genome to
species computational biology. The pan-genome of a species is a sum of all of the
genes present in all strains of the respective species, whereas the core genome are
those genes that are exclusively present in each and every strain of that species. The
difference between these two sets of genes is a dispensable or accessory genome
that represents genes present in some but not all of the species’ strains (276).
Therefore, the core genome is considered to represent genes involved with major
genotypic (and accordingly phenotypic) traits of a species while the accessory
genome contributes to the species’ diversity and may confer differential features
between strains such as antibiotic resistance, niche adaptation and the ability to
colonise new hosts (276). Species may differ in the proportions of their core
genomes in their pan-genomes (277). Species with a smaller core genome are
associated with living in a highly variable environment with a sympatric lifestyle to
which the large accessory pool has a greater ability to respond to. In contrast,
species with a large proportion of the genome represented in the core genome are
associated with a stable, or isolated environment and allopatric lifestyle (277, 278).
The pathogenicity of a species has been shown to be associated with genome

reduction due to gene loss and gene degradation, resulting in pseudogenes, a
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pattern that was observed in comparison between facultative and obligate pathogens
(279).

Whole-genome analyses in Campylobacter research have been mostly focused on
C. jejuni and C. coli. One study showed how the pan-genome of C. jejuni and C. coli
combined is around 3,000 genes but each species has a pan-genome size of around
2,600 genes. This demonstrated that the gene repertoire of the two sister species are
largely overlapping (280). Another study showed evidence of a convergence of C.
jejuni and C. coli species, that is, the clade 1 of the C. coli population was
“despeciating” toward C. jejuni (269). However, there are debates over this
phenomenon, with suggestions that interspecies genetic exchange is rare and
limited, and biased by only a few housekeeping genes and the boundary between the
two species is unlikely to be eroded (281). An important note is that genome
association studies are in the relatively early stages, and the observed differences in
results between studies can be due to sampling and analytical methods (282).
Nevertheless, this is an active research area and is likely to be significantly expanded
in the coming years and further combined within the genome-wide association

studies framework with other “~omics” techniques such as analysis of RNA
(transcriptomics), protein (proteomics), metabolites (metabolomics) and other

phenotypic methods such as phenotype microarray systems (283 , 284).

2.2. Epidemiology and public health

2.2.1. Epidemiology in humans

The epidemiology of Campylobacter in humans is primarily dependent on the
socioeconomic status that distinguishes two patterns in global incidence of the
disease. Campylobacteriosis in developing countries is endemic and marked by
common asymptomatic infection and seasonality (285, 286). In these regions,
Campylobacter is associated with symptomatic infection only in the first six months of
life and rarely in adults (2). Expression of illness is affected by both strain
characteristics and pre-existing immunity (287) and as children age, their
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Campylobacter infections become milder, they excrete fewer organisms, and
Campylobacter-specific serum antibodies rise progressively (288). However,
asymptomatic infection may also adversely affect health as campylobacteriosis was
recently shown to be associated with poor early-childhood weight gain (289). In the
setting of developing countries the pathogen is ubiquitous in the environment, hence,
risk factors are frequently associated with environmental routes of transmission,
especially drinking water (290). On the other hand, in the developed world
campylobacteriosis is sporadic, except for common-source outbreaks, asymptomatic
excretion is low and all age groups can be affected by clinical disease (291). The
most common form of clinical disease is gastroenteritis although a range of other
gastrointestinal and extraintestinal diseases are associated with Campylobacter
species (4). This thesis is mainly focused on Campylobacter in the developed world
and in association with gastroenteritis unless otherwise stated.

Acute gastroenteritis is one of the most common illnesses in humans in general and
in New Zealand it is estimated to cause 4.6 million cases every year, of which only
0.4% are notified, and approximately 80% of cases have no identified cause of
disease (292). Similarly, in Australia 68% of the reported hospital diagnoses of
gastroenteritis were of unknown aetiology (293) as were 49% of foodborne cases
reported in England and Wales between 1996 and 2000 (1). Campylobacteriosis is
the most frequent notifiable gastroenteral disease of bacterial cause in humans in
New Zealand (6) but the notification rates are thought to represent only a tip of the
iceberg due to the underreporting of cases (294). Although the worldwide reports of
incidence may vary due to differences in methodology and populations sampled,
campylobacteriosis is considered one of the major infectious diseases in humans
with a rise in global incidence in the last decade (4). The most prevalent
Campylobacter spp. associated with human acute gastroenteritis in New Zealand are
C. jejuni and C. coli (5), as is found globally, being responsible for approximately 80-
85% and 10-15% of confirmed cases, respectively (3). Therefore, the majority of

studies have focused on these two species unless otherwise noted.

Campylobacteriosis was reported to be more prevalent in children under five, in

young adults between 15 and 24 years of age, and in the elderly in Europe (8, 295),
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which is similar to reports in New Zealand (6, 296). Other reported groups with higher
risks are males (296, 297), the immunocompromised (298), people with chronic
conditions (14, 299) or those taking proton-pump inhibitors (300), people with a
higher occupational risk due to contact with animals or meat (296, 301, 302), and
overseas travellers (296, 303, 304). Overseas travel as a risk for developing
campylobacteriosis was shown to be dependent on the destination (305) but
domestic travel was also shown as a risk factor (306). Location of residence was also
shown as an important demographic risk factor with a higher risk for people living in
rural areas compared to urban dwellers (296, 301). This variable has been shown to
be important for sentinel sites to be representative of the population under
surveillance and in resulting epidemiological associations observed (307). People
with higher socioeconomic status were reported to be at an increased risk of
campylobacteriosis (308) and in turn, those socioeconomically deprived have a
decreased risk (cited in 309). However, it is unknown whether the risk associated
with the socioeconomic status is due to different exposure rates or reporting
practices between the groups. Ethnicity has also been reported to be associated with
risk of infection in the USA and the UK (297, 310) but data from New Zealand are
discordant in this regard (6, 304, 311) and could be confounded by socioeconomic

factors.

Campylobacteriosis is predominately a foodborne disease, hence the majority of
identified risk factors for contraction of the disease are related to food and food-
related practices. With regard to food consumption, commonly identified risk factors,
worldwide and in New Zealand, were undercooked chicken (261, 304, 312, 313),
offal (299, 314), and raw or unpasteurised dairy products (304, 315-317). Meta-
analysis of sporadic Campylobacter infections in people also showed undercooked
chicken and raw dairy products as major risk factors but not offal (14). With regard to
food-related practices, the method of preparation of chicken and place of
consumption was reported as a significant risk factor. Baking or roasting chicken was
shown to be protective compared to barbecuing or frying (304), eating chicken at a
restaurant compared to preparation at home (14, 304), and eating beef and pork
were shown as protective factors yet if these meats were eaten at a restaurant they

were a risk factor (14). Consumption of several food items were shown to be
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protective against contraction of campylobacteriosis such as vegetables and/or fruit,
eggs, fish (but raw or undercooked as a risk factor), and pasteurised dairy products
(14, 299, 304).

Important limitations of epidemiological case-control studies are the unmeasured
variables that are related or correlated with the variables being followed up, and the
definitions and level of resolution of the latter between the studies. Consumption of
certain food items such as vegetables was consistently reported as a protective
factor (14) and this protective factor significantly increased with a higher amount of
vegetables consumed (299) although vegetables may be a source of exposure as
they have been shown to be contaminated with C. jejuni (318). These indicate
variable and complex dietary behaviours between cases and controls that may have
been unmeasured (319). On the other hand, consumption of vegetables may have
provided protective effects by other unrelated mechanisms. For instance, vegetable
components may improve immunity or inhibit bacterial growth (313, 320) or affect the
intestinal microflora (321, 322). With regard to definitions of risk factors, contact with
animals is another complex term as shown by a study in New Zealand. This study
showed how any contact with animals was a protective factor, whereas contact with
cattle or calves was a risk, and occupational contact with any animal carcasses was
neither a risk nor protective yet contact with cattle or calf carcasses was a risk factor
(304). Furthermore, unlike having any pet or any caged bird at home, having a puppy
or three or more caged birds was a risk factor, as was having any pet at home with
diarrhoea in the prior 10 days (304). The latter was also reported as a risk factor in
several other studies (323-325). Having a dog may be a risk factor for particular
groups such as children under the age of six (326). The complex interaction of
sources and transmission pathways leading to exposure of humans with zoonotic

agents is presented in Fig. 2.5.

Water and the environment are other well-documented common sources with many
transmission routes for exposure of humans to Campylobacter species. They are
considered to be contaminated by animals that are primary reservoirs of the bacteria
(5, 80). Significant water-related risk factors for becoming ill with campylobacteriosis

were shown for ingestion of untreated water from natural sources (324), recreational
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water activities in natural sources (327), different water-supply systems or events
such as problems with the sewage system at home during the incubation period of
cases (304) but also the drinking of bottled water (328). Environmental exposure may
affect the epidemiology of campylobacteriosis in complex ways. Increased
environmental loading with Campylobacter from animals and changes in human
lifestyle may also be linked with the seasonality of disease observed in humans (57,
70, 79, 108).
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Animal reservoirs/amplifying hosts

Direct contact

Reservoir attribution modelling

Pathway attribution modelling

Information to inform policy for reducing campylobacteriosis

Fig. 2.5. Framework showing sources of information and modelling approaches for
the transmission of zoonotic diseases, including campylobacteriosis. Note the terms
reservoir, pathway, exposure and risk factor are used here for illustrative purposes,
to show how various levels of data disaggregation and refinement can be
incorporated into different models for informing decision making.

Adapted from WHO 2013 (329).
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Although there are many sources and transmission routes for exposure to
Campylobacter, poultry, especially chicken, is widely considered to be the major
contributor to disease incidence in humans. In addition to the above epidemiological
studies, case reports from surveillance data of several countries and molecular
epidemiology studies support this finding. Poultry and eggs were withdrawn from
sales in Belgium during May and June of 1999 due to contamination with dioxins and
a coincidental drop of 40% in human cases of campylobacteriosis was observed
(330). In Iceland, the sale of chilled chicken started in 1996 and the incidence of
human cases of campylobacteriosis rose and peaked in 1999 at a rate of 116 per
100,000 inhabitants with 62% of broiler carcass rinses reported to be contaminated.
Preventive measures were introduced relating to biosecurity and farm management
practices, and public education that resulted in only 15% of broiler carcass rinses
being contaminated with Campylobacter and the incidence in humans dropped to
33/100,000 in 2000 (331). Similar reports came from New Zealand when control
measures were introduced in the poultry industry (332, 333) after molecular
epidemiology studies showed significant evidence for poultry as the major source of
disease in humans (260, 312, 334). Many source attribution studies worldwide have
shown poultry as the major source and cattle (or with inclusion of sheep denoted as
ruminants) as the second major source of C. jejuni in human cases, and all other
sources (e.g., pigs, dogs or pets, wild animals and water) as minor contributors
(usually less than 5%) such as has been shown in studies in Denmark (335),
Switzerland (264), Finland (336), the United Kingdom (262, 337, 338), and the
Netherlands (339). The host-association of STs has been shown to transcend
geographical variations (340) and temporal fluctuations (341, 342). Overall, it has
been estimated that handling, preparation and consumption of broiler meat may
account for 20% to 30% of human cases of campylobacteriosis, while 50% to 80%
may be attributed to the chicken reservoir as a whole (309). The global incidence of

C. jejuni- and C. coli-associated campylobacteriosis is presented in Fig. 2.6.
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Canada (1990-2006)
+35.2/100,000 population

UK (2008-2009): 500,000 cases/year
Denmark (2009-2010): 42/100,000 population/year

Mexico (2006-2007)
« 11.7/100 infants and
0/100 elderly people (rural)

Kenya (2005-2007,
2011-2012)

(1996-2006) Germany (2005-2011): 53.4 to 81.4/100,000 inhabitants
+49.69/100,000 population Norway (1993-2011): 30/100,000 population/year
{1990-2004) Israel (2010) Poland (2011-2012): 0.92-1.12/100,000 inhabitants
+ 38.0/100,000 population +90.99/100,000 population The Netherlands (2011): 52/100,000 population
(BC, 2005-2009) -
China (2005-2009)
«Found in 5-15% of
gastroenteritis cases
{ Japan (2005-2006)
USA (2012) ; +1,512/100,000
« 14.3/100,000 population B ] s population/year

India (2003-2010)
«Found in 5-16% of
gastroenteritis cases

«Foundin5-6%of [r——T7®
q gastroenteritis cases

Guatemala (2008-2012)
« 185.5-1288.8/100,000

children ) T

Malawi (1997-2007) Australia (2010)
« Found in 21% of = 112.3/100,000 cases of
gastroenteritis foodborne infections
cases (children) = 17,000+ cases/year
Peru (2002-2006) Madagascar (2010-2012)
- Found in 8.3% of gastroenteritis cases - Found in 8.9% of New Zealand (2008)
(children, crude incidence: 0.37 episodes/year) gastroenteritis cases (children) + 161.5/100,000 population

Fig. 2.6. The incidence and prevalence of campylobacteriosis caused by C. jejuni/C.

coli world wide.

Sourced from Kaakoush et al. (2015) (4).

One of the limitations of source attribution studies is that the analytical framework
cannot infer the transmission route. That is, being based on genetic similarity, and
other parameters depending on the models used, of C. jejuni isolates between
humans and studied sources, the method attributes the probability of a source from
which the ST observed in humans has originated (312). C. jejuni STs that occur in
many sources are called “generalists” and are difficult to assign to a particular source
as shown for STs of CC-45 and CC-21 (312, 343, 344). Conversely, “specialists” are
STs (or CCs) that are only, or by far predominately, observed in particular animals as
shown for ST-474, ST-50, CC-257 with poultry (260, 339), ST-61 and ST-42 with
cattle (345) and ST-3704 with wild birds (265). The analytical methods in source
attribution studies are also limited with regard to appropriately modelling sources
such as environmental water, because water is not considered a primary amplifying

host but more as a vehicle contaminated by primary hosts thus, STs in water are
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frequently observed in wild birds and ruminants that are likely to be the highest
contributing hosts to contamination of environmental water (67, 312). Similarly,

contamination of children’s playgrounds is associated with STs of wild birds (346).

The epidemiology of non-jejuni/coli Campylobacter spp. in humans has been far less
studied than that of C. jejuni/coli. The occurrence of these other Campylobacter spp.
in both healthy and sick people has been used to question their significance as
pathogens, for example the possible association of C. concisus, C. showae, and C.
rectus with inflammatory bowel disease (13). There are no reports on the isolation of
C. upsaliensis from healthy people in the developed world but only from people with
diarrhoea or with extra-intestinal infections (97), which supports the association with
human disease. In addition, C. upsaliensis has been reviewed as being one of the
most frequently isolated species other than C. jejuni as studies showed to exceed the
rate observed for C. coli (97) in human clinical samples. Apart from reports on the
significant disease burden of C. upsaliensis, a few similar epidemiological features
from C. jejuni/coli have been observed. C. upsaliensis was reported as more
prevalent in particular groups of people; children, the elderly, the
immunocompromised and those HIV positive (97). These may be more susceptible
groups that would require special attention and misdiagnosis could potentially be
severely harmful. On the other hand, C. helveticus is genetically most closely related
to C. upsaliensis and it is difficult to differentiate between these two species. C.
helveticus is currently not considered pathogenic to humans (13) due to weak
evidence as only one study reported two out of 500 faecal samples from humans with
clinical signs to be PCR positive (347). It has been reported that C. helveticus is
associated with periodontitis in humans (17) but more studies are needed to confirm

the pathogenic potential of this species.

The most recent report on diagnostic and public health management practices
concerning bacterial diseases in New Zealand showed that none of the laboratories
that responded to the survey used methods that could isolate non-jejuni/coli
Campylobacter spp. (53). While it is possible some laboratories that have not
responded might be using these methods, the fact that 32 out 36 did respond
highlights the paucity of data on the prevalence of non-jejuni/coli Campylobacter spp.
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Extrapolating international data to clinical medicine in New Zealand, it is highly likely
there is a significant underestimation of the occurrence of non-jejuni/coli
Campylobacter spp. in human patients. Support of this view is strengthened by a
recent report in New Zealand that showed many different Campylobacter spp. are
present in humans, with C. upsaliensis/helveticus (the method used could not
differentiate the two species) present only in people with symptoms of diarrhoea
whereas many others such as C. concisus, C. gracilis, C. ureolyticus, and C. hominis
were found both in healthy volunteers and symptomatic patients (348). This was a
small study with regard to the sample size but the findings are too important to be
diminished by that argument. However, unspeciated reporting, as
C.upsaliensis/helveticus, may be of a concern, as from a public health perspective it
may be inappropriate to group these two species until the pathogenicity of C.

helveticus is documented.

Due to the complex epidemiology of Campylobacter spp. in humans, the public
health policies, guidelines and preventive measures needed are multifaceted. Control
measures may be aimed at farm level, or at the processing plant within the food
production chain, as well as in education of the general public of safe and hygienic
practices in domestic kitchens (4, 76, 79). Identifying the most important sources of
disease is important for prioritisation of food-safety interventions and setting public
health goals (349). Studies have also shown the need for accessible information and
guidelines with regard to the control of zoonoses from contact with pets and by pet
husbandry practices (350, 351), including in sensitive groups such as

immunocompromised people (352).

2.2.2. Epidemiology in dogs and cats

Campylobacter jejuni was first isolated from dogs in 1977 in the United Kingdom (10)
and from cats in 1980 in the United States of America (15), whereas the first
association of dogs as a risk factor for infection in humans was reported as early as
1961 (353). Since then Campylobacter spp. have been frequently reported in pets
around the world and have been recognised as pathogens to pets in addition to the
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zoonotic risk they bear to humans (354). Many Campylobacter spp. have been
detected in the faeces of dogs and cats but the most common species have been C.
jejuni, C. coli, C. upsaliensis and C. helveticus (16). The latter two species have been
most commonly isolated from pets and have been almost exclusively detected in
dogs and cats. However, the pathogenicity of Campylobacter spp. to pets has been
guestioned due to equivocal results obtained from epidemiological studies and its
discordance with some experimental challenge studies. A summary of the reported
prevalences of Campylobacter spp. in dogs and cats is presented in Table 2.7.
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There are a number of reports that have associated clinical signs of gastroenteritis
with the faecal carriage of Campylobacter spp. in dogs and cats (Table 2.7). Early
work with experimental infection of dogs in the late 70’s and 80’s showed the
pathogenic potential of C. jejuni to dogs (412, 434-436). This association was
supported by seroconversion, gross and histopathological evidence of inflammation
and erosive colitis, and high numbers (>10” colony forming units per gram of content)
of colonising bacteria in the epithelia of the colon and ileum with no mucosal
invasion, although bacteria were isolated from various internal organs and blood.
Organisms were also recovered from jejunal and duodenal contents but exact
quantification was not performed. One of the most prominent clinical findings was
that dogs, in general, did not develop clinical signs as severe as those seen in
human disease, although, some human volunteers were shown to have no or mild
clinical signs too (88, 149). Clinical signs included tenesmus, diarrhoea, lethargy, and
inappetence. Diarrhoea mostly ranged from soft to mucoid faeces while watery
diarrhoea occurred in a minority of dogs. Experimental findings were in contrast to
clinical reports from naturally occurring cases where dogs showed more severe
clinical signs (354). Furthermore, experimental studies showed clinical signs were not
observed in all of the challenged dogs although some dogs had organisms recovered
from blood and viscera. While all of the studies have been performed on a rather
limited number of animals, usually between three and six, the studies suggest there
may be different pathogenic properties of the strains used and/or variable
susceptibility of dogs to developing the disease. There is only one experimental study
involving cats in which clinical signs did not develop and C. jejuni was detected in
faeces for only 2 to 3 days post challenge; no other findings were reported (435).
Recently, a retrospective study of duodenal biopsy specimens reported C. coli to be

associated with neutrophilic inflammatory bowel disease (437).

Most epidemiological studies investigating Campylobacter spp. in dogs and cats
have been of a cross-sectional design. These studies have shown a vast variability in
prevalence rates of intestinal carriage of Campylobacter spp. in dogs and cats
ranging from 0 to 100% (Table 2.7). These differences could be explained by
different populations sampled with regard to the age of animals or their environment

(e.g. household pets, stray, kennelled, working dogs), sampling method (rectal swabs
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vs. faeces), methods of detection (various culture protocols, PCR), animal health
status (diarrhoeic vs. healthy), geographical location where the study was conducted
and the time of year it was performed; all of which can result in different exposure
rates and susceptibilities of the animals under investigation. These differences
between the study designs are most likely the main cause of difficulties in comparing

the results and deriving unambiguous inferences.

The association of diarrhoeal clinical signs and faecal shedding of Campylobacter
spp. in dogs and cats has been variable. While some studies have reported a
positive association of faecal carriage of Campylobacter spp. and presence of clinical
signs (15, 371, 376, 392, 413, 419, 420, 422, 438), the majority of studies have not
(15, 358, 363, 365, 370, 373-375, 393, 394, 397, 399, 404, 412, 419, 424-426, 429-
431, 439-445), which is in contrast to the findings of experimental studies. The
variable association with clinical signs has been used to question the significance of
the pathogenic potential of Campylobacter spp. in pets. Some researchers have
argued that other factors are needed for a clinical disease to develop and that in this
regard Campylobacter spp. are not a primary but rather a secondary pathogen.
Proposed factors that would predispose pets to develop disease have been co-
infections with other Campylobacter spp. (359, 364, 402, 446), other bacterial
pathogens such as Helicobacter spp. (367), and viruses and/or endoparasites (365,
420, 433). One important aspect when comparing the findings of epidemiological
studies with experimental studies is the animal's age. Most experimental studies
have been performed on puppies and kittens, either gnotobiotic or normally reared,
while only one study has been performed on juvenile animals (412). In this study,
only one dog out of three inoculated with C. jejuni developed diarrhoea and one dog
out of three inoculated with C. upsaliensis passed loosely formed faeces making
researchers question the role of Campylobacter spp. as primary pathogens. The
majority of studies have shown an increased prevalence of Campylobacter spp. in
younger pets compared with adults (Table 2.7) while a few studies have shown an
inverse relationship in cats, i.e. the higher prevalence in older cats (355, 398). The
decrease in prevalence as animals mature has been associated with the
development of acquired immunity (354). However, in this age group diarrhoea has

also been variably associated with Campylobacter species (Table 2.7).
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Only a few longitudinal studies have been performed in pets (363, 395, 410, 446). All
studies were, however, in agreement that the majority of dogs and cats were
asymptomatic shedders of Campylobacter spp. Furthermore, the pattern of excretion
has been mostly intermittent although some have found the excretion can be quite
prolonged. This has been observed in dogs (395, 446) and cats (363) and it was
suggested that a carrier state may exist in pets, or that Campylobacter spp. can be a
part of the normal intestinal flora. However, in dogs it was shown there is a different
pattern between excretions of C. jejuni and C. upsaliensis with the former being more
commonly isolated on a single day in the study period whereas the latter was isolated
during longer periods of time (446). The significance of this finding is uncertain.
Lastly, longitudinal studies have shown dogs frequently appear positive on alternate
days, which suggests that collection of multiple samples may aid in successful

isolation of Campylobacter spp. (395).

Most of the studies were in agreement that the prevalence rates of Campylobacter
spp. are higher in stray or sheltered/kennelled animals when these populations were
compared to the household pets (362, 374, 404, 406, 417, 429). Some studies have
found a strong disagreement in this regard. For instance, in Trinidad, which is a small
country and, perhaps more importantly, an island giving it confined environmental
features, a 13.8% prevalence was reported in 130 client-owned dogs (370) while no
Campylobacter spp. were detected in 100 stray dogs (447). This finding could be
explained by a relatively small sample size or the intermittent nature of
Campylobacter spp. excretion in faeces. It has been argued that dietary factors,
stress associated with living in shelters/kennels (362) and increased close
contact/intensive housing (404) are responsible for the differences between
shelter/kennelled and household pets. For the household dog population, studies
have shown there is an increased risk of Campylobacter spp. shedding when more
dogs are present in a household (358, 448), whereas others have not (393, 440). For
stray dogs, a longitudinal study upon impoundment showed a significant increase in
the rate of isolation at days 5-7 compared to day 1 at arrival (421), which could be
related to all of the above factors. Different exposure rates have been also implicated

as a cause of differences in Campylobacter prevalences for subpopulations of stray
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cats. Stray cats living in a harbour area were more likely to shed C. jejuni than stray
urban cats (398).

Years of research have significantly increased our knowledge of Campylobacter spp.
in dogs and cats but many questions with regard to their pathobiology in pets remain
unanswered and there is a need for larger and more standardised studies. Finally,
the advancements of technology and molecular approaches could greatly aid in
resolving some of the equivocal findings such as potential differences in the
pathogenicity of species, variable prevalence rates between animal populations and
the role of the host’s immunity. One of the key findings of a recent meta-analysis of
prevalence and concentrations of Campylobacter spp. in household dogs (and
petting zoos) was the lack of data, the inconsistent reporting between studies,
including the diarrhoeic status of animals and speciation of Campylobacter species
(449). Additionally, the large overall variability in Campylobacter spp. prevalence
rates between studies remained unexplained even with sub-group analyses by the
region and country locations, animal species sampled, sources of populations
surveyed, and diarrhoeic status of animals thus, the factors responsible for the

observed variation in prevalence rates are yet to be identified.
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2.3. Research aims

As discussed previously, the reported prevalences of Campylobacter spp. in dogs
and cats has varied widely between studies worldwide. Data for New Zealand dogs
and cats are limited. One study performed in the Manawatu sentinel site, screened
530 dog and 64 cat faecal samples. C. jejuni prevalence rates of 4.5% and 4.7%
have been reported for dogs and cats, respectively (356, 450). The study design did
not allow epidemiological investigations with regard to factors associated with faecal
carriage due to the anonymous sampling scheme and only focused on the
identification of C. jejuni. This knowledge gap is addressed in this thesis with two

studies:

* A cross-sectional study of Campylobacter spp. in the urban population of dogs

and cats in Manawatu.

* A cross-sectional study of Campylobacter spp. in the working farm dog

population in Manawatu.

In order to additionally investigate the potential exposure of humans with pet food-
related sources, a cross-sectional pilot survey of raw meat pet diets for the presence
of Campylobacter spp. was also performed. Pet diets sampled included commercially
available raw pet food products in Palmerston North and home-kill frozen sheep and

beef meat as part of the working farm dogs’ diet.

A recent survey of human diagnostic laboratory practices in New Zealand has shown
that the vast majority of laboratories use standard culture methods whereas only one
uses an immunoenzymatic method for detection of Campylobacter spp. (53). The
report has shown none of the culture methods employed to be suitable for detection
of non-jejuni/coli Campylobacter spp., which raises a suspicion for the potential
underestimation of emerging Campylobacter spp. in New Zealand patients. With

regard to the immunoenzymatic methods, the MedLab Central laboratories in
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Manawatu use a faecal antigen test, the ProSpecT™ Campylobacter Microplate
Assay (Remel Inc., USA) for the detection of Campylobacter species. The assay has
been developed for the detection of C. jejuni and C. coli but two independent studies
have shown the assay has a limited capability for detection of C. upsaliensis though
data was insufficient to explain the limitations (128, 129). The "EpiLab collaborates
with MedLab Central laboratories for the purposes of source attribution studies in
Manawatu. The positive samples by the antigen assay are sent to "EpiLab where a
culture method is used for isolation and subsequent molecular typing of isolates. A
review of MEpiLab’s records has shown that between 16 and 23% (reported in 2010
and 2011, respectively) of positive samples by the above assay were culture
negative in our laboratory. This discrepancy in test results could be explained by the
delay in the processing of samples, which might result in the presence of dead or
viable-but-not culturable (VBNC) bacteria in faecal samples. Unlike microbiological
culture, non-culture methods, such as antigen and nucleic acid-based methods have
the ability to detect dead and VBNC bacteria. This serves as a potential advantage
over the culture methods but also questions the specificity of these methods due to
the potential reaction with “free-floating” cellular components in faeces resulting in a
false positive test result. Alternatively, the discrepancy in the above test results might
be explained by the antigen assay having detected non-jejuni/coli Campylobacter
spp. that have failed to be isolated by the culture method used in "EpilLab, which has
been optimised for detection of C. jejuni and C. coli. This issue formed the next aim

of this thesis:

 Evaluation of analytical sensitivity of ProSpecT™ Campylobacter Microplate
Assay for the detection of C. upsaliensis, C. helveticus and C. hyointestinalis

in human spiked faecal samples.

Insects have been established as a reliable model for studying the innate immune
system because, unlike the adaptive immune system, there is a high degree of
structural and functional homology of the innate immune responses between insects
and mammals (451). Galleria mellonella has been shown as a suitable model for

studying several bacterial and fungal pathogens and recently also for C. jejuni (452).
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Emerging Campylobacter spp. have not been studied in this manner and to ensure
validity of this approach comparison with the known pathogen, C. jejuni, was
included. The isolates of C. upsaliensis and C. helveticus obtained through cross-

sectional studies were used for this next aim:

* Experimental study of pathogenic potential of C. upsaliensis and C. helveticus
compared to C. jejuni using an insect model of disease, the larvae of the

Greater Wax moth, Galleria mellonella.

As reviewed, there is a lack of genomic data for many Campylobacter spp. Other
than C. jejuni and C. coli. In the early stages of this thesis project there were only two
whole genome sequences of C. upsaliensis published and none at all for C.
helveticus. The main interests were to explore the general features of the genomes
and functional profiles and, in particular, pathogenicity markers, which formed the last

aim using isolates from the cross-sectional studies:

*  Whole-genome comparison of C. upsaliensis, C. helveticus and C. jejuni.
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CHAPTER 3

3. Isolation of Campylobacter spp. from client-owned dogs
and cats, and retail raw meat pet food in the Manawatu,

New Zealand
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3.1. Impacts

* The first report of isolation of Campylobacter spp. from retail raw meat pet
food, the overall prevalence rate 28%, with C. jejuni being the most common
species identified.

* Four different Campylobacter spp. were isolated from client-owned dogs and
cats with an overall Campylobacter spp. prevalence of 36% and 16%
respectively, the most common species identified being C. jejuni, C.
upsaliensis and C. helveticus.

* Prevalence rates and species distribution were highly dependent on culture
methods and duration of incubation, with significantly higher isolation using

CAT compared to mCCDA agar.

3.2. Summary

Campylobacter causes acute gastroenteritis in people worldwide and is frequently
isolated from food, animals and the environment. The disease is predominately food-
borne but many routes of transmission and sources of infection have been described,
including contact with pets. The prevalence of Campylobacter spp. in dogs and cats
varies widely and data on New Zealand pets are limited. This study aimed to
investigate the prevalence of Campylobacter spp. in dogs, cats and retail raw meat
pet food products in New Zealand and to characterise C. jejuni isolates using MLST.
Ninety dogs and 110 cats examined at the Massey University Veterinary Teaching
Hospital for elective procedures, and fifty locally purchased retail raw meat pet diets
were sampled. Two culture protocols combining Bolton broth enrichment and
mMmCCDA and CAT agars in a microaerobic atmosphere at 42°C and 37°C with

species identification using PCR were performed. The prevalence of Campylobacter

95



spp., C. jejuni, C. upsaliensis and C. helveticus was 36%, 13%, 23%, and 1% in dogs
and 16%, 5%, 5%, and 7% in cats respectively. One dog had C. lari confirmed, and
three dogs and one cat had multiple Campylobacter spp. detected. Significantly more
animals tested positive using CAT than mCCDA agar (p<0.001). Being neutered,
vaccinated for Bordetella bronchiseptica, fed dry diets and brought in for neutering
were protective factors for dogs, whereas attendance for dental treatment was a risk
factor for cats. Campylobacter spp. were isolated from 28%, C. jejuni 22%, C. lari
6%, and C. coli 6% of food samples. Six isolates positive by Campylobacter genus
PCR were identified as Arcobacter butzleri. Poultry meat was more likely to be
positive than non-poultry meat (p=0.006). Of the 13 C. jejuni pet isolates with full
MLST profiles, eight were of different sequence types (ST) and all nine food isolates

were of different STs.

3.3. Introduction

Campylobacteriosis in humans is recognised as one of the most frequent infectious
gastrointestinal illnesses worldwide (9) and in New Zealand it is the most commonly
reported notifiable disease (6). The most prevalent Campylobacter spp. associated
with human acute gastroenteritis in New Zealand are C. jejuni and C. coli (5), as they
are worldwide, being responsible for approximately 80 — 85% and 10 — 15% of cases
respectively (3). The disease is predominantly food-borne, especially through poultry,
but may be acquired through many other routes as many animals carry
Campylobacter spp., including pets (9). A case-control study in New Zealand
identified consumption of raw or undercooked chicken and raw dairy products,
overseas travel, direct contact with farm animals and with puppies, and where
rainwater was the source of water at home, as the main risk factors for acquiring the
disease (453). Similar risk factors have been also observed in a meta-analytic review
of case-control studies of sporadic Campylobacter infection that estimated an odds
ratio of 1. 96 (95% CI 1.51 — 2.54) for direct contact with pets (14).

C. jejuni was the first species isolated from dogs in 1977 in the UK (10) and from cats

in 1980 in the USA (15). Since then, Campylobacter spp. have been frequently
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reported in dogs and cats around the world. However, the reported prevalence rate of
Campylobacter spp. in pets varies extremely between the studies, ranging from 1 —
86% in dogs (410, 425) and 0 — 66% in cats (369, 420). These differences in
prevalence are partly explained by the different populations sampled with regard to
the age of animals, the population investigated (e.g. household pets, stray,
kennelled), methods of detection, animal health status (diarrhoea present vs. healthy)
as well as geographical location, season and time the studies were conducted.
Nevertheless, similarly to the epidemiology of Campylobacter in humans,
undercooked/raw food (chicken, liver, tripe and unpasteurised milk), water and direct
or indirect (through faecal contaminated fomites) contact with animals and the
environment are considered as the main sources and modes of transmissions in pets
(354). Although many Campylobacter spp. have been detected in the faeces of dogs
and cats, the most common species are C. jejuni, C. coli, C. upsaliensis and C.
helveticus, with the latter two the most common identified in dogs and cats

respectively (16).

Campylobacter spp. have been detected in dogs and cats in New Zealand by
veterinary laboratories but only a few studies have been performed, with
Campylobacter isolation rates ranging from 0% (454) to 17% (356). New Zealand has
among the highest notification rates of human campylobacteriosis in the developed
world (311) and among the highest rate of pet ownership, as approximately half of
households have cats and a third have dogs (455). The aim of the present study was
to investigate the prevalence of Campylobacter spp. in dogs and cats in the
Manawatu region of the North Island of New Zealand. The study aimed to use a
combination of culture methods to facilitate detection of the different Campylobacter
spp., and to test raw pet food products from retail stores to investigate the hypothesis
that these products are one of the potential sources of exposure in households. C.
jejuni isolates were further subjected to genotypic characterisation and compared

with other sources in the "EpilLab database.
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3.4. Materials and methods

3.4.1. Study design

This was a prospective cross-sectional study performed between February and July
2010 using a convenience sample of client-owned dogs and cats examined at the
Veterinary Teaching Hospital at Massey University, Palmerston North, New Zealand.
Only animals examined for routine vaccination, neutering, health check, and for
dental treatment were included in the study. Rectal swabs were taken and
information was obtained at the time of sampling regarding age (categorised as
young or adult at a cut-off of six months), sex, breed, vaccination and deworming
history, neuter status, diet fed (including raw meat), signs of illnesses and any recent
drug treatments, the presence of other animals in contact with the case,
shelter/boarding kennel history and hunting behaviour. The study was independently
reviewed and approved by the Massey University Animal Ethics Committee under
application number 09/70. Concurrent to sampling of pets, 50 raw pet food products
were purchased at five commercial outlets located in Palmerston North. Food

products were arbitrarily selected and the sellers were unaware of the intended use.

3.4.2. Bacterial culture

All rectal swabs were transported without refrigeration using Amies charcoal
transport medium (Copan, Brescia, Italy) due to the close proximity of the on-site
laboratory and were cultured within 2 hours of sampling using two protocols: (i) direct
plating onto CAT agar (Fort Richard, Auckland, New Zealand) with incubation at
37°C in an envelope-generated (CampyGen, Oxoid Ltd., Basingstoke, UK)
microaerobic atmosphere in gas-jars and (ii) 48 hours enrichment in 3mL of Bolton
Broth (Lab M, Bury, UK) with subsequent plating onto mCCDA plates (Fort Richard,
Auckland, New Zealand) at 42°C under microaerobic conditions (85% N2, 10% COo,
5% O7) using a variable atmosphere incubator (Don Whitley Scientific, West

Yorkshire, UK). CAT agar plates were checked for growth on the second and fourth
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day of incubation, whilst mMCCDA plates were only checked on the fourth day. All
fresh raw pet food samples were cultured within two hours of purchase and frozen
samples were first thawed at room temperature before culturing. Approximately 10g
of the food samples were aseptically removed from the packaging and briefly mixed
in a stomacher with 90mL of Bolton Broth which was split in two bottles for
enrichment of 48 hours at 37°C and 42°C followed by plating onto mCCDA and CAT
plates for another 48 hours; all under conditions as described above for the
respective plates. Control plates were used for all incubation conditions. Colonies
with morphological features indicative of Campylobacter spp. were checked for size
and motility by dark-field microscopy. Two individual colonies (as available) each of
different morphology indicative of Campylobacter spp. by dark-field microscopy were
subcultured using Columbia horse blood agar (Fort Richard, Auckland, New
Zealand). Whole plates of pure colonies were harvested for storage in 15%
(weight/volume) glycerol in nutrient broth vials (Difco Laboratories Inc., Franklin
Lakes, NJ, USA) at -80°C. Isolates negative by the PCR identification protocol below
were regrown and tested for growth at room temperature as a phenotypic test to
exclude Campylobacter spp. status, and if aerotolerant and non-thermophilic, were
further tested by a PCR specific for Arcobacter butzleri.

3.4.3. Isolate identification and genotyping

Crude DNA extraction was performed by boiling fresh cultures for 10 min in an
aqueous 2% (volume/volume) Chelex® solution (Bio-Rad Laboratories Inc.,
Hercules, CA, USA) followed by centrifugation and decantation of the supernatant
into a sterile tube and storage at —20°C until each PCR was run. Each sample was
initially tested by C. jejuni PCR and if negative, by a Campylobacter genus PCR.
Subsequent to a positive genus PCR, samples were sequentially tested by species-
specific PCRs that targeted C. coli, C. upsaliensis, C. helveticus, C. lari, C. fetus or
C. hyointestinalis. In addition, A. butzleri PCR and 16S rRNA gene sequencing were
performed for a subset of isolates negative by all species-specific PCR that exhibited
growth at room temperature and room atmosphere. The detailed description of

primers, amplification protocols, and references are presented in Supplemental Table
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3.1. Controls were used for all PCR assays and amplified products were identified by
electrophoresis in a 1% (weight/volume) agarose gel in TBE buffer (along with a 1Kb
Plus ladder (Invitrogen Corp., Waltham, MA, USA)), subsequently stained with
ethidium bromide and exposed to UV light using a Bio-Rad gel documentation
system (Olympus Life Science Group, Richmond Hill, Ontario, Canada). Isolates
confirmed as C. jejuni by PCR were genotyped using the Campylobacter-specific
multilocus sequence typing (MLST) scheme of seven housekeeping genes as
described previously (256). The amplifications were performed in a 25uL volume
reaction using Applied Biosystems AmpliTag Gold mastermix (Applied Biosystems,
Auckland, New Zealand) and 5 pmol of each primer. Products were sequenced on an
ABI 3130XL automated DNA sequencer using ABI BigDye v3.1 (Applied Biosystems,
Auckland, New Zealand) following the manufacturer's instructions. Sequence data
were collated and alleles assigned using the Campylobacter PUbMLST database
(http://pubmlist.org/campylobacter/) and sequence types (ST) compared with those
contained in the MEpiLab database. The "EpiLab database contained over 3,500
samples (at the time of writing) from the Manawatu Campylobacter sentinel
surveillance site, a ten year plus project for source attribution of campylobacteriosis

using concurrent sampling of sick people, animals, food and the environment (260).

3.4.4. Statistical analysis

The power analysis performed using G*Power v3.1 (456) for sampling of a total of
200 animals and 50 food samples with a two-tailed binomial test (a = 0.05, 8 = 0.1)
showed the effect size of 0.17 for 100 samples each from dogs and cats and for 50
samples (for raw food) the effect size of 0.23 could be detected. Isolates positive by
PCR were used to report an apparent prevalence and 95% CI based on a binomial
distribution using the Clopper and Pearson method (457). Univariate analyses to test
the association of Campylobacter status with collected animal/food information were
performed using Fisher's exact test of independence. Multivariate logistic regression
analysis was performed using the least absolute shrinkage and selection operator
(LASSO) regression. All variables with p < 0.3 from the univariate analysis were used

for LASSO profiling by the lambda penalty parameter and cross-validation of the
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model log-likelihood. The number of non-zero coefficients and 95% Cls were
estimated using 10,000 bootstrapped replicates of equivalent sample sizes with
replacement. Culture methods were compared using Fisher's exact test of
independence and unweighted Cohen’s kappa as an index of interrater agreement.
The New Zealand National Dog Database (www.localcouncils.govt.nz) reports were
used for the evaluation of the sampled dog population profile. Statistical and
exploratory data analyses were performed using R v3.2.2 (R: A language and
environment for statistical computing. R Core Team (2013). R Foundation for

Statistical Computing, Vienna, Austria. URL http://www.R-project.org/).

3.5. Results

3.5.1. Dogs and cats

The population tested consisted of 90 dogs and 110 cats with 70 (78%) dogs and 38
(35%) cats being classified as adult. The dog population consisted of 40 bitches
(44%), 50 entire animals (55%), and 57 pure dog breeds (63%), a distribution that
was comparable to the National Dog Database proportions of 50%, 51%, and 67%
respectively. The cat population consisted of 65 queens (59%), 81 entire cats (74%)
and 7 pedigree cats (6%). Of the 103 crossbred cats there were 90 domestic
shorthair, six domestic medium-hair, five domestic longhair and two other
crossbreeds. Eighteen dogs (20%) had clinical signs reported in the medical history
of which six (7%) had gastrointestinal signs and nine dogs (9%) had received
treatment, including four (4%) that received antimicrobial agents. Fourteen cats
(13%) had clinical signs reported, of which eight (7%) had gastrointestinal signs and
seven cats (6%) received treatment including three (3%) that received antimicrobial
agents. Of the seven animals in total receiving antimicrobial treatment, two reported
topical ear treatment and of the remaining five, two were within and one was over
one month from the date of sampling while for two animals the dates of treatment
with antimicrobials were unknown. Other treatments prescribed were dietary change

(5), treatment with parasiticides (4), and systemic glucocorticoid treatment (1).
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In total, 110 isolates from pets were positive by Campylobacter genus PCR and 107
were speciated by Campylobacter species-specific PCR tests; apparent prevalences
are presented in Table 3.1. The three remaining, unspeciated isolates grew at room
temperature and aerobically and were re-categorised as Campylobacter spp.
negative. All three isolates were negative for A. butzleri by PCR and sequencing of
16S rRNA was unsuccessful. Mixed Campylobacter spp. were isolated in three dogs

(C. jejuni and C. upsaliensis) and one cat (C. jejuni and C. helveticus).
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Dogs not fed with dry diets were 12.3 times (95%CI 0.91 — 682.6, p = 0.03) more
likely to carry C. upsaliensis than those dogs eating dry diets. Fifty-five animals were
reported to have raw meat in their diet and 47 were fed table scraps of human food
but neither of these factors were significant at a = 0.05. Intact dogs were 4.6 times
(95% CI 1.6 — 14.8, p = 0.002) more likely to carry Campylobacter spp. and 4.6 times
(95% CI 1.3 — 20.6, p = 0.01) more likely to carry C. upsaliensis than neutered dogs.
Dogs not vaccinated for Bordetella bronchiseptica were 3.5 times (95% CI 1.0 — 16.1,
p = 0.04) more likely to carry Campylobacter spp. than dogs vaccinated for Bordetella
bronchiseptica. There were significant differences in prevalence rates between the
reasons of the visit to the Veterinary Teaching Hospital for both dogs and cats. Dogs
examined before neutering were 5.0 times (95% CI 1.5 — 17.8, p = 0.006) more likely
to carry Campylobacter spp. and 6.4 times (95% CI 1.7 — 26.9, p = 0.004) more likely
to carry C. upsaliensis (p = 0.004) than dogs examined for vaccination. Neutering as
the reason of visit was not confounded by age, as five young and 16 adult dogs were
examined before neutering. Cats examined for dental treatment were 23.4 times
(95% CI 1.2 — 522.8, p = 0.02) more likely to carry C. jejuni than those examined for
vaccination. The above variables and variables with p < 0.3 from univariate analysis
(age, scraps in diet, kennelling/shelter history, sex, gastrointestinal clinical signs,
access to outdoor, rural or urban area of residence, contact with other animals, and
display of hunting behaviour) were included in separate multivariate models for dogs
and cats but none remained significant, neither in dogs nor in cats, for any

Campylobacter spp. nor for species-specific models.

3.5.2. Raw pet food products

Of the 50 food samples, six were confirmed to have leaking packaging, two samples
were sold after the use-by date, and two had the same use-by date as the date on
which they were purchased. There were 12 frozen food products, 19 contained tripe,
and 31 were from a single animal species source (11 beef, 11 chicken, five mutton,
two venison and one pork and one of horse meat origin). There were 47 isolates
positive by Campylobacter genus PCR and 33 were speciated by Campylobacter

species-specific PCR. The remaining 14 isolates all grew at room temperature and
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aerobically, thus were re-categorised as Campylobacter spp. negative and adjusted
apparent Campylobacter spp. prevalences are presented in Table 3.1. Six of these
isolates were positive by A. butzleri PCR, of which two had the 16S rRNA gene
sequenced and returned the highest similarity to A. butzleri. Mixed Campylobacter
spp. were isolated from three meat samples. Univariate analyses showed poultry
meat as 7.6 times (95% CI 1.5 — 46, p = 0.006) more likely to be contaminated with
Campylobacter spp. and 14 times (95% CI 2.4 — 103, p = 0.001) more likely to be
contaminated with C. jejuni than non-poultry meat.

3.5.3. Culture methods

There were significant differences between the two culture protocols (p < 0.001) with
CAT 4.7 times (95% CI 2.3 — 10.3) more likely to detect an animal positive for
Campylobacter spp. than mCCDA agar. The Cohen’s kappa index of agreement
between cultures was 0.23 (p < 0.001). Out of 12 pets positive by mCCDA, 11 carried
C. jejuni and one C. upsaliensis whereas out of 46 pets positive by CAT agar, 13
carried C. jejuni, 26 carried C. upsaliensis, 9 carried C. helveticus and one carried C.
lari (three had carriage of multiple species). The influence of the length of incubation
on culture results could only be assessed for CAT agar. Seventeen animals negative
on the second day were positive on the fourth day of incubation; nine isolates were
C. helveticus, seven C. upsaliensis and two C. jejuni (one animal had multiple
carriage). C. helveticus isolates were only observed on the fourth day of incubation.
All isolates from food with a positive Campylobacter spp. PCR that exhibited growth
at room temperature and room atmosphere were grown using CAT agar and were re-

categorised as Campylobacter negative.

3.5.4. MLST of C. jejuni isolates

All seventeen C. jejuni isolates from pets were subjected to MLST typing and 13
returned full allelic profiles. Genotyping of isolates with incomplete profiles could not
be performed as the isolates could not be revived from frozen cultures and other
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isolates from the same sample were not available or were confirmed as different
Campylobacter species. In dogs, three each of ST-474 and ST-45, and one each of
ST-21, ST-61, ST-520, and ST-4492 belonging to four MLST clonal complexes (CC-
48, CC-45, CC-21 and CC-61) were detected. In cats, two ST-696 and one ST-48
from two MLST clonal complexes (CC-1332 and CC-48) were detected. All eleven C.
jejuni food isolates had MSLT typing attempted and nine returned full allelic profiles
all of different STs (ST-137, ST-3711, ST-356, ST-45, ST-42, ST-422, ST-474, ST-
48, and ST-583), belonging to six MLST clonal complexes. Occurrence of these ST
across sources from the "EpiLab database is depicted in Fig. 3.1. Genotyping of the
two isolates with incomplete profiles was unsuccessful as for the pet samples

described above.
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3.6. Discussion

The most common species isolated from dogs was C. upsaliensis with the second
most common being C. jejuni, whereas C. helveticus was the most common species
in cats but with a minimal difference in isolation rates for the other two
Campylobacter species. The species distribution pattern in dogs in the present study
is similar to that in several other studies (360, 364, 393, 394, 401), although some
investigators have reported C. jejuni as the predominant species in dogs (365, 403).
In contrast to this study, reported prevalences of C. upsaliensis and/or C. helveticus

are commonly higher than C. jejuni in cats, and the overall prevalence is higher than
detected in this study (363-365, 445). Low prevalence figures as in this study have
also been reported in cats (401, 403, 404). The relatively low prevalence in cats in
this study is unlikely to be due to the skewed age distribution, as young cats (also
young dogs) are generally reported to have a higher prevalence of Campylobacter
spp. than adults (363, 364, 445). A recent study in New Zealand which focused on C.
jejuni reported a prevalence of 5% in cats (356). That study was also conducted in
the Palmerston North area with a similar sampling frame to this study as cats were
sampled from the Massey University Veterinary Teaching Hospital clients, staff and
cattery, thus the relatively low C. jejuni prevalence might truly reflect the prevalence
in New Zealand cats, or at least that in the Manawatu region. In the Mohan (2015)
study, environmental dog faeces were collected at Palmerston North dog-walking
areas, with a reported Campylobacter spp. and C. jejuni prevalence of 13% and 5%
respectively (356). The significantly lower prevalence in dogs in Mohan’s study
compared to the present study (p < 0.001 for Campylobacter spp. and p = 0.007 for
C. jejuni) could be attributed to poor survival of Campylobacter spp. in the
environmental samples, as they are microaerophilic and thermophilic bacteria (47). In
addition, that study used only mCCDA agar (356) whereas the addition of CAT agar
in the present study was shown to be very valuable, as CAT detected 29, mCCDA
eight, and the CAT/mCCDA combination 32 dogs with Campylobacter spp. and 16, 4

and 17 cats respectively.

This is the first study in New Zealand to report epidemiological associations with the

Campylobacter spp. status in pets. Univariate analysis showed many variables with p
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< 0.3 that other studies either reported as associated with Campylobacter status (e.g.
age, kennel/shelter history, being fed raw food and scraps etc.) or that may have
plausible biological explanations (hunting behaviour) but none were significant by
univariate analysis at p < 0.05, and none remained significant in the multivariate
analyses. This result is most likely to be due to the relatively small sample size, for
epidemiological investigations, of this study and to the conservative approach of
LASSO logistic regression, which requires larger effect sizes before variables are
considered statistically important compared with standard logistic regression.
Nevertheless, several significant associations with Campylobacter status were
observed. The reason of the visit to the Veterinary Teaching Hospital is a vague
epidemiological variable but although the association may be a spurious one, it may
have also been a proxy measure for a feature more associated with an owner rather
than their animal(s). For instance, the protective association of vaccination as a
reason of visit and also of having been vaccinated against B. bronchiseptica may
suggest vigilant pet owners who care for their pet(s) through which, or by other
means unmeasured in the study, renders the animal(s) less exposed to
Campylobacter species. On the other hand, dogs presented for neutering may have
been more prone to roaming behaviour resulting in higher exposure to
Campylobacter spp. as well as influencing the owner to opt for the elective surgery
and thus the animals becoming a part of the sampling frame. It is possible these
associations are a bias of client-owned pets attending the veterinary practices.
Similarly to this study, intact status has been reported as a risk factor for carriage of
Campylobacter spp. in dogs attending veterinary clinics in Canada (393). As in this
study, the risk factor for Campylobacter isolation of not feeding dry diets was
reported in dogs frequenting city parks in Ontario (292). The apparent protective
effect of dry diets could be due to presence of Campylobacter in other diets
consumed, induction of gut conditions inimical to C. upsaliensis by dry diets,
confounding due to other factors associated with the feeding of wet food, or other
unexamined covariates. The association of C. jejuni and examination for dental
treatment in cats is unclear. Potentially diet-associated factors may be associated
with both parameters. A range of non-jejuni Campylobacter spp. have been detected

in humans with periodontal disease (458) and in cats and dogs with oral/dental
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disease (459) and further studies are needed to elucidate the validity of all these

associations.

The sampled dog population was considered representative of the New Zealand pet
population, as the demographic data compared closely to the National Dog
Database. Unfortunately, similar data for cats do not exist, and in this study, age was
skewed towards young cats, a demographic that may limit interpretation of results to
the whole cat population of New Zealand. A small number of pets had clinical signs
reported in the history, although these signs were not their reason for the visit to the
Veterinary Teaching Hospital and these animals did not undergo a diagnostic
investigation because these signs were not considered significant, being very mild.
Also, the frequency of mild clinical signs reported in animals in this study might not
have been any different from the general pet population; a study in UK reported that
out of 772 dogs that did not present for veterinary examination, approximately 15%
had diarrhoea and 19% had vomiting in the two-week study period (460). Only two
animals were confirmed to have received systemic antimicrobial treatment in the last
month prior to sampling. Notwithstanding the potential limitations of the study, five

different Campylobacter spp. were isolated from dogs, cats, and pet food.

This is the first study to report the presence of Campylobacter spp. in retail raw pet
food diets, as no studies with similar attempts identified in a review of the literature
were successful (461-463). Although culture protocols differed to a certain extent
between all these studies, the success of this study might be explained by the use of
a larger food sample (approximately 10g) compared to less than 1g of food or a swab
of homogenized food in the above studies. The larger sample might have facilitated
isolation, as food samples are generally contaminated with lower concentrations of
bacteria than are observed in the faeces of animals (464-466). As a common food
pathogen in meat for human consumption, the presence of Campylobacter in raw
meat diets for pets could be expected; the results of this study are similar to
observations in retail meat for human consumption. The higher prevalence of
Campylobacter spp. in poultry meat compared to other meat types for human
consumption has been reported in New Zealand (312, 467) and elsewhere in the

world (468-470). C. upsaliensis and C. helveticus have each been isolated from 3%
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of beef meat samples but not detected in chicken and pork meat for human
consumption with a filtration technique combining pre-enrichment and plating using
non-selective media (61). Therefore, this study may have had insufficient sample size
to detect rarely occurring Campylobacter spp. in meat or no detection was due to use
of a selective enrichment broth rather than CAT agar which supported growth of C.

upsaliensis and C. helveticus in the pet rectal swabs.

The superiority of CAT to mCCDA agar in this study was statistically significant and
primarily attributable to the isolation of Campylobacter spp. other than C. jejuni,
although CAT also isolated more C. jejuni than mCCDA did. The two agars were
initially developed for use in the detection of human Campylobacter isolates and only
differ in the composition and concentrations of antimicrobial agents, and while
mCCDA was developed primarily for C. jejuni (471), CAT was intended for a wider
range of thermophilic Campylobacter spp., including C. upsaliensis (104). The
isolation of a wider range of Campylobacter spp. is difficult due to the vast diversity in
growth requirements between each species including, but not limited to, temperature,
atmospheric conditions and incubation period (17, 18), as well as the differing
antimicrobial sensitivities of the diverse species (104). When the two agars were
used simultaneously in pets, a higher isolation rate for both C. jejuni and C.
upsaliensis with CAT than mCCDA has been reported (54), but also comparable
(402), and lower rates (405) have been reported. The first two studies used both
methods at 37°C for 4 — 6 days in a microaerobic atmosphere and the last study
used CAT at 37°C and mCCDA at 42°C for 2 days in a hydrogen-enriched
microaerobic atmosphere; all of which could partly explain their discordant results. In
humans, isolation of C. jejuni was reported to be better at 37°C than 42°C for
mCCDA (96), and at 37°C mCCDA and CAT were comparable (92), but studies of C.
upsaliensis reporting the superiority of CAT over mCCDA are more likely to be
attributable to a better isolation at lower bacterial concentrations (99) and the support
of growth for a larger strain diversity (472). The hypothesis of strain variation
influencing successful isolation could also be supported by the large genotypic
variations reported in C. upsaliensis from three continents (473). Notwithstanding the

many potential reasons for discrepant results between the different isolation
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methods, at least for the present study it is clear that detected prevalences would be

skewed if only mCCDA was used.

CAT agar has also been reported as more optimal than mCCDA for Arcobacter spp.
isolation (472). The cross-reaction of A. butzleri with the Campylobacter genus PCR
seen in this study has been previously reported (474) and is of concern to studies
employing this method of taxonomical identification, and should therefore be
addressed. Arcobacter spp. are emerging human pathogens with many sources in
the environment, animals, and meat samples (475). To the best of our knowledge
this study is first to report isolation of Arcobacter spp. in raw meat pet diets. A study
in Australia reported 25 out of 30 beef carcasses at a pet food abattoir contaminated
with Arcobacter spp. (476) and the lower prevalence in this study could be attributed

to the use of retail pet food and a suboptimal culture method.

It is important to appreciate the direction of transmission cannot be ascertained,
neither by this nor other cross-sectional studies. Pets may be a source of infection for
people and vice versa but both can have a common exposure, for instance, from
food or water. The inconclusive direction of transmission is supported by studies
using MLST showing the majority of genotypes observed in pets frequently occur in
humans but also in poultry, particularly, ST-45 which is the most common genotype
reported in pets around the world and is poultry associated also (300, 386, 477).
Source attribution studies in New Zealand have shown poultry as a major source of
human infection (260, 312). In this study, ST-45 and ST-474 were the most common
genotypes in dogs, and together with ST-48 from cats, are the STs most commonly
detected in both chicken and humans (Fig. 3.1) plus all three have been isolated from
raw pet food in the present study (Fig. 3.1). Out of the 341 STs in the "EpiLab
database these three STs accounted for 33% (462/1401) and 35% (312/890) of
human and chicken isolates respectively (data not shown). A study in Finland
reported infection of people with ST-45 was significantly associated with contact with
both dogs and cats but not with eating chicken and was negatively associated with
pork and fish consumption (336). In contrast to other countries, ST-45 was rare in
humans (264) and significantly more frequent in dogs with diarrhoea than dogs
without diarrhoea in Switzerland (386). In this study, ST-696 and ST-4492 from cats
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and a dog respectively are too rare across all sources (Fig.3.1) to allow confident
associations but do suggest that in this, as in all the above studies, that pets show a
large diversity in sequence types. This diversity of C. jejuni STs could be attributed to
the pets’ lifestyle that exposes them to many sources of C. jejuni and is of importance
to molecular epidemiology studies. The diversity of C. jejuni STs isolated from the
raw pet foods may be inferable to the assorted different species found in pet food
and the possibilities for cross-contamination in the manufacturing process. A
longitudinal study employing a pulse-field gel electrophoresis genotyping method
reported that all genotypes of C. jejuni except one were observed in only single dogs
and only occasionally more than once (139). In contrast, the majority of dogs shed
the same or closely related strains of C. upsaliensis for several months (up to 21
months or longer), which may imply dogs act as reservoirs of the species.
Furthermore, C. upsaliensis is highly prevalent in dogs and cats and very rarely
observed in other sources; hence pets may be a source of infection that humans are

frequently exposed to.

C. upsaliensis is among the leading emerging Campylobacter pathogens and, with
suitable culture methods, isolation rates higher than those of C. coli were reported in
patients with gastroenteritis in Europe (102, 478), Africa (18) and North America
(479). In New Zealand, a recent survey of laboratory practices showed none of the
public health laboratories used culture methods suitable for detection of non-
jejuni/coli Campylobacter spp. (53) whereas in a relatively small sample, many
Campylobacter spp., including C. upsaliensis/C. helveticus were detected in humans
with diarrhoea using molecular methods (348). Given that most commonly used
culture methods are optimised for C. jejuni/coli, a potential for misdiagnosis and
underestimation of disease associated with the emerging Campylobacter spp. is now

widely recognised in humans (13, 17).

Detection of many potential human pathogens in both pets and pet food highlights
the implications for public health of this study. Studies have shown there is a need to
raise awareness of the risks involved for both pet owners and non-owners because
contact with, or ownership of pets is a feature covering many potential routes of

disease transmission (350, 351, 480). Transmissions may occur through direct
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contact (e.g. petting or playing with pets) or indirectly through a contaminated shared
environment. This study highlights raw pet food as a potential source of infection in
households, both from direct contact or indirect contamination during transport,
storage, preparation, and consumption. The observation of leaking packaging is of
particular concern as it could lead to unapparent contamination of the environment

and/or other (human) foodstuffs.
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4.1. Highlights

C. rectus, C. lari subsp. concheus, C. volucris and H. winghamensis isolated

in dog

* Higher isolation observed with 37°C, a microaerobic atmosphere with H, and
CAT agar

e Campylobacter spp. in 31 dogs overall with methods varying from two to 25
dogs

* Cultures varied by total contaminant overgrowth and selectivity for target
colonies

* Cross-reaction of PCR for Campylobacter spp. with Arcobacter and

Helicobacter spp.

4.2. Abstract

Campylobacter spp. are fastidious organisms, difficult to isolate but frequently
detected in animals, food, and the environment. Most culture methods are optimised
for isolation of C. jejuni and C. coli, which are considered major pathogens of the
genus. The aim of this study was the isolation of a wide range of Campylobacter spp.
from working farm dogs and their home-kill raw meat diet in Manawatu, New
Zealand. Seven culture methods were used on 50 dog faecal and six on 50 meat
samples. Cultures combined filtration, enrichment broths and agars at 37 and 42°C in
conventional and hydrogen-enriched microaerobic atmospheres with PCR used for
the speciation of isolates. Overall 356 isolates of Campylobacter spp. were recovered
from 31 dogs with successful isolation by individual methods from two to 25 dogs,
resulting in multiple significant differences in pairwise comparisons (p<0.05). The

most common species were C. upsaliensis and C. jejuni and less common were C.
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coli and C. lari. Species reported and/or isolated for the first time in dogs included C.
rectus, C. lari subsp. concheus, C. volucris and Helicobacter winghamensis. Six
isolates from dogs positive by Campylobacter genus PCR were confirmed as
Arcobacter cryaerophilus (1), and A. butzleri (5). Overall, there were 20 isolates from
three meat samples positive by Campylobacter genus PCR; one meat sample
positive for C. jejuni, one for C. rectus and one subsequently identified as A. butzleri.
The performance of methods for target species, growth of contaminants and C. jejuni

multi-locus sequence type results are described.

Keywords: microbiological culture, Campylobacter, Arcobacter, Helicobacter,

canine, farm, zoonosis, raw meat

4.3. Introduction

Campylobacter-associated enteritis is one of the most common bacterial
gastrointestinal diseases in humans and the organisms are frequently detected in
many animals, food and in the environment (9). Campylobacteriosis is predominately
foodborne, especially from poultry meat but is also significantly associated with
travel, contact with environmental water and animals including pets (14). C. jejuni
and C. coli are the most common species associated with disease but many other
species have been implicated as pathogens. These species are referred to as
“‘emerging” pathogens and are generally considered underrepresented (3, 13). The
underestimation of emerging Campylobacter spp. is mostly attributed to the bias of
culture methods that are optimised for the recovery of C. jejuni/coli (18). The narrow
selection of culture methods is related to the fastidious nature of these taxa and the
vast diversity of growth requirements amongst them such as incubating
temperatures, atmospheric conditions, length of incubation, nutrient requirements,
and their different susceptibilities to antimicrobial agents (20). Difficulties with the
isolation of Campylobacter spp. are not only associated with the constant refinement
and development of culture protocols but also the cause for adoption of different
methodologies for detection. Studies employing ELISA and PCR have shown

enhanced sensitivity for detection of Campylobacter spp. compared with culture
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methods (132, 481, 482) and also their ability to detect a wider range of species,
many of which are challenging to isolate (483, 484).

Dogs were first associated with campylobacteriosis in humans in 1960 (353) and the
first species isolated from dogs was C. jejuni in 1977 (10). Since then, many studies
worldwide have reported the frequent isolation of C. jejuni from sick and healthy dogs
with pathogenic involvement more likely to occur in young animals or be precipitated
by contributing factors such as stress, crowding and concurrent diseases (16).
Similar to humans, the distribution of species observed is significantly dependant on
the methods of detection, but of all the species isolated from dog’s faeces, C.
upsaliensis is by far the most common, with C. jejuni and C. helveticus being
recovered relatively frequently, while C. coli, C. lari, C. hyointestinalis, and C.
concisus are rare (54, 139, 397, 400, 402, 485, 486). The distribution of species
isolated is in sharp contrast to those detected by PCR methods. One molecular study
reported the presence of 14 different Campylobacter spp. in dogs (359). For seven of
these species there are no reports of isolation from dogs in the literature (C. rectus,
C. mucosalis, C. showae, C. gracilis, C. fetus, C. sputorum, C. curvus) beyond
identification of C. rectus/showae in saliva and/or dental plaques by molecular
methods (459, 487).

Recently, a culture method was described for the recovery of Campylobacter spp.
from meat for human consumption that enabled the isolation of 17 Campylobacter
spp. (43), including all of the above species not previously recovered by culture in
dogs. The aim of the current study was to apply this culture method and a
combination of conventional culture methods to screen working farm dogs and their
raw meat home-kill food with the primary aim of isolating emerging Campylobacter
species. In the region of this study, an increased risk for campylobacteriosis in
humans has been reported with factors associated with farming and the rural
environment (307, 488). In the same region, a study in predominately urban dogs
environmental deposited faeces reported a 5% prevalence of C. jejuni (356). For the
present study, multiple culture methods were used to examine the hypothesis that a
wide range of Campylobacter spp. may be cultured from dogs and meat, and the

difference in results and experience with the protocols were evaluated. Working farm
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dogs and their home-kill meat diet were chosen, as prevalences in these dog and
meat types have not been evaluated and both could pose an infection risk to farmers.
C. jejuni isolates were subjected to multi-locus sequence typing (MLST) for addition

to the MEpiLab surveillance database.

4.4. Materials and methods

4.4.1. Study design

This was a prospective cross-sectional study using convenience sampling.
Participants were recruited from previous studies where farmers agreed to be
contacted for future investigations and by telephone survey using data available on
the New Zealand electoral roll where the registrants’ occupation was recorded as
“farmer”. The eligibility criteria for sampled premises were location within the
Manawatu region, having a minimum of three working farm dogs, and feeding dogs
raw meat home-kill food at least once fortnightly. Sampling was performed over July
— August 2012 and March — May 2013. Fifty farms were visited in the morning and
the dogs observed for defecation to allow sampling the freshly voided faeces; if any
dog did not defecate faeces was obtained by rectal digital recovery. Raw home-Kkill
meat for feeding of working dogs was sampled either frozen from the freezer or from
meat put to thaw that morning being prepared for feeding the dogs that afternoon.
Dogs and meat were arbitrarily selected for sampling and one sample from each was
taken per farm. All samples were refrigerated without transport medium and cultured
within 4 hours from sampling. The study was independently reviewed and approved
by the Massey University Animal Ethics Committee under protocol number MUAEC
12/23.
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4.4.2. Campylobacter isolation

Culture methods consisted of in-house prepared anaerobe basal agar (AB) (Oxoid,
UK) with 5% lysed horse blood, commercially available CAT and mCCDA agar (Fort
Richard, New Zealand), filtration using 0.6um pore size mixed ester membranes
(Whatman, UK) performed in bio-hazard cabinets, no or prior enrichment in Bolton
broth (BB) (Lab M, UK) or Campylobacter Enrichment Broth (CB) (Lab M, UK), Ha-
enriched (82% N2, 10% CO2, 5% Hz, 3% O;) and a conventional microaerobic
atmosphere (MA; 85% N2, 10% CO,, 5% O3) in gas cabinets (Don Whitley Scientific,
UK), and gas-jars using envelope-generated (CampyGen, Oxoid Ltd., UK) MA in a
temperature-controlled room. Plates were checked daily for growth from day 2 (direct
plating) or day 3 (if enriched) to day 6 of incubation. Control plates were used in all
culture protocols. Colonies exhibiting morphological features indicative of
Campylobacter spp. were checked for size and motility by dark-field microscopy and
Gram-reaction using potassium hydroxide (489). For suspect Campylobacter spp., up
to two individual colonies (as available) each of different morphology were
subcultured using Columbia horse blood agar (Fort Richard, New Zealand).
Additional colonies of the same morphological features were also subcultured if the
newly grown colony had a minimal difference of two days from the previous colony of
same morphology. Whole plates of pure colonies were harvested for storage in 15%
(weight/volume) glycerol in nutrient broth (Difco Laboratories Inc., NJ) at -80°C.
Plates were considered unreadable if over three quarters of the streaked area was
overgrown by non-target organisms. The selectivity of each method was expressed
as the proportion of presumptive Campylobacter isolates from culture plates that

subsequently tested positive by Campylobacter genus PCR.

Culture of faecal samples from dogs. Seven culture methods were performed.
Cotton swabs were applied to fresh faecal samples and cultured as follows: (A) four
swabs placed in CB for 48 hours followed by passive filtration of 0.2mL for 20
minutes to AB with the inoculum distributed over agar surface using sterile
disposable hockey-stick spreaders in H2-MA at 37°C (CB_H2_AB), (B) same as (A)
but following enrichment a swab onto CAT (CB_H2_CAT), (C) a direct swab onto
CAT at 37°C in envelope-generated MA (CAT_MA), (D) a swab placed in BB for 48
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hours followed by a swab onto mCCDA at 37°C in H2-MA (BB_ H2_mCCDA), (E) a
swab placed in BB for 48 hours followed by a swab onto mCCDA at 42°C in MA
(BB_MA_mCCDA), (F) a direct swab onto CAT at 37°C in H2-MA (CAT_H2), and (G)
a swab suspended in 10mL of phosphate-buffered saline pH 7.3 (Difco Laboratories
Inc., USA) directly followed by passive filtration as in (A) onto AB agar at 37°C in Ha-
MA (AB_H2). CB_H2_CAT was performed on 38 and AB_H2 on 21 samples.

Culture of meat samples. Six culture methods were performed. Twenty-five grams
of meat was initially “stomached” for 30 seconds with 225mL of CB using a Colworth
Stomacher 400 (Seward, Worthing, UK) in a Seward Classic 400 bag, and then
divided into 5 aliquots of approximately 45mL of meat suspensions in screw-top
bottles. Three meat suspensions had BB selective supplement added (SR0183,
Oxoid Ltd, UK). All meat suspensions were cultured with an initial enrichment of 48
hours in the respective environmental conditions as follows: (i) 0.2mL of CB
suspension filtered (procedure performed as for faeces) onto AB at 37°C in Hx-MA
(mCB_H2_AB), (ii) a swab of CB suspension onto CAT at 37°C in H2-MA
(mCB_H2_CAT), (iii) a swab of CB suspension onto CAT at 37°C in MA
(mCB_MA_CAT), (iv) a swab of BB suspension onto mCCDA at 37°C in H2-MA
(mBB_H2_mCCDA), (v) a swab of BB suspension onto mCCDA at 42°C in H2-MA
(mBB_MA_mCCDA), and (vi) a swab of BB suspension onto CAT at 37°C in MA
(mBB_MA_CAT). As a check for faecal contamination, meat samples were also
cultured for Escherichia coli by placing 25g of meat in buffered peptone water with
aerobic cultivation overnight at 37°C from which three 100-fold dilutions in 0.9%
phosphate-buffered saline were spiral-plated (Don Whitley Scientific, UK) onto
MacConkey agar (Fort Richard, New Zealand) with incubation at 37°C for an
additional 24 hours. Lactose fermenting colonies, up to four as available, were

subcultured onto blood agar for a spot indole test and if positive, reported as E. coli.
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4.4.3. Campylobacter identification and typing

Crude DNA extraction was performed by boiling a small loopful of fresh cultures for
10 min in a 2% (weight/volume) Chelex solution (Bio-Rad Laboratories Inc., CA)
followed by centrifugation and decantation of the supernatant into a sterile tube with
storage at —20°C until PCR was performed. Each faecal isolate was initially tested by
C. upsaliensis/helveticus PCR (490) and each food isolate by C. jejuni (491) and C.
coli (492) PCRs; if negative followed by Campylobacter genus PCR (490).
Subsequent to a positive genus PCR, faecal and food isolates were sequentially
tested by species-specific PCR for C. lari, C. fetus, C. hyointestinalis (490), and
Arcobacter butzleri (493). A subset of isolates negative by the species-specific PCRs
was selected for 16S rRNA gene amplification and sequencing (494). Controls were
used in all PCR assays and amplified products and 1Kb Plus ladder (Invitrogen
Corp., USA) identified by electrophoresis in a 1% (weight/volume) agarose gel in
Tris-Borate-EDTA buffer, subsequently stained with ethidium bromide and exposed
to UV light using a Bio-Rad gel documentation system (Life Science Group, Canada).
The dog isolates confirmed as C. jejuni by PCR were genotyped using the multilocus
sequence typing scheme (MLST) of seven housekeeping genes (256). The
amplifications were performed in a 25uL volume reaction using Applied Biosystems
AmpliTaqg Gold mastermix (Applied Biosystems, Auckland New Zealand) and
5 pmoles of each primer. Products were sequenced on an ABI 3130XL automated
DNA sequencer using ABI BigDye v3.1 (Applied Biosystems) following the
manufacturer's instructions. Sequence data were collated and alleles and sequence
types (ST) assigned wusing the Campylobacter PubMLST database (URL

http://pubmlst.org/campylobacter/) and occurrence compared with other sources in

MEpiLab database. The "EpiLab database contains over 3,500 samples (at the time
of writing) from the Manawatu Campylobacter sentinel site, a ten plus year project for
source attribution of campylobacteriosis using concurrent sampling of human cases,

animals, food and the environment (312).
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4.4.4. Statistical analysis

Results of culture methods were compared using Fisher's exact test of
independence. Statistical and exploratory data analyses were performed using R
v3.2.2 (R: A language and environment for statistical computing. R Core Team

(2013). R Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-
project.org/).

4.5. Results

From a total of 50 dog faecal samples, there were 408 presumptive Campylobacter
isolates with 356 testing positive by Campylobacter genus PCR, of which species-
specific PCRs returned 232 C. upsaliensis, 81 C. jejuni, 14 C. coli, and one C. lari.
Five isolates were PCR positive for A. butzleri. Fifteen isolates with negative species-
specific PCRs from various dogs and from every culture method, as available,
returned five Helicobacter winghamensis, four C. upsaliensis, two each of C. rectus
and C. volucris, one C. lari subsp. concheus and one A. cryaerophilus as the most
similar species by 16S rRNA sequencing. The remaining eight isolates could not be
identified. A relative comparison in performance between culture methods is
presented in Table 4.1. Overall, two dogs (4%) were positive for three Campylobacter
spp., five (10%) for two and 24 dogs (48%) for one species only. Three dogs (6%)
were positive for Campylobacter spp. by one method only, six (12%) by two, nine
(18%) by three, ten (20%) by four, and three (6%) dogs by five methods. Combining
all the methods, 24 (48%) dogs were Campylobacter spp. positive on day two, four
(8%) on day three, two (4%) on day four and one (2%) on day five (C. lari) of

incubation.
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Table 4.1. Number of positive working farm dogs’ from Manawatu, New Zealand (N

= 50) using seven culture methods and isolates identified by PCR.

Method? Campg;cgl.)acter C. upsaliensis C.jejuni C.coli  Other
CB_H2_AB 272 - a -a 1 1
CB_H2 CAT 8° 705¢ -2 - 2
CAT_MA 25° 214 5a°b - 2
CAT_H2 24 ° 18 ¢ 5ab 1 2
BB_ H2_mCCDA 21°¢ 8P 8" 3 5
BB_MA_mCCDA 6P 3aPb 2aPb 1 -
AB_H2 11 ¢ g cd 3b - -
Overall 31 21 9 3 8

'Shared superscript letters within each column denote no significance by Fisher's
exact test (a < 0.05). 2CB (non-selective enrichment broth); BB (selective Bolton
broth); AB (non-selective anaerobe basal agar); CAT and mCCDA denote respective
agars; MA (microaerobic); H2 (Hz-enriched MA). All methods performed at 37°C
except BB_. MA_ mCCDA at 42°C. CB_H2_CAT used on 38 and AB_H2 on 21 dogs.

Species isolated for the first time in dogs were as follows: C. volucris by the methods
CB_H2_CAT and CAT_MA (on fourth and second day of incubation respectively), C.
lari subsp. concheus by the method BB_ H2_mCCDA (on fourth day of incubation),
C. rectus by the method CB_H2_AB (on fourth day of incubation) and H.
winghamensis by the methods CB_H2 CAT, BB_ H2 mCCDA, and CAT_ H2 (on

third and fourth day of incubation). The proportion of readable plates was 26%
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(13/50), 79% (30/38), 98% (49/50), 96% (48/50), 100% (50/50), 98% (49/50), and
100% (21/21) with the methods CB_H2_AB, CB_H2_CAT, CAT_MA,
BB_H2 mCCDA, BB_MA mCCDA, CAT_ H2, and AB_H2 respectively, and
selectivity was 55% (6/11), 80% (16/20), 93% (97/104), 94% (72/77), 100% (20/20),
93% (104/112), and 63% (41/65) respectively. Forty C. jejuni isolates from eight dogs
(two to nine isolates per dog) were subjected to MLST typing and 33 returned full
allelic profiles. Eight different STs belonging to five different clonal complexes were
observed and two dogs carried STs of different clonal complexes. The occurrence of
these ST in other sources from the "EpiLab database is depicted in Supplemental
Fig. 4.1.

From 50 home-kill meat samples, there were 52 presumptive Campylobacter isolates
with 17 testing positive by Campylobacter genus PCR from three samples (6%). Of
these 17, four isolates were positive by C. jejuni PCR and all were grown using
mBB_MA_mCCDA from one meat sample (2%) while one other sample (2%) grew
11 isolates using mCB_H2 CAT, mCB_MA_CAT, mBB_H2 mCCDA, and
mBB_MA_CAT, which were all positive for A. butzleri by PCR. Sequencing of the
16S rRNA gene for the two remaining isolates returned C. rectus as the most similar
species isolated using mCB_MA_CAT in the third meat sample (2%). The proportion
of readable plates was 38% (19/50), 89% (34/38), 94% (47/50), 100% (50/50), 100%
(50/50), and 98% (49/50) with the methods mCB_H2 AB, mCB_H2_ CAT,
mCB_MA_CAT, mBB_H2_mCCDA, mBB_MA _mCCDA, and mBB_MA_CAT
respectively. The presence of E. coli was detected in 48% (24/50) of the meat

samples.

4.6. Discussion

The main findings of the study are the significant differences in isolation of
Campylobacter spp. between the culture methods and the isolation of four species
previously either not reported or not isolated from dogs. These results are of potential
public health importance as all species identified in dogs and their food are

implicated as pathogens for people (13). Of the emerging species, C. volucris was
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described in black-headed gulls (495) and since then reported in an
immunocompromised human patient with bacteraemia (496). C. lari subsp. concheus
was initially isolated from shellfish and subsequently in humans, seagulls and river
water (66, 497). C. rectus was detected previously using molecular methods in dog
faeces (359) and oral swabs (487) but the clinical significance is uncertain in dogs. In
people, C. rectus is associated with periodontitis/gingivitis, various gastrointestinal
diseases and extra-intestinal infections and, apart from dogs, no other potential
sources have been identified (13). H. winghamensis was described as a novel
species upon isolation from people with clinical signs of gastroenteritis (498) and so
far only one study using molecular methods has reported its occurrence in animals
and rodents (499). All of the above species have been rarely reported, thus it is not
clear if the animals are the true reservoirs for the organism or if they are just transient
carriers. With regard to the faecal carriage of C. jejuni and C. upsaliensis, a
longitudinal study in dogs reported carriage of C. jejuni of short duration and with
genotypically diverse isolates using pulse-field gel electrophoresis whereas the
carriage of C. upsaliensis was of long duration of clonal strains (139). Four out of
eight C. jejuni STs isolated in this study are very rarely observed in the MEpiLab
database and the other four STs are common in several sources which supports the
heterogeneous exposure of farm dogs (Supplemental Fig. 4.1). Other studies using
MLST also reported a high diversity of STs in dogs including strains frequently seen
in humans and food (300, 477). In contrast to this study, Campylobacter spp. were
isolated from 13% and C. jejuni from only 5% of 498 dog faecal samples in the
Palmerston North area (mostly dog walking areas) (356). In that study, a culture
method similar to the BB_MA_mCCDA used in the current study. Lower prevalences
using the BB_MA_mCCDA method alone compared to other methods and overall
results in this study (Table 4.1) suggest the different results between the two studies
are due to the culture methods used. However, the two studies also had different dog
populations, faecal sample handling and sample sizes that make results less directly

comparable.
The benefit of applying multiple culture protocols in this study is evident from the

significant differences observed in pairwise comparison of methods, both in the

overall isolation rate and for C. upsaliensis and C. jejuni in particular (Table 4.1). For
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the less common species A. cryaerophilus, C. lari subsp. concheus, H.
winghamensis and C. rectus, the common denominator was isolation in Ho-MA, while
for C. volucris the use of CAT agar and for Arcobacter spp. use of BB_ H2 mCCDA
appeared to be the most suitable. The requirement of hydrogen for isolation of many
emerging Campylobacter spp. as well as the enhanced recovery of C. jejuni has
been previously recognised (17, 18). Interestingly, C. rectus isolated from meat
samples in this study grew in pure MA although it is considered to have a
requirement for hydrogen to grow (36). In this study, too few of the emerging species
were isolated for statistical comparison, but with regard to C. jejuni and C.
upsaliensis, CAT_MA and CAT_H2 only differed in the presence of hydrogen and no
significant differences were observed (Table 4.1). Although not statistically significant
(p = 0.06), a surprising finding was the difference in isolation rate of C. jejuni between
BB_H2 mCCDA and BB_MA mCCDA (Table 4.1). The two methods differ by
temperature and presence of hydrogen, and the enhanced isolation of C. jejuni at
37°C rather than at 42°C with mCCDA has been reported (96). C. upsaliensis had

the largest difference in isolation rate between methods in this study (Table 4.1).

Comparison of CAT and mCCDA for isolation of C. upsaliensis in veterinary studies
are conflicting as a higher isolation rate with CAT compared to mCCDA has been
reported (54, 94) but also equivalent rates (402), and a lower rate with CAT (405) for
both C. upsaliensis, and C. jejuni. Similarly to the current study, in human studies
mCCDA was outperformed by both CAT (104) and by the filtration method (96) for
the isolation of C. upsaliensis. In contrast, filtration was reported as superior to CAT
(95) but in the present study the two were comparable (Table 4.1). CAT was
originally developed according to the antimicrobial resistance profiles of several
thermophilic Campylobacter spp. (104) but was also shown to result in better growth
and isolation of a greater diversity of C. upsaliensis strains than mCCDA (472) and
enhanced detection of lower bacterial concentrations compared to mCCDA (99).
However, the latter study could not explain the difference in sensitivity between the
two agars, neither by the absolute growth index for any length of incubation time nor
the antimicrobial composition of the media, leading investigators to speculate that the
growth of C. upsaliensis is indirectly affected by the interaction of faecal microflora

and culture agars. In this study, mCCDA was always used in conjunction with BB and
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a comparable rate of isolation of C. upsaliensis in CB_H2_ CAT with both BB/mCCDA
methods was observed, while direct plating on CAT outperformed all three of them
(Table 4.1). Improved recovery and motility of C. upsaliensis in CB compared to BB
has been reported (43). These observations could explain the poorer performance of
methods using BB in this study but not that of CB. The poor performance of
CB_H2_AB is likely to be due to overgrowth of contaminants, as the modification to
CB_H2 CAT both improved the readability of plates and the isolation of
Campylobacter although the isolation success was still significantly less than that of
other methods (Table 4.1). This suggests that contaminating organisms may inhibit
Campylobacter cells in CB. In this study only one dog was identified as positive after
four days of incubation but the relatively low number of samples is likely to preclude
weighting of this observation and incubation up to six days has been advised for

higher isolation success (18).

The main objective for this study was to isolate a diverse set of Campylobacter spp.
using the novel culture method, CB_H2_AB, which, with the exception of C. rectus
being isolated from one dog, failed in both faecal and meat samples. The failure was
primarily ascribable to frequent overgrowth by contaminants (mostly Proteus spp.
and less frequently Pseudomonas species). The CB_H2_AB was developed on fresh
beef samples only, with no report of overgrowth by contaminants (43). Perhaps the
home-kill meat (48% of which showed faecal contamination) and the dogs’ faeces
used in the current study contained too many non-target bacteria, making the
antimicrobial-free method unsuitable. Overgrowth by contaminants on plates using
the filtration method (without enrichment) and using selective plates was reported,
but usually in less than 10% of plates (94, 99) which is similar to methods using
antimicrobial agents (faeces and meat) used in this study. CB_H2 AB with an
enrichment duration reduced to 24 hours was also successfully applied previously in
many types of fresh meat products (61) and porcine samples including caecal
contents (62). As the overgrowth of contaminants in this study could not be
explained by the procedures in production, storage and usage, the modified
(m)CB_H2_CAT methods were added during the study. The readability of the plates
rose to 79% and 89% with faeces and meat respectively. In addition, increasing the

agar content of AB to 4% to limit the swarming growth of Proteus spp. was attempted
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in 12 samples, but was unsuccessful. To investigate the overgrowth of contaminants
associated with the CB enrichment rather than the filtration technique in CB_H2_AB
vs. swab to CAT in CB_H2_CAT, the AB_H2 method was added during the study.
Although AB_H2 was only applied to 21 faecal samples the readability rose to 100%
which suggests CB caused overgrowth of contaminants to a level too high for the

filtration method and partially too high for the CAT to cope with.

Another modification that could be useful in optimising CB_H2 AB and other
methods in this study used to isolate Campylobacter from food samples is the
inclusion of a pre-enrichment step (usually up to 4 hours) with either delayed addition
of antimicrobials to broth, a lower incubating temperature or both. This step is
suggested when low number or injured Campylobacter cells are expected, such as in
frozen products (20, 110). The absence of pre-enrichment step in the current study
could explain the low prevalence of Campylobacter spp. observed in frozen home-kill
meat by all methods used. There were 44 sheep and 6 beef samples in this study
and the prevalence of C. jejuni in retail fresh meat or liver for human consumption in
New Zealand is 25% and 8% in sheep and beef meat respectively (312). It could be
expected that home-kill meat has a greater contamination level than commercially
available meat due to a lack of hygienic measures in farming environments and
considering the intended use of the two meat types with the regard to preparation,
handling, and storage practices. However, the sample size of this study is low and

limits the confidence for comparison of the studies.

The selectivity estimates were used to describe the workload with the different
culture methods given the protocol for identification of species used. The rationale
was, that suspect Campylobacter colonies that were negative by Campylobacter
genus PCR were subcultured, stored and re-tested for no benefit for the time and
resources invested. The variation in colony morphology of Campylobacter spp.
between agar plates was reported (38) but is not related to selectivity expressed
herein which denotes the ratio of PCR-confirmed over presumptive colonies. Low
selectivity suggests the isolates should not be considered Campylobacter spp. and
should be confirmed by further identification tests. Lower estimates were observed

with filtration methods and CB than with the use of antimicrobial agents. It is possible

130



the antimicrobials have supressed a wider range of species than the filtration
method, thus providing a lesser diversity of bacteria on the agar, of which even fewer
were Campylobacter-like. In contrast, a greater diversity of bacteria passed through
the filters, many of which grew on a non-selective agar and more of which were
Campylobacter-like. However, the aim of the study was to isolate a variety of
Campylobacter spp. hence screening of isolates that otherwise may not be included
was expected. C. showae resembles straight rods (44), C. mucosalis has yellow
coloured colonies (36), and C. gracilis is non-motile (45); all are examples of isolates
that would not be included if the focus was strictly on the phenotypic characteristics
of the common species. Additional biochemical or phenotypic tests (47) could have
been applied for presumptive isolates in this study, which could change the selectivity
estimates by reducing the number of isolates passed to PCR testing. However, the
addition of more screening tests for isolates increases the workload and cost. The
cross-reaction of the PCR for Campylobacter spp. with Arcobacter spp. has been
reported (474) but the cross-reaction with H. winghamensis is newly observed.
These are closely related genera within Campylobacteraceae that can be isolated
using similar culture methods (92). The taxa have relatively high similarity both
phenotypically and genotypically (500) which makes their cross-reaction less

surprising.
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5.1. Highlights

* EIA can detect Campylobacter hyointestinalis, C. upsaliensis and C.
helveticus

* Analytical sensitivity of the EIA varies between and within Campylobacter
species

* Faecal consistency and the individual faecal sample tested influence EIA

results

5.2. Abstract

Campylobacter enteritis in humans is primarily associated with C. jejuni/coli infection.
The impact of other Campylobacter spp. is likely to be underestimated due to the
bias of culture methods towards C. jejuni/coli diagnosis. Stool antigen tests are
becoming increasingly popular and appear generally less species-specific. A review
of independent studies of the ProSpecT® Campylobacter Microplate enzyme
immunoassay (EIA) developed for C. jejuni/coli showed comparable diagnostic
results to culture methods but the examination of non-jejuni/coli Campylobacter spp.
was limited and the limit-of-detection (LOD), where reported, varied between studies.
This study investigated LOD of EIA for C. upsaliensis, C. hyointestinalis and C.
helveticus spiked in human stools. Multiple stools and Campylobacter isolates were
used in three different concentrations (10*-10° CFU/ml) to reflect sample

heterogeneity.

All Campylobacter species evaluated were detectable by EIA. Multivariate analysis
showed LOD varied between Campylobacter spp. and faecal consistency as fixed
effects and individual faecal samples as random effects. EIA showed excellent

performance in replicate testing for both within and between batches of reagents, in
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agreement between visual and spectrophotometric reading of results, and returned
no discordance between the bacterial concentrations within independent dilution test
runs (positive results with lower but not higher concentrations). This study shows how
limitations in experimental procedures lead to an overestimation of consistency and
uniformity of LOD for EIA that may not hold under routine use in diagnostic
laboratories. Benefits and limitations for clinical practice and the influence on
estimates of performance characteristics from detection of multiple Campylobacter

spp. by EIA are discussed.

Keywords: Analytical sensitivity, Campylobacter, Concordance, ELISA, Faecal

consistency, Heterogeneous sample, Performance characteristics

5.3. Introduction

Campylobacteriosis is one of the most common bacterial gastrointestinal illnesses in
the developed world (501) with C. jejuni and C. coli being responsible for
approximately 80 - 85% and 10 - 15% of cases respectively (3). Other
Campylobacter spp., generally referred to as “emerging pathogen” species, have
been isolated from diarrhoeic stools and implicated as human pathogens with the
more commonly reported species being C. upsaliensis, C. hyointestinalis, C.
ureolyticus, C. concisus, C. lari, and C. fetus (18, 478, 479, 483, 502-504). The main
difficulty for isolation and detection of a wider range of Campylobacter spp. is the lack
of an all-encompassing method to suit the vast diversity in growth requirements
between species including, but not limited to, temperature, atmospheric conditions
and incubation period (17, 18). Since the most commonly used culture methods are
optimised for C. jejuni/coli, a potential for misdiagnosis and underestimation of
disease associated with the emerging Campylobacter species is now widely

recognised (13, 17).

Diagnostic laboratories have to vary widely in the methods and protocols used, due
to differences in regulations (or by adherence to best-practice guidelines), clinical

relevance, and available resources. Although our knowledge about
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campylobacteriosis comes from decades of research primarily based on culture
methods, the development of new methods is changing their routine use in clinical
diagnosis as well as in research studies. Nucleic-acid amplification tests (NAAT) are
used increasingly in clinical practice (481, 505, 506) although stool antigen tests are
more widely accepted because these tests are fast to undertake, easy to use, require
minimal equipment and are cost competitive. A recent survey of laboratory practices
for the diagnosis of campylobacteriosis by the Foodborne Diseases Active
Surveillance Network in the USA reported the proportion of diagnostic laboratories
using non-culture methods increased from less than 3% in 2004 to 15% in 2014 and
almost all of the non-culture methods were commercial stool antigen tests (52, 507).
The performance of methods and protocols are very important because of their
impacts on both patient care and public health surveillance and planned interventions
(508, 509). Currently there is a lack of formal guidance and best practice
recommendations regarding the use of non-culture methods for the detection of

Campylobacter infection in stool specimens (52).

The ProSpecT® Campylobacter Microplate enzyme immunoassay (Remel, Lenexa,
KS, USA) (EIA) is a stool antigen test developed specifically for the detection of C.
jejuni and C. coli in the diagnosis of Campylobacter enteritis in humans, with several
independent studies reporting both comparable results to culture (121, 128-130, 510)
and possible detection of non-jejuni/coli Campylobacter species (128, 129). The
manufacturer reported the analytical sensitivity of EIA to be 5x10° CFU/ml and a
review of the literature revealed estimates for limit-of-detection (LOD) ranging from
3x10* — 10° CFU/ml in 0.9% NaCl solution to 3x10°® CFU/ml in faecal suspensions for
C. jejuni (510), and for C. upsaliensis at 3x10” CFU/ml (129). This variation in LOD of
EIA with regard to the bacterial species and the testing matrix is interesting
considering that the common procedure for estimating LOD is methodologically very
constrained. In contrast, the inferences drawn are applied to faecal samples -
perhaps the most heterogeneous group of clinical specimens the diagnostic
laboratories deal with. The aim of this study was to evaluate the ability of EIA to
detect non-target Campylobacter spp. and to determine if estimates of LOD are
influenced by the Campylobacter species isolate used, and the faecal specimen

characteristics. C. hyointestinalis, C. upsaliensis and C. helveticus were selected as
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they are emerging Campylobacter spp. and had not been included in the validation of
EIA by the manufacturer (technical information sheet, Remel Inc.). In addition,
apparent discordance of results on repeat test runs and between visual assessment

and spectrophotometry was assessed.

5.4. Materials and Methods

5.4.1. Isolates

All isolates were recovered from faeces of healthy animals; C. upsaliensis and C.

helveticus from local household dogs (n = 5) and cats (n = 8) presenting to the

Massey University Veterinary Teaching Hospital for elective procedures, and C.
hyointestinalis from locally farmed red deer (n = 8). Sources were selected for their
potential to expose the local human population to Campylobacter. Cultures were
performed using mCCDA and C.A.T. Campylobacter selective agars (Fort Richard,
Auckland, New Zealand) in a microaerobic atmosphere at 37 and 42°C for 4 days.
Genus and species identification was confirmed by PCR as described by Linton et al.
(490). Overall, eight isolates each of C. upsaliensis and C. hyointestinalis subsp.

hyointestinalis, and five C. helveticus isolates were used in the study.

5.4.2. Patient samples

Anonymous stool specimens submitted for screening for enteric pathogens to the
regional laboratory between February and May 2012 were used. Samples were
submitted from patients whose referring clinician deemed that their symptoms
(including abdominal pain and/or diarrhoea) were consistent with gastroenteritis. On
the day that stool specimens were collected, they were stored at 4°C and were sent
directly to our laboratory the following morning, after the screening tests were
performed. This screening included testing for Campylobacter spp. (by EIA),
Salmonella spp., Shigella spp., Yersinia spp., and, if the patient was less than five

136



years of age, for E. coli O157 and rotavirus. In brief, for Salmonella and Shigella,
samples were cultured onto XLD agar and selective selenite enrichment broth for 24
hours at 37°C in normal atmosphere then sub-cultured onto XLD for a further 24
hours. For Yersinia, samples were cultured onto CIN agar for 48 hours at 30°C in
normal atmosphere and plates were read at 24 and 48 hours. For E. coli 0157
samples were cultured onto sorbitol MacConkey agar for 48 hours at 37°C in normal
atmosphere and plates were read at 24 and 48 hours. All media was supplied by Fort
Richard, Auckland, New Zealand. Rotavirus was tested using the Rida®Quick
immunochromatographic kit (R-Biopharm AG, Darmstadt, Germany). Only
specimens that tested negative for all the above pathogens were sent to our
laboratory. Faecal aliquots were made and stored immediately at -20°C in
accordance with the instructions of EIA’s manufacturer. In addition, faeces were
cultured as above as further evidence of the stool’s Campylobacter spp.-free status
before spiking experiments were performed. All specimens were used and EIA tested
within one month from the initial testing. The Central Regional Ethics Committee,
Ministry of Health determined the study did not require full ethical review
(CEN/11/EXP/088).

5.4.3. EIA testing

Inocula of Campylobacter spp. were prepared using whole-plate growth of pure
cultures suspended in phosphate buffered saline pH 7.3 (Difco Laboratories Inc.,
Detroit, MI, USA). Three 100-fold dilutions were thoroughly mixed with watery faeces
(WF) in a ratio of 1 part suspension to 9 parts of faeces (v/v). Semi-solid faeces
(SSF) were emulsified according to EIA’s manufacturer instructions using the
Bacterial Diluent provided. Bacterial suspensions were added to the emulsified SSF,
as for WF, to ensure better homogenisation of the bacterial inocula and SSF. Spiked
faecal samples were tested by EIA and results determined according to the
manufacturer’s instructions both spectrophotometrically using a VersaMax ELISA
Microplate Reader (Molecular Devices LLC, Sunnyvale, CA, USA), and visually by
two trained laboratory personnel (KB, LR) who were not blinded. Each isolate was

tested in all three bacterial loads in aliquots of the same faecal specimen, except for
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two C. hyointestinalis isolates for which the low load in WF was omitted in one of the
test runs due to unavailability of assays. Controls were included in all assays. Before
spiking, the faecal samples were re-tested by EIA because different batches of

reagents were used by the submitting and study laboratories.

5.4.4. Quantification of bacterial loads

In order to quantify the bacterial loads in spiked faeces, 100ul of at least two dilutions
of each bacterial suspension were spread using a spiral plater (Don Whitley
Scientific, West Yorkshire, UK) and sterile hockey-stick spreader on Columbia horse
blood agar plates (Fort Richard, Auckland, New Zealand) and cultured as above.
Bacterial loads were also estimated visually by comparison to a 2.0 McFarland
turbidity standard and by a turbidometer (Biolog, Hayward, CA, USA) as occasionally
the C. helveticus isolates exhibited swarm-like growth preventing colony counting on
the plates. Bacterial colony counts were performed manually and/or using an
aCOLyte plate reader (Synbiosis, Cambridge, UK), depending on the amount of
bacterial growth. For each of the species tested, the three 100-fold dilutions used
gave bacterial concentrations of 1.1 - 3.0 x 10*- 10°, 10°- 10" and 108 - 10° CFU/ml
in faeces (WF) or faecal suspensions (SSF) and were categorised into three levels:

low (LL), medium (ML) and high (HL) respectively.

5.4.5. Statistical analysis

Statistical and exploratory data analyses were performed using R (R: A language and
environment for statistical computing. R Core Team (2013). R Foundation for
Statistical Computing, Vienna, Austria. URL http://www.R-project.org/). For univariate
analyses, Fisher's exact test was used to evaluate the association of faecal
consistency, individual isolate and faecal sample identity number (faecal ID) with
bacterial loads observed as LOD for each of the species tested. Multivariable logistic
regression analysis was performed using generalised linear mixed effects models

where the dependent variable was EIA result and independent variables were
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species, bacterial load and faecal consistency as fixed effects, whereas faecal 1D
number was specified as a random effect. Bacterial load as an ordinal category and
actual concentrations as a continuous variable were used to evaluate linearity and
variation in predicted probabilities of obtaining a positive result by EIA. Model building
was performed using a forward step-wise elimination procedure and model selection
was based on parametric bootstrapping, ANOVA tests and information criteria, while
goodness of fit was assessed by likelihood ratio tests. The significance of regression
coefficients and their pair-wise differences were additionally assessed by a Wald ¥?

test.

5.5. Results

A total of nine faecal samples were used, and a total of 196 test procedures were
performed in the study. All nine faeces remained EIA negative when re-tested with
different batches of reagents showing a 100% concordance (95% CIl 66 — 100)
between batches of reagents. Results by visual assessment compared to
spectrophotometry had a 100% concordance (196/196, 95% CI 98 — 100). The first
76 tests were performed in duplicate and also demonstrated a 100% concordance
between replicates (95% CI 95 — 100). The remainder of the tests were performed
only once and 9% (4/44) of these tests had indeterminate reading on SSF (two
isolates of C. hyointestinalis in HL and two of C. upsaliensis in ML) by both
spectrophotometry and visual assessment and were reported as positive but repeat
testing was not performed. No discordant results (e.g., a positive result in LL but not
ML or HL) between bacterial loads were observed in any of the test runs. A detailed
summary of LOD by faecal consistency, isolate and faecal ID for each species is

presented in Table 5.1.

139



Table 5.1. Limit-of-detection of ProspecT™
Campylobacter Microplate Assay in human stools

spiked with three Campylobacter species.

Factor Number of times the bacterial
Factor levels load® was observed as the limit-

of-detection

Campylobacter Low Medium High No

hyointestinalis load  load load detection

Faecal

consistency

Semi-solid 4 4
Watery/Liquid 3 1 4
Isolate

vp11a 2
vp12b 1 1
vpl4a 1 1

vp24b 2

vp26a 2
vp28a 1 1
vp30b 1 1
vp35b 1 1
Faecal

sample 2
A 4
B 2 2
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F

Campylobacter

upsaliensis

Low Medium High No

load

load

load detection

Faecal
consistency
Semi-solid
Watery/Liquid
Isolate
acp5b
acp18a
acpb4a
acp72b
acp135a
acp136b
acp170b
acp179b
Faecal
sample

B

C
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F 1

Campylobacter Low Medium High No

helveticus load load load detection

Faecal

consistency

Semi-solid 5
Watery/Liquid 3
Isolate
acp102b 1 1
acp105a 1
acp108a 1 1
acp114b 1 1
acp141a 1
Faecal
sample

1
F

3
G

3 1

H

Low, medium, and high load correspond to 10* —
10°, 10° — 107, and 10% — 10° CFU/ml of faeces,

respectively.
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After removing duplicate tests, 120 observations were available for statistical
analysis. For all Campylobacter spp. evaluated, the univariate analysis using Fisher’'s
exact test showed the bacterial loads observed as LOD to be significantly associated
with the types of faecal consistency and faecal ID used (p < 0.05) except for faecal
consistency with C. hyointestinalis (p = 0.13); isolates were not significantly
associated with LOD for any of the Campylobacter species (p > 0.05). In the
multivariable logistic regression analysis, species, faecal consistency and bacterial
loads were statistically significant fixed effects and faecal ID a significant random
effect. Holding other covariates constant, a Wald X test on regression coefficients
showed all three species in pair-wise comparisons as significantly different between
each other (x°> 4.3, d.f. = 1, p < 0.04). Holding other covariates constant, the results
by bacterial load showed a significant increasing log-linear relationship (x*= 15.9, d.f.
=1, p < 0.001). The linear relationship was supported by no significant difference
between linear and polynomial regressions with neither second-order (p = 0.8) nor
third-order polynomials (p = 0.4) when bacterial concentrations were used as a
continuous variable. Additionally, with bacterial load used as an ordinal factor, the
linearity was supported by the significance of the linear term (z = 4.3, p < 0.001) and
not the quadratic term (z = 0.943, p = 0.3). Holding other covariates constant, WF
was significantly more likely to test positive than SSF (x? = 18.7, d.f. = 1, p < 0.001).
The relative importance of the fixed effects, in descending order, was bacterial load,
faecal consistency and bacterial species. The model-predicted probabilities of
obtaining a positive EIA result across the range of bacterial concentrations
accounting for variation in fixed and random effects (with 95% CI) are depicted in
Fig.5.1. The final model had a marginal R? of 0.67 and a conditional R? of 0.89.
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Fig. 5.1. Model predicted probabilities of obtaining a positive result using ProSpecT™
Campylobacter Microplate Assay in human clinical stools spiked with Campylobacter
species. The line represents point estimates of predicted probabilities, the dark
shaded areas 95% CIl based on variation of the fixed effects (species, faecal
consistency and bacterial concentrations) and the light shaded areas 95% CI with the
addition of the random effect (faecal sample ID). Points at 0 and 100% represent

negative and positive results of the raw data respectively.

5.6. Discussion

The ability of EIA to detect Campylobacter spp. in addition to the target species (C.
jejuni/coli) is both an asset and a liability in the diagnostic laboratory. The
Campylobacter genus includes well-established and ‘emerging’ pathogens as well as

opportunistic and commensal species, and the distribution of species between
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asymptomatic and symptomatic people varies between developed and developing
countries (13, 17, 511). Of the species evaluated in this study, C. upsaliensis and C.
hyointestinalis are recognised as enteric pathogens; C. upsaliensis is among the
leading emerging Campylobacter pathogens and, with suitable culture methods,
higher isolation rates compared to C. coli were reported in patients with
gastroenteritis in Europe (102, 478), Africa (18) and North America (479). However
there is currently very little evidence for C. helveticus being a pathogen (13, 97, 347).
Hence, the non-target species coverage of EIA may lead to both ‘false positive’ and
‘false negative’ results in the laboratory diagnosis of campylobacteriosis if case

definitions are not optimally suited to the clinical setting where the test is applied.

It is interesting that in the independent studies investigating EIA (128, 129, 285),
none reported cross-reactions of EIA with non-Campylobacter spp., but only, (if
attempted), with non-jejuni/coli Campylobacter species. Several studies have made
assumptions about the possibility of non-jejuni/coli Campylobacter spp. detection by
stool antigen tests (121, 131, 132) and several have confirmed this occurrence (128,
133, 285). In a recent large, multi-centre, prospective study employing four stool
antigen tests (EIA included), 206/2767 culture negative samples were positive by at
least one antigen test (111" Annual Meeting of the American Society for
Microbiology, abstract 0518, 2011). The study design considers these as ‘false
positive’ results but non-jejuni/coli Campylobacter spp. are not taken into account
and these could have well explained at least a portion of positive results. The study
concluded that stool antigen tests should not be used as the sole diagnostic tests but
results should be verified by culture methods. However, in order to maximise the
diagnostic success rate and provide benefits for the patients, routine diagnostic
protocols and practices should consider campylobacteriosis as more than “jejunosis”.
Approximately 70% of gastroenteritis cases do not have an established diagnosis
and emerging pathogens may well explain a certain portion of the undiagnosed
cases (17). That is, if culture methods do not enable detection of non-jejuni/coli
Campylobacter spp., a negative culture with a positive stool antigen test should
signal the possibility of an ‘emerging’ Campylobacter species. Otherwise, stool

antigen tests will always be deemed false positive (as culture was negative) and
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potential patients with non-jejuni/coli campylobacteriosis will consequently be missed
(131).

Recent studies employing NAAT have showed the importance of species information
due to the extent and variety of Campylobacter spp. present in faecal specimens
from clinical cases in the developed world (138, 347, 506) and cases and controls in
the developing world (285). More importantly, the study using quantative NAAT
suggested differences in the level of bacterial burden between Campylobacter spp.
and severity of gastrointestinal symptoms in the developed world (138), whereas the
association of Campylobacter spp. with the burden-level between asymptomatic and
symptomatic people varied between developing countries (285). In addition, the latter
study reported NAAT outperformed EIA for detection of low burden-level
Campylobacter spp. infections (285) and this is in line with this study which shows a
decline in probability of positive EIA result as the burden-level decreases. These two
studies highlighted the importance of quantification of the Campylobacter burden-
level, which puts the test LOD as a performance characteristic metric under the
spotlight.

The second finding of this study is that LOD of EIA fluctuates between the variables
that are frequently constrained by the experimental procedures. LOD of stool antigen
tests are commonly determined by testing at least two replicates of serial dilutions of
faecal specimens spiked with a known concentration of the targeted bacterial
agent/antigen, usually mixed in a ratio of 1:9 to preserve the characteristics of the
background faecal matrix. Prior to spiking, the stool specimens are tested by the
assay under evaluation and preferably by another diagnostic method to support the
absence of the target agent/antigen. Therefore, the methodological design is most
commonly limited to the use of one or a few representative organisms (usually the
type strain and/or a widely used isolate of particular interest) and by a limited number
of faecal specimens (descriptions and numbers are usually not reported). Although it
is possible for methodological design constrained in such a way to affect the
estimates of LOD, these influences are rarely evaluated. A consequence is that the
estimate of LOD appears as a consistent feature across the population the assay is

applied to, and also as a suitable performance characteristic for comparison of
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different methods. In the above independent studies, the reporting of LOD of EIA for
several Campylobacter species has a limited description of methodology (faeces of
different consistency and the number of faecal samples were either not used or not
reported) and reported a point estimate for LOD of EIA (129, 510). In contrast to a
uniform estimate of LOD the present study shows, as depicted in Fig. 5.1, the
variation expected when mimicking routine conditions of use. Routine conditions
hereby denote the variability of faecal specimen characteristics and pathogen
genotypes occurring in samples submitted to the diagnostic laboratories. Similarly to
this study, the probability of successful detection in different bacterial loads were
reported in studies using culture methods for C. jejuni/coli and C. upsaliensis in
association with Campylobacter species’ isolates (94, 99) and faecal samples used
(104). These observations suggest that the experimental estimates of LOD may vary
considerably and should be cautiously applied for comparison of diagnostic tests in
samples with large heterogeneity in the absence of a quantitative method or

procedure and species information provided.

Surprising findings of this study were the significant differences in LOD between SSF
and WF detected and the random effect of the individual faecal sample. The random
effect of faecal sample may be indicative of differences between faeces with regard
to severity of gut inflammation, or presence of substances that may cause inhibition
of enzymatic reactions in antigen tests similarly to inhibition of nucleic acid
polymerases with NAAT. The difference in LOD of EIA between 0.9% NaCl solution
and faecal suspension has been reported previously (510), but to the best of our
knowledge this is the first report on the influence of the individual faecal sample and
of faecal consistency per se. It should be emphasised that this is the influence on
LOD and not the association of positivity rates with faecal consistency that has been
reported in clinical diagnostic studies of enteric viruses (512), and also for Salmonella
spp. but not C. jejuni (513). The higher content of particulate matter in SSF might be
responsible for the inaccessibility of the antigen epitopes to EIA reagents. The
influence of faecal consistency might be important for diagnosing campylobacteriosis
in the later stages of acute enteral disease or in the (post)convalescent period when
formed stools are expected to occur more frequently. This may be of importance in

Guillain-Barré syndrome, a recognised, albeit rare, sequela of C. jejuni or C.
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upsaliensis infection (514). It is presumed that counts of bacteria are lower in faeces
of these patients due to the onset of neurological symptoms up to several weeks
after the acute gastroenteritis (89) when patients may not have diarrhoea. C. jejuni
infections have also been associated with post-infectious irritable bowel syndrome
(515) and these patients may also pass more formed stools than patients with acute

gastroenteritis.

It is important to appreciate the way that the choices of species accepted as “true
pathogens” and the ability (or application) of the method to provide species
information will influence the estimates of diagnostic performance characteristics.
These two features can vary markedly between different diagnostic methods and
protocols, thereby influencing the conclusions one draws from their use or
comparison. Stool antigen tests commonly provide a dichotomous, unspeciated
result unlike culture and NAAT for which in-line procedures (e.g., phenotypic tests,
primer selection) can provide species information. Therefore, studies opting for
culture (121, 128-130, 510), or NAAT methods (121), or a combination of methods
(132)(111™ Annual Meeting of the American Society for Microbiology, abstract 0518,
2011) as a “gold standard” or case definition lead to different determinations of
performance characteristics. By using NAAT as verification method, stool antigen
tests (EIA included) outperformed cultures (121) whereas, with a combination of
NAAT and antigen tests as a “gold standard”, the stool antigen tests were reported
as both superior (132) and inferior (111" Annual Meeting of the American Society for
Microbiology, abstract 0518, 2011) to cultures. These findings also suggest that stool
antigen tests could vary markedly between each other and grouping of tests by

method of action may be problematic.

5.7. Conclusions

This study showed EIA has variable ability to detect several non-jejuni/coli
Campylobacter spp. within the range of 10* — 10° CFU/ml of faeces. The
Campylobacter genus is diverse and with the stool antigen tests being used

frequently in diagnostic laboratories, the need for thorough investigation of cross-
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reactions with species closely related to the target organisms is critical. Any potential
diagnostic benefits for patients from such cross-reactions should be accounted for in
developing best practice guidelines. The LOD of EIA varied between Campylobacter
spp. and was influenced by the faecal consistency and by the individual faecal
sample used. These factors limit the use of LOD of EIA as a comparative
performance characteristic metric and may be important contributor to the
interpretation of results as true or false positive and negative between EIA and other

diagnostic tests.
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6.1. Abstract

Campylobacter-enteritis in humans is primarily associated with C. jejuni/coli infection.
Other species occur relatively infrequently; while this could be attributed to the bias of
diagnostic methods, the pathogenicity of non-jejuni/coli Campylobacter spp. is
questionable and they are denoted as ‘emerging pathogens’. C. upsaliensis and C.
helveticus are emerging pathogens commonly isolated from dogs and cats. Galleria
mellonella larvae were shown as suitable models of mammalian innate immune
systems due to high functional and structural homologies and have been applied to
research of C. jejuni. This study compared pathogenicity of 34 C. jejuni isolates, 22
C. upsaliensis, and 13 C. helveticus with saline-inoculated and undisturbed larvae
control groups in a total of 5,878 larvae. C. upsaliensis and C. helveticus showed
significantly higher survival of larvae compared to C. jejuni. Histopathological
changes were indistinguishable between Campylobacter species. C. jejuni could be
isolated from haemocytes and haemolymph up to eight days post-inoculation
whereas C. upsaliensis and C. helveticus could only be isolated from haemolymph in
the first two days. Dose, temperature- and atmosphere-dependent survival of larvae
was confirmed with all Campylobacter spp. but infection dynamics varied between
the species. Mixed effects Cox proportional hazard regression modelling showed a
significant variation in the hazard rate between batches of larvae, strains, and
biological, but not technical, replicates as random effects, and species and bacterial
dose as fixed effects. Inoculation of larvae with heat- and cold-inactivated whole cells
and cellular components induced varying degrees of sickness and death of larvae

between these assays and Campylobacter species.

Keywords: Galleria mellonella, pathogenicity, virulence, Campylobacter, dose

response, emerging pathogens, zoonosis, survival
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6.2. Introduction

Campylobacteriosis is one the most common bacterial gastrointestinal diseases in
people worldwide and is mostly associated with C. jejuni and C. coli. (9) The disease
is predominantly food-borne, especially through poultry, but as Campylobacter spp.
are commonly isolated from the intestinal tract of many animals, direct contact with
animals and contact with contaminated water and environments are also important
transmission routes of infection. (9) Diagnostic methods are commonly optimised for
detection of C. jejuni/coli, hence many other Campylobacter spp. are considered
underreported although implicated as human pathogens, often referred to as
‘emerging’ pathogens. (13, 18) C. upsaliensis and C. helveticus are the most
common Campylobacter spp. reported in dogs and cats, and are frequently detected
with a high prevalence rate (13, 16) whereas they are rarely reported and with low
prevalence rates (~1 — 2%) in other sources. (61-65) C. upsaliensis is one of the
main emerging Campylobacter pathogens, as several studies have reported higher
isolation rates than those of C. coli when suitable culture methods were performed.
(97) On the other hand, no or few isolations have also been reported with suitable
methods employed. (92, 104, 129) C. helveticus is the species most closely
resembling C. upsaliensis (516) but has only been reported once in humans. (347)
Considering the two species are common in pet animals but infrequent and disparate
in humans, the pathogenic potential of these taxa remains uncertain. Discordant
reports in humans could also suggest that different (and possibly unidentified)
sources of infection exist, resulting in varying exposures of humans to these taxa, or
that strain variation and host factors may play important roles in the development of

disease.

Mechanisms of pathogenesis of Campylobacter spp. can be investigated by various
approaches such as animal models of disease (e.g. primates, rodents, chickens etc.),
eukaryotic cell cultures, and molecular biology tools (e.g. genetic and genomic
studies). (21) Invertebrates may also be used as an infection model for microbes due
to a high degree of functional and structural homology with the mammalian innate
immune system. (451) The larvae of the greater wax moth, Galleria mellonella, have

been described as a model for many fungal and bacterial pathogens, including
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species of Acinetobacter, Escherichia, Enterococcus, Serratia, Pseudomonas. (517,
518) Recently, the wax moth larvae were also described as an infection model for C.
jejuni for the evaluation of the role of selected genes in the mortality of larvae. (519)
That study showed that mutant strains of C. jejuni lacking defined virulence factors
showed an attenuated ability to kill the larvae compared to the respective wild types.
Subsequently, histological changes and survival of C. jejuni in the larvae were
described and the model was further applied to evaluate differences in virulence
between genotypes of C. jejuni according to the multi-locus sequence-typing (MLST)
scheme. (452) That study showed extensive histological changes in larvae upon
inoculation of C. jejuni, intracellular survival of C. jejuni within larval haemocytes, and
that the sequence type (ST) ST-257 was more virulent than ST-21 in the larvae

model.

The aim of this study was to use Galleria mellonella wax moth larvae as an infection
model for comparison of the pathogenic potential between Campylobacter species.
C. upsaliensis and C. helveticus were selected as the emerging pathogens to which
humans are likely to be exposed from contact with pets and were compared to the
established pathogen C. jejuni. Survival of larvae inoculated with viable bacteria and
heat- and cold-inactivated cells and cellular components, histopathological changes,
cultures of larval haemolymph and haemocytes, and dose-, temperature-, and
atmosphere-dependent survival of larvae were used as comparative features of larval

infection between Campylobacter species.

6.3. Results

In total, 5,878 larvae obtained from seven different batches were used for inoculation
with C. jejuni (2,137 larvae), C. upsaliensis (1,751), C. helveticus (1,272), phosphate-
buffered saline (PBS) (338), and Mueller-Hinton broth (10) while 385 served as
undisturbed controls. The main assay was the inoculation of larvae with viable
bacteria using three 100-fold dilutions followed by incubation in the optimal
environment and consisted of 1,831 larvae (1,073 events) for C. jejuni, 1,460 (489

events) for C. upsaliensis, and 982 (338 events) for C. helveticus. The Kaplan-Meier
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(KM) survival curves for Campylobacter spp. with the three dilutions used in the main
assay are presented in Fig. 6.1. Overall, the survival at 24 hours post-inoculation with
the doses of ~10%, 10° and 10® C. jejuni CFU was 99% (80 — 100% between strains),
95% (65 — 95% between strains) and 47% (5 — 95% between strains) respectively
(Fig. 6.1, strain data not shown). The KM survival curves in Fig. 6.1 show a clear
dose-dependent survival for all of the Campylobacter species. With the low bacterial
load (225 C. jejuni, 205 C. upsaliensis and 180 C. helveticus larvae), the log-rank test
showed no significant differences in survival of larvae inoculated with different
Campylobacter species. In the medium load (785 C. jejuni, 625 C. upsaliensis and
392 C. helveticus larvae) survival of larvae inoculated with C. jejuni was significantly
lower than that of larvae inoculated with either C. upsaliensis or C. helveticus (p <
0.001), the latter two not being significantly different to each other. In contrast, in the
high load (821 C. jejuni, 630 C. upsaliensis and 410 C. helveticus larvae) survival of
larvae was significantly different between all Campylobacter spp. (p < 0.001) with C.
jejuni having the lowest survival followed by C. helveticus and C. upsaliensis with the
highest.
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Fig. 6.1. Kaplan-Meier survival curves of larvae (n = 4,273) inoculated with three

100-fold dilutions of Campylobacter species.

There were 301 PBS-inoculated (27 events) and 355 (27 events) undisturbed larvae
used in the optimal environment as controls in the main assay and their KM survival
curves are presented in the “Optimal” subplot in Fig. 6.2. The comparison of the dose
response shown in Fig. 6.1 with survival of control larvae in Fig. 6.2 showed no
significant difference between any Campylobacter spp.-infected larvae with low
bacterial loads and the control groups. The uninfected larvae and larvae infected with

low Campylobacter doses never exhibited macroscopic melanisation, and reduced
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responses - righting reflex and response to physical stimuli - were only observed in
the latter. Therefore, the low dose study was discontinued in the remainder of the
study. Signs of morbidity in infected larvae with medium and high doses were always
present. With the medium bacterial load, only survival of C. jejuni-inoculated larvae
was significantly different from survival of the control groups (p < 0.001), whereas
with the high bacterial load all Campylobacter spp.-inoculated larvae had significantly
different survival from the control groups (p < 0.001). The survival of PBS-inoculated

and undisturbed larvae was not significantly different from each other (Fig. 6.2).
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Fig. 6.2. Kaplan-Meier survival curves of larvae inoculated with Campylobacter spp.

in different environmental conditions according to in vitro growth requirements.

158



The bacterial doses used had counts and estimates of viable bacteria CFU in the
inocula obtained from spread plating. The linear functional form of bacterial dose was
satisfied by evaluations of the Cox proportional hazard (CoxPH) model assumptions.
The covariates exhibited mild violations of the assumption of proportionality of hazard
ratios over time, mostly as a decline in low and medium loads and an increase in
high loads after the fourth to fifth day post-inoculation, which corresponds to variation
of the magnitude of effect between species and plateauing of survival curves in the
medium and high loads (Fig. 6.1). The final CoxPH mixed effects regression model
for the main assay included the species and dose as independent fixed effects. The
larvae batch shipment and a nested structure of strain, bacterial load, and biological
and technical replicates were significant random effects in the final model. The model
showed significant variation between species with a hazard rate (the rate of death)
for C. upsaliensis and C. helveticus of 21% (95% CI 14 — 30%, p < 0.001) and 34%
(95% CI 22 — 52%, p < 0.001) respectively, of the hazard rate of C. jejuni. The hazard
rate of C. upsaliensis was 61% (95% CI 39 — 95%, p = 0.03) of the hazard rate of C.
helveticus. The increase of one log unit in the bacterial dose increased the hazard
rate by 4.6 times (95% Cl 4.1 — 5.2, p < 0.001) as an independent fixed effect. Of
note, a CoxPH model with only fixed effects was significantly better with inclusion of
the interaction term between species and dose, but with the addition of random
effects the interaction term did not significantly improve the model (p < 0.001). With
regard to the random effects, the final model showed the variation in hazard rate of
larval survival for 95% of batch shipments in the range of 61 — 165% of the average.
For the nested structure of strains and replicates, the variation in hazard rate for 95%
of bacterial strains was in the range of 81 — 141% of the average, for biological
replicates 77 — 135% that extended to 41 — 300% of the average between bacterial
loads used, and for technical replicates 95 — 107% of the average. The technical
replicates did not significantly contribute to the final model but were kept in order to
quantify the effect of a commonly employed experimental procedure. The mixed
effects CoxPH model for control larvae groups showed the hazard rate for survival of
undisturbed larvae at 83% of the PBS-inoculated larvae hazard rate but with no
significant difference between the two. The random effect of the batch shipments on
the survival of control larvae groups ranged from 25 — 319% of the average, and for

technical replicates from 76 — 146% of the average.

159



For the subsets of data, the CoxPH mixed model showed that STs of the CC-21
complex do not have a significantly different hazard rate from CC-61, CC-42, CC-
403, CC-3961, and CC-2381, but do have a significantly different hazard rate from
CC-45 (p = 0.041), CC-48 (p = 0.036) and CC-1332 (p = 0.018) estimated at 187%
(95% CI 103 — 344%), 184% (95% CIl 104 — 326%) and 452% (95% CI 129 —
1,583%) of the CC-21 hazard rate, respectively. At the ST level, the sign (direction
of) of the effect and significant difference of ST-21 hazard rate was maintained in
relation to ST-45 and ST-696 (the only member of CC-1332 tested) isolates and was
significantly different to ST-42 with an inverse effect showing a hazard rate of 40%
(95% CI1 18 — 88%) of the hazard rate of ST-21; all other STs of the respective CCs
were not significantly different to ST-21. All STs of CC-48 maintained the sign of
effect but lost any significant difference in hazard rate that seems to have been
mostly driven by ST-474 (p = 0.066). In addition, the hazard rate of animal isolates of
C. jejuni was 179% (95% CI 107 — 300%) of the hazard rate of human isolates of C.
jejuni, while the dose effect with animal isolates was at 76% (95% CI 58 — 98%) of
the hazard rate of the dose with human isolates. No significant differences were
observed in the hazard rates of C. jejuni isolates when STs were categorised as
“generalists” vs. “specialists” and in “frequently” vs. “STs rarely or never observed in
human clinical cases”. There were no significant differences between the hazard
rates of human, pet and zoo animal sources of C. upsaliensis. There were insufficient

different sources or other features for C. helveticus isolate analysis.

Survival of larvae in different environmental conditions was evaluated with 302 larvae
in partial conditions (94 C. jejuni, 80 C. upsaliensis, 81 C. helveticus, 27 PBS-
inoculated and 20 undisturbed larvae) and 142 (42 C. jejuni, 40 each of C.
upsaliensis and C. helveticus, and 10 each of PBS-ctrl and undisturbed larvae)
larvae in adverse environmental conditions. There were 301 PBS-ctrl and 355
undisturbed control larvae used in the optimal environmental conditions, and as only
the high doses of Campylobacter spp. were used in the partial and adverse
environments, a subset of the main assay matching the high dose was included for
comparison of the KM survival curves presented in Fig. 6.2. The reduced survival of

infected larvae in optimal vs. partial, and partial vs. adverse environments was
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significant for all Campylobacter spp. (p < 0.001). Survivals of larvae in the
uninfected control groups was not significantly different between the different
environmental conditions. In the partial environment the survival of all infected larvae
was significantly lower than that of the uninfected control groups (p < 0.01) but the
differences between Campylobacter spp.-infected larvae were not significant. In the
partial environment a significantly lower survival rate was associated with the
maintenance of the 37°C incubation temperature rather than with the maintenance of
the Hy-enriched microaerobic (MA) atmosphere for infected larvae (data not shown, p
< 0.001). This was not seen for the uninfected control larvae. In the adverse
environment a significant difference was observed between survival of C.
upsaliensis- and C. helveticus-infected larvae (p = 0.02), but the survival of the
uninfected control groups was not significantly different from the survival of any
Campylobacter spp.-infected larvae. However, the infected larvae exhibited
melanisation of their cuticle and reduced responses to stimuli, unlike the uninfected
control groups. Melanisation of infected larvae was noted from day one and
throughout the observation period in optimal and partial conditions with all
Campylobacter spp., but in adverse conditions larvae inoculated with C. jejuni
reverted to normal colour on day two of observation. Of note, progression of larvae to
the next biological cycle, prepupa, was occasionally observed only in uninfected

control groups in normal atmosphere irrespective of the incubation temperature.

There were six assays with 590 larvae inoculated using whole-cell lysates of
inactivated bacteria, the cellular soluble and insoluble lysate components, and their
secretory products. The KM survival curves for Campylobacter spp. in these assays
are presented in Fig. 6.3. Inoculation of larvae with cold-inactivated whole-cell lysates
showed significant differences only between the survival of larvae inoculated with C.
helveticus and those of both C. jejuni and C. upsaliensis lysate inoculated larvae (p <
0.01). The removal of cold-inactivated insoluble material from the whole-cell lysate
significantly improved the survival of larvae inoculated with C. jejuni (p <0.001) and
C. helveticus (p < 0.001) but not that of larvae inoculated with C. upsaliensis lysates.
In addition, for the cold-inactivated soluble fraction assay, the survival of larvae
inoculated with C. jejuni lysates did not differ from the survival of control groups

which was seen for both C. upsaliensis (p < 0.01) and C. helveticus (p < 0.01)
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lysates. There were no significant differences between the survival of larvae
inoculated with Campylobacter spp. lysates for all three heat-inactivated lysate
assays and the secretory products assays. The removal of heat-inactivated insoluble
material from the whole-cell lysate significantly improved larvae survival for each of
the Campylobacter spp. (p < 0.001) and thus, the difference in survival from that of
the uninfected control groups was not significantly different anymore. Also, survival of
larvae inoculated with Campylobacter spp.-secreted products was not different from
survival of the Mueller-Hinton broth-inoculated and undisturbed larvae. All inoculated
larvae exhibited melanisation from day one of observation but it was observed that
the intensity of melanisation declined over time. The larvae inoculated with either
cold- or heat-inactivated soluble cellular material also showed signs of morbidity with
low mortality, similar to the observations in the adverse environment assays above,
whereas the larvae inoculated with bacterial secretory products showed no signs of

morbidity at all.
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and secreted products of

Microscopic evaluation was performed on two to four larvae pooled from the same

experimental run from 11 experimental runs of C. jejuni, 10 of C. upsaliensis, 12 of C.

helveticus, three of PBS-inoculated and three undisturbed control larvae. There was

severe loss of tissue architecture in most longitudinal sections and so only transverse

sections were scored and evaluated. There were on average 4.4 sections (2.0
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standard deviation) per experimental run; all were evaluated and scored. The gut
tissues in both infected and uninfected larvae could not be evaluated due to the
heavy autolysis. The summary of histopathological scores in infected and uninfected

larvae is presented in Table 6.1.

Table 6.1. Distribution of histopathology scores* in larvae infected with

Campylobacter spp. and the uninfected control larvae groups.

PBS- Undisturbed
inoculated larvae
(n=3) (n=3)

C. jejuni C. upsaliensis  C. helveticus

Feature Score (n=11) (n = 10) (n=12)

Fat body

Haemolymph

Haemocytes

Nodules

Pigment

Bacteria

N =2 OWN-=20N=_20WN=2$0WN=22WN =
NODN-_WAONPRO 2AIWON_2ANWPRrWH
2O WEADNNNPERWOWINWOOO OI|WNO
2 ODNPOOOWPROAOWINNWOPR~OOOW-—-
O 2 NOOOWOOWOWOON -2WOOo
ON 2000 WO O WO WOOWO|NN-~O

* All evaluations were conducted blinded to treatment group. Haemocytes were
scored as 1 (low number of individual haemocytes), 2 (low to moderate number of
clusters) and 3 (numerous clusters or sheets of haemocytes), and haemolymph and
fat body as 1 (fat body taking < 25% of cross sections), 2 (~ 50% of sections) and 3
(=2 75% of sections). Pigment was scored as 0 (no pigmentation), 1 (faint
pigmentation at 4x magnification), 2 (moderate pigmentation visible at 1.25x
magnification) and 3 (obvious dark pigmentation at 1.25x magnification). Nodules as
aggregations of pigmented haemocytes (520) were scored as 0 (none observed), 1
(few per section) and 2 (over 10 per section). Bacteria were scored as 0 (none
observed), 1 (filling of ~ 25% of gut lumen) and 2 (filling over 25% of gut lumen) in

gut tissue and as presence/absence in haemolymph.
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Overall, the scores of fat body and haemolymph between infected and uninfected
larvae were similar but the two features showed large variations between larvae from
the same experimental runs, thus were not statistically analysed. The scores of
haemocytes were not significantly different between infected and uninfected larvae (p
= 0.7) and between Campylobacter spp. within infected larvae (p = 0.4). However,
only the haemocytes of infected larvae exhibited pigmentation of the cytoplasm.
Apart from the cytoplasm of haemocytes of infected larvae, pigment deposition was
also observed in tissues (fat body, muscle, epithelial cells, haemolymph and gut
lumen) and nodules. The overall pigment scores (Table 6.1) were significantly higher
in infected than uninfected larvae (p = 0.002) but there was no difference between
Campylobacter spp. within the infected group (p = 0.4). The pigment scores in
haemocytes, nodules and tissues between Campylobacter spp. within infected larvae
were not significantly different (all three pigment locations with p > 0.3). Nodules
were only observed in infected larvae, which was significantly different from
uninfected larvae (p = 0.001). Nodules were mostly observed beneath the cuticle and
around the gut and there was no difference in scores between Campylobacter spp.
within infected larvae (p = 0.8). Coccoid bacteria were almost always observed in
infected larvae but filamentous rods and cocci were also noted, though infrequently,
in both infected (two each of C. jejuni and C. upsaliensis) and uninfected (one PBS
control and two undisturbed controls) larvae. Scores of abundance of bacteria were
significantly higher in infected than in uninfected larvae (p < 0.001) but not between
Campylobacter spp. within the infected larvae (p = 0.7). Within infected larvae,
bacterial scores had a significant (p < 0.01) positive association with nodule scores
(Spearman’s rank correlation rho of 0.45) and with pigment scores (Spearman’s rank
correlation rho of 0.41, p = 0.01). Similarly, bacterial scores had a significant (p =
0.04) positive association with bacterial loads used in the inocula of infected larvae

with the Spearman’s rank correlation rho of 0.36.

The isolation of Campylobacter spp. from the haemolymph and haemocytes of larvae
was attempted with 40 each of C. jejuni and C. upsaliensis and 30 C. helveticus
inoculated larvae on days one, two, three, five and eight post-inoculation. The
isolation was successful with all of the Campylobacter spp. from the haemolymph

and from the haemocytes only with C. jejuni. The isolation of C. upsaliensis and C.
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helveticus from the haemolymph of larvae was only successful in the first two days
post-inoculation while C. jejuni was successfully isolated, including from the
haemocytes, up to 8 days post-inoculation. Campylobacter-like colonies were not
observed in cultures of haemolymph from uninfected control groups (10 PBS-ctrl and

10 undisturbed larvae) on day one, two, three and five of observation.

6.4. Discussion

The results show a clear distinction between the survival of larvae infected with the
established pathogen C. jejuni and the emerging pathogens C. upsaliensis and C.
helveticus. In addition, several limiting features in the use of larvae for comparison of
survival rates were observed and suggest some possible explanations of the
observed differences. C. upsaliensis and C. helveticus showed a significantly
reduced ability to kill larvae compared to C. jejuni, but histopathological findings
could not distinguish between the larvae infected with different Campylobacter
species. The histopathological findings of both infected and uninfected control groups
correlate well with results of the study investigating C. jejuni infection of Galleria
mellonella larvae. (452) In both studies loss of integrity of the gut wall, activated and
apoptotic haemocytes, pigment and nodule formations (observed macroscopically as
melanisation) throughout the tissues and haemocoel were recorded in the infected
larvae, as in the present study for all Campylobacter spp., but not in the control
larvae groups. The consistent histological changes in larvae infected with C. jejuni
and clear differentiation from the changes in uninfected controls between the two
studies, indicate the applicability of larvae as an infection model for C. upsaliensis
and C. helveticus as well. The coccoid bacteria observed microscopically were
presumed to be Campylobacter cells. In support of this presumption are the
successful isolation of Campylobacter spp. from larval tissues and the significant
positive correlation of the bacterial scores with pigment and nodules scores and the
bacterial loads in the inocula used for infection. The poorer success in evaluation of
longitudinal sections compared to transverse sections in this study was also reported
with use of Candida albicans in Galleria larvae (521). That study reported the

injection of larvae with formalin as the preferred method of fixation to preserve tissue
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architecture, which could explain the poor success in the evaluation of gut lesions in

the present study with the submersion of larvae in formalin.

Inactivated Campylobacter cells and cellular materials in this study were also shown
to induce signs of morbidity and could cause death of larvae with all three
Campylobacter spp. with little difference between them (Fig. 6.3). The melanisation
of larvae was evident, and is a sign of the activation of the immune system; this may
also cause substantial damage to the host and lead to death as well. (522) These
assays employed the same high doses and optimal environmental conditions as the
viable bacteria assays (Fig. 6.1). Comparison of KM survival curves between these
assays indicates the survival of larvae with viable C. helveticus and C. upsaliensis is
mildly worse than with inactivated cell lysates (except for a three day delay in deaths
in the cold-inactivated assay) but in larvae inoculated with live C. jejuni survival is
much worse than in larvae inoculated with cell lysates. This pattern suggests that the
metabolic activity of viable C. upsaliensis and C. helveticus cells contributes less to
the death of larvae compared to their cell components than does the activity of C.
jejuni cells. In light of the results of the culture of larvae that showed the
disappearance of C. upsaliensis and C. helveticus from the haemolymph early in
infection, and no successful isolation from haemocytes, a possible explanation is that
the bacteria were dying. Whether the bacteria were being killed by the larval immune
system response or were dying merely due to the unsuitable environment of the
larval haemocoel cannot be determined from this study. Another possible explanation
is that due to the adverse environment the bacteria entered a viable-non-culturable
state, in which they remain metabolically active with preserved integrity of the cell
wall but do not replicate (523) thus, the negative culture results. A study by Senior et
al. (452) documented survival of C. jejuni in larval haemocytes using green
fluorescent protein-tagged cells and showed that the pattern of survival is broadly
similar between insect and mammalian macrophage cell lines. In addition, the
numbers of intracellular C. jejuni cells were increased at 24 hours compared to 4
hours post-inoculation, which suggests C. jejuni cannot only survive but also replicate
in larvae cells. This is in line with results of haemolymph and haemocytes cultures of
C. jejuni-inoculated larvae, which demonstrated successful isolation up to 8 days

post-inoculation in the present study.
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Insect haemocytes recognise pathogens and phagocytise foreign material in a similar
manner to mammalian neutrophils, with the killing of ingested microbes achieved in
both cell types by the production of superoxide and by the release of enzymes in the
process of degranulation. (524) While there are a variety of cellular and humoral
immune mechanisms that may also play a role in larvae (451) the survival of C. jejuni
in haemocytes is likely to be due to possession of genes involved with oxidative and
aerobic stresses. Studies have shown the MarR-like transcriptional regulator genes,
rrpA and rrpB, are involved in the regulation of the catalase (KatA), the alkyl
hydroperoxide reductase (AhpC) and the superoxide dismutase (SodB) genes.
These genes are involved in the tolerance of oxidative and aerobic stresses and
mutants of these genes and their regulators were reported to be associated with
significantly increased survival of larvae compared to the wild-type isolate, a pattern
not seen for mutants of the peroxide-sensing regulator (PerR), and rrpA and rrpB
double mutants. (525, 526) These genes have not been described in C. upsaliensis
and C. helveticus, and phenotypically they are catalase weakly positive (101) and
catalase negative, (516) respectively. However, the higher survival of C. upsaliensis-
infected than of C. helveticus-infected larvae in the present study suggests more than
just catalase activity is needed to explain the phenomenon. Reports of intracellular
survival of C. jejuni in mammalian macrophage monocyte cell lines are somewhat
conflicting as some reported no ability to survive (181) but more studies reported
intracellular survival. (5627-529) More studies are needed to elucidate these issues
but also, to the extent the larvae are a model of innate immunity, the role of the
metabolic capacity and virulence of microbe compared to merely its cellular

composition in disease development.

The assays with altered environmental conditions in this study showed improved
survival for larvae infected with all Campylobacter spp. as the conditions become
less favourable for Campylobacter in vitro growth requirements. As an intestinal
bacterium, coping with various adverse environmental conditions is important for
Campylobacter spp. transmission between hosts, and temperature and atmospheric
changes were shown to significantly reduce survival of Campylobacter spp. (160)

Therefore, the increased survival of larvae infected with Campylobacter spp.
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incubated in decreasingly favourable conditions could be expected to be due to
decreased numbers of viable Campylobacter spp. in the larvae. The larval cuticle
acts as a physical barrier (530) and although the extent of change in gaseous levels
in larvae due to the incubating atmosphere was not investigated, the change in
atmospheric conditions did obviate the differences in larvae survival between C.
jejuni and the other two Campylobacter spp. (Fig. 6.2). C. jejuni may grow in certain
aerobic conditions (531) but the aerotolerance can vary significantly between strains.
(532) Whether the difference of C. upsaliensis and C. helveticus from C. jejuni seen
in optimal conditions was lost in partial conditions due to aerosensitive strains cannot
be determined. Temperature-dependent mortality of larvae with all Campylobacter
spp. was more pronounced than atmosphere-dependent mortality in this study. C.
jejuni does not grow at temperatures below 31°C but may survive in temperatures as
low as 4°C, although the activity of all vital cellular processes is significantly reduced.
(77) The infected larvae at room temperatures did show signs of morbidity that were
not seen in the control groups, but survival of larvae was not different between the

infected and control groups.

A peculiar finding is the clearing of melanisation from day two of observation in
adverse environments observed only with C. jejuni. The results of the inactivated
bacterial assays indicated that melanisation occurred in response to antigenic
stimulation but subsided over time. The melanisation occurs when the larval immune
system recognises a pathogen and activates the phenoloxidase cascade leading to
the melanisation of haemolymph around the pathogen. (451) Thus, if C. jejuni were
dying rather than evading the larval immune system, it would be expected for cellular
components to become accessible to the larvae immune system and melanisation to
appear as observed with C. upsaliensis and C. helveticus. The few deaths observed
in adverse conditions could be associated with a gradual decline in viable bacteria
over time whereas with inactivated bacteria the immediate antigen loading may have
overwhelmed the immune system and the resulting damage leads to more deaths of
larvae. The observation of melanisation only for one day would suggest that some
portion of the C. jejuni had died but that they were quickly cleared compared to the
other two Campylobacter species. This is another indication of the ability of C. jejuni

to survive in larvae compared to C. upsaliensis and C. helveticus. Alternatively, the

169



antigens of C. upsaliensis and C. helveticus may be more able to provoke the larval
immune system than that of C. jejuni or that the death rate in adverse conditions is
faster with the former two species. Cultures of haemolymph and haemocytes would

be beneficial in these assays but were not performed.

A review of the literature identified this study as the first to report the use of different
Campylobacter spp. and with regard to comparison of C. jejuni results in this study
with the reported literature several limiting factors need to be addressed. All seven
studies identified in the literature review used the right foreleg as route of injection
with Hamilton syringes, reported no details of incubating atmospheric conditions and
means of assessment of death of larvae, all studies used broth-grown isolates and
evaluated the survival of larvae at 24 hours post-inoculation. (452, 519, 525, 526,
533-535) The exceptions were the report of survival at 48 hours by Humphrey et al.
(534) and Elmi et al. (533) noted no further deaths at 48 and 72 hours compared to
24 hours post-inoculation. More importantly, all the above studies evaluated the
death of larvae by macroscopic colour changes only as reported by Champion et al.
(519) whereas in the present study responses to stimuli were also included as
reported by Cotter et al. (636) Additionally, all of the above studies focused on the
evaluation of mutants vs. wild-type isolates for the investigation of genes affecting the
survival of larvae and used one (525, 526, 533) or five or less (519, 534, 535)
isolates for comparisons, except for the study by Senior et al. (452) that evaluated
variation between STs with 67 strains. Therefore, many results are not directly
comparable between the studies. During preliminary testing in the present study, in
our experience inoculation via the last left pro-leg, as described by Kavanagh et al.
(451) was easier than via the right foreleg. Both sites serve as access to haemocoel
but whether the site of injection causes a different effect needs further investigation.
The report of no additional deaths at 48 and 72 hours compared to 24 hours post-
inoculation by Elmi et al. (533) could be attributed to the use of only one strain and its
mutants. With regard to temperature-dependent survival of larvae only the study by
Champion et al. (519) reported complete killing of larvae with ~10° CFU of the C.
jejuni 11168H isolate at both 25°C and 37°C incubation temperature at 24 hours
post-inoculation. This is in stark contrast with results of this study, as with ~10® CFU

only a few deaths were observed with all three Campylobacter species in partial
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conditions with a H,-MA atmosphere and room temperature (unlike partial conditions
with 37°C and an aerobic atmosphere), and in the adverse environment with both
room temperature and an aerobic atmosphere. The study by Champion et al. (519)
was also the only one to report a dose-dependent survival of larvae of 30%, 10% and
0% for doses of ~10%, 10* and 10° CFU of the C. jejuni isolate 11168H, respectively.
This is also in stark contrast from the dose-response survival seen in this study,
especially considering that this study used 100-fold higher doses. All other studies of
C. jejuni in larvae used only a dose of ~10° CFU (using turbidity adjustments and no
quantification with cultures) of the C. jejuni isolate 11168H as a standard to which
other C. jejuni isolates or mutants are compared. (452, 525, 526, 533-535) In these
studies the survival of larvae infected with 11168H varied from 10% to 70%; larger
than with the dose response according to Champion et al. (519) Given the results of
this study, the variation in dose response and dose-matched survival in reported
studies are attributable to the differences in the supplier's batches of larvae, and

variations both between strains and within their biological replicates.

As this was a large study, the evaluation of the random effects on survival of larvae
was possible. The little variation estimated for the technical replicates and their
insignificant contribution to the regression model shows consistent, reproducible
results are obtained within the experimental runs. This suggests that internal validity
for an observed difference is achieved in controlled experiments. On the other hand,
the significant variation in survival of larvae between batches suggests caution needs
to be used in comparisons and extrapolation of survival estimates of different studies.
Galleria mellonella is a relatively new invertebrate model compared to the fruit fly
Drosophila melanogaster, or the nematode Caenorhabditis elegans, which have
stock centres and community databases maintained by joint international funding
approaches, such as Flybase and WormBase respectively. (5637) The lack of sources
of genetically defined larvae strains and reference populations, different breeding and
maintenance practices between suppliers, and maintenance and non-standardised
experimental procedures between research laboratories have been frequently raised
as limitations of experimental comparability. (518, 537, 538) Considering that in this

study only one supplier was used, the significant batch effect could be expected to be
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larger for differences between suppliers than within suppliers, which is a problem

when comparing between studies.

The effect of biological replicates both with and without accounting for the bacterial
load is intriguing, as three studies of C. jejuni employed biological triplicates (each
with three technical replicates) but none reported variation thereof, and from the
graphical display of the combined results of the mean larval survival does not seem
to have varied more than 15 — 20% within each study. (525, 526, 533) The reason for
the variation between biological replicates could be explained by unmeasured
variables that played a role during the culturing of the bacteria for preparing inocula.
C. jejuni usually produced sufficient growth on blood agar with one day of incubation,
whereas C. upsaliensis and C. helveticus usually took an additional one and two
days, respectively, to give a similar amount of growth. Whether these observations
reflect different growth phases of isolates at the time of preparation of inocula is
unknown. No study of Campylobacter spp. using larvae assessed the influence of the
growth phase on the survival rates. With other microorganisms, the inoculum growth-
phase dependent survival of larvae has been reported for group A streptococci (539)
and Legionella pneumophila. (540) Apart from the differences in growth phase, the
culture conditions and protocols may also affect the pathogenic properties of the
strains. The study by Champion et al. (519) reported a higher mortality of larvae with
broth-grown rather than plate-grown C. jejuni 11168H. Similarly, the influence of
culture and storage conditions in the laboratory on the virulence properties of C.
jejuni 11168H compared to the original clinical isolate has been reported. (154) In
this study, Mueller-Hinton broth was not used for growing of Campylobacter spp. due
to the very poor growth of C. upsaliensis and C. helveticus in this medium. Other
sources of variation between biological replicates may be related to the variable
expression of genes. The genome of C. jejuni contains many hypervariable regions
characterised by homopolymeric DNA tracts. (541) These regions function as
contingency loci that frequently undergo slipped-strand mispairing during replication,
resulting in frame-shifts and phase variation. This phenomenon induces genetic
heterogeneity resulting in a spectrum of phenotypes thought to be important in the
host adaptation, enhanced virulence, and immune evasion of C. jejuni. (542, 543) C.

upsaliensis was reported to contain nearly three times as many variable
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homopolymeric repeats than C. jejuni, encoding a combination of hypothetical, cell
envelope, and virulence-associated genes, (21, 544) but no data exists for C.
helveticus. Whether the population of Campylobacter in an inoculum is, although
originally derived from a single colony, diverse due to mutations induced by the
homopolymeric tracts and phase variation and thus, responsible for variation in

biological replicates would be interesting for further studies.

However, the variation between strains of species is to be expected to a certain
extent for comparative studies given the species/isolate (or its mutant) in question is
able to kill larvae. Several studies of C. jejuni reported strain-related variation in the
survival of larvae. Excluding the data for mutant isolates, the ranges in survival of
larvae were reported at 10 — 20%, (535) 25 — 43%, (519) 3 — 36% (534) in studies
comparing less than five strains and 50 — 100% in a study comparing 67 strains.
(452) These studies were matched by the dose used (which corresponds to medium
loads in this study), and all evaluated the survival at 24 hours except for Humphrey et
al. (634) who evaluated survival at 48 hours post-inoculation. The overall survival of
larvae in this study is much higher for the corresponding time of observation and
dose, apart from the study by Senior et al. (452) but the variation due to strains as
well as the magnitude of the random effect of strains on larval survival in this study
corresponds in relative terms with the reported data. With regard to strain variation of
C. jejuni according to ST/CC designation the results of this study are discordant with
the reported data. The study by Senior et al. (452) reported survival of larvae
inoculated with ST-21 to be significantly higher than that of larvae inoculated with ST-
257 and, though higher, not significantly different from survival of ST-403, ST-45 and
ST-48 inoculated larvae, the latter two STs were significantly different from the
results seen with ST-21 inoculated larvae in this study. One additional study, using
three isolates reported larvae inoculated with ST-21 to have a higher survival than
those with ST-257 and ST-137 (CC-45) isolates (534). The differences between the
studies could be due to the analytical methods used, as CoxPH models evaluate the
survival curve over time and the two reported studies (452, 534) used one point
estimates. The lesser survival of CC-48 inoculated larvae than those inoculated with
CC-21 in this study is likely to be due to the use of ST-474 and ST-3609 in addition to
ST-48 as members of CC-48 whereas the study by Senior et al. (452) only used ST-
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48 which was also not significantly different from ST-21 in this study. C. jejuni ST-474
is rarely reported outside of New Zealand where it was described as the most
frequent ST occurring in human clinical cases and was poultry-associated. (260, 312)
The relationship between ST/CC designations and virulence in larvae and its
(cor)relation to virulence in humans remains to be further studied. For instance, CC-
21 was reported to survive better in both heat and chill stress models than CC-45,
which in turn survived better in oxidative, and freeze stress models than CC-21. (545)
In contrast, CC-21 dominated CC-45 in the number of aerotolerant and hyper-
aerotolerant strains. (532) The discordant results of larval survival could be due to
variations between STs within the CCs, as confounding within CC was observed in
this study within CC-42. Also, this study showed different hazard rates between
animal and human isolates of C. jejuni suggesting another possible source of
confounding the estimates of the C. jejuni isolates. For the larval model,
inconsistency on the CC level may be due to variations in lipooligosaccharide classes
reported between and within CC, (196) as deletion of the lipooligosaccharide
biosynthesis region was reported to attenuate survival of larvae compared to the wild
type strain. (519) Further work is needed to evaluate the importance of source,
ST/CC and other genotypic, phenotypic or epidemiological data of isolates in the

Galleria mellonella model.

The present study showed the critical importance of the evaluation of dose-
dependency in the survival of larvae when used as an infection model. For the use of
the survival of larvae as an end-point for pathogenic features of an isolate being
studied, the dose requires sufficiently altered survival of larvae to allow the relative
comparison with control larvae groups or some other isolate. (538) If one considers
only one dose to have been evaluated in this study, the inference about the survival
between infected and uninfected larvae as well as between Campylobacter spp.
within infected larvae would have been awry (Fig. 6.1). This is further supported by
the CoxPH regression modelling showing no significant effect for the interaction of
dose and species, which would mean the effect of dose varies between each (or
some) species. Therefore, the different survival rates between Campylobacter spp. is
independent of the dose but the difference may not be observable below a certain

dose (Fig. 6.1). The dose-dependant survival of larvae has been documented for
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many pathogens used with Galleria mellonella larvae and differences in the 50%
lethal dose can be as extreme as several thousand-fold within species and within
bacterial genera. (518) The dose-response is also useful for determination of the
levels that enable differentiation of the survival of control larvae groups and infected
larvae. All of the above studies of C. jejuni in larvae with observations at 24 hours
had 100% survival of control groups and survival was over 98% at 72 hours, the
longest observation reported. (534) This is in line with this study as the ~10%
mortality of control larvae groups was reached around the fifth day of observation
and remained constant until at least 10 days (Fig. 6.2). This relatively low mortality
rate of the control groups in this study shows that the observation period can be
prolonged and that more information about infection dynamics can be revealed, since
the manipulation of larvae and environmental conditions in this study seem to not be
a major cause of deaths. The CoxPH models showed violations of proportionality of
the hazard rates. The violations were not severe enough to invalidate the model, as
no inverse relationships occurred, as shown by no crossing of KM survival curves
(Fig. 6.1). However, these violations caution us that the magnitude of the estimates
of species differences is not constant over the observation period. This finding raises
questions about the choice of observation time for comparisons. For instance, what
would it mean if in the reported studies of C. jejuni a certain mutant was significantly
different from the wild type on day one but not day five? The mutant adapted and
caught up and what should the inference be on the gene knocked out/inserted? This

is, indeed, speculative but the possibility should be considered.

This study confirmed the ability of both Campylobacter spp. cells and cellular
components to cause morbidity and mortality of Galleria mellonella larvae. A study of
the C. jejuni 11168H isolate reported no melanisation and no death in larvae at 24
hours post-inoculation with heat-killed cells, (519) this difference could be related to
the dose (100-fold difference) and the strain used as previously discussed for other
assays. The different KM survival curves between methods for inactivation of
bacteria indicates that both heat- and cold-labile compounds are present. Similarly, a
study of C. jejuni also reported the heat-inactivation of cellular compounds to affect
larvae survival. The outer membrane vesicles that are used by bacteria for the

delivery of virulence factors into host cells were shown to induce a dose-dependent
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mortality in larvae, but upon heat-treatment, irrespective of the dose, all larvae
survived. (533) In that study, the exact quantification of outer membrane vesicles was
performed and although only high doses were used in this study, it is possible that
certain subcellular components had not reached a sufficient concentration for death
of larvae to occur. The results of assays with inactivated bacteria in this study
indicate both heat- and cold-inactivated soluble components as well as secreted
compounds provide little contribution to the mortality of larvae (Fig. 6.3). Considering
the procedure for the preparation of these inocula, the concentration of soluble
materials may have been equivalent between soluble and whole-cell lysates whereas
the concentration of insoluble material may have been higher in insoluble than in
whole-cell lysate due to the separation through centrifugation. Notwithstanding these
limitations, the results of assays with inactivated bacteria indicate comparative
studies of Campylobacter cellular components may be conducted, and would be
beneficial to evaluate their role in infection dynamics. The larval immune system
possesses several similarities in humoral and cellular defence mechanisms and
pathogen recognition receptors  for  peptidoglycan structures, and
lipopolysaccharides. (451) The recently published transcriptome of Galleria
mellonella massively expanded the known spectrum of immunity and stress related

genes of this model and will greatly facilitate forthcoming research (546).

6.5. Concluding remarks

The present study demonstrated that the larval model can be extended to C.
upsaliensis and C. helveticus and that these bacteria induced significantly lower
levels of mortality in larvae compared to C. jejuni. Histopathological changes were
indistinguishable between the three Campylobacter spp., but cultures of infected
larvae showed survival of only C. jejuni in larvae haemocytes for up to 8 days post-
inoculation. During this time C. jejuni was also grown from larvae haemolymph
whereas C. upsaliensis and C. helveticus could only be isolated in first two days
post-inoculation. To the extent of larvae as a model of mammalian innate immunity
this phenomenon suggests rapid clearance of C. upsaliensis and C. helveticus, which

would support these species as less pathogenic than C. jejuni due to inefficient
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evasion of the primary immune response during the course of disease development.
The dose-dependent, temperature- and atmosphere-dependent survival of larvae
was confirmed with all three Campylobacter spp., and further demonstrated the
varied infection dynamics between the species. Mixed effects CoxPH regression
modelling showed significant variation in the hazard rate between batches of larvae,
strains of Campylobacter, and biological but not technical replicates as random
effects, and confirmed species differences and bacterial dose as independent fixed
effects on larvae survival. The random effects indicate the consistent results of
technical replicates supporting internal validity of experimental runs but suggest
limitations for comparisons between experiments, which is in line with the variability
in reported studies on C. jejuni in larvae. The model diagnostics showed the variation
in proportionality of hazards between species, which emphasises the need for
caution in interpreting the observed magnitude of the effects with respect to the time
of observation of larvae survival. Heat- and cold-inactivated whole cells and cellular
components induced sickness and the death of larvae, with different survival of
larvae between cellular components and Campylobacter species. Based on the
larvae model, the data suggests that C. upsaliensis and C. helveticus are pathogenic
species but less so than C. jejuni, which could be related to the inability of the former
two species to survive within larvae haemocytes and evade immune responses in
larvae haemolymph, and that the death of larvae was associated with damage due to

antigen-induced immune response rather than viable bacteria.

6.6. Materials and methods

6.6.1. Strains and cultures

Isolates of C. jejuni were selected to include frequent, common and rarely occurring
STs isolated from humans with clinical signs of gastroenteritis (n = 17), food (n = 4)
and animal faeces (n = 12) from the "EpiLab collection (Table 6.2). The "EpiLab
collection contains over 3,500 isolates from the Manawatu Campylobacter sentinel
site surveillance, a source attribution study of campylobacteriosis using concurrent

sampling of sick people, animal, food and the environment over ten years. (333) The
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genotypes of C. upsaliensis and C. helveticus isolates were unknown and were
pseudo-randomly selected from a previous study in dogs (10 C. upsaliensis and one
C. helveticus) and cats (four C. upsaliensis and nine C. helveticus). Additionally, for
C. upsaliensis, five isolates from the Auckland Zoo (two each from meerkats and
golden lion tamarins and one from a cheetah), and two isolates from humans with
clinical signs of gastroenteritis from New Zealand were included. For C. helveticus,
two strains from cats from international culture collections were also used. The type
strains of all three Campylobacter spp. were included. Overall, there were 34 strains
of C. jejuni belonging to 15 different STs from nine different clonal complexes, 22

strains of C. upsaliensis and 13 strains of C. helveticus.
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Table 6.2. Details of Campylobacter species isolates used in the study.

C. jejuni isolates Source of isolation MLST® group
NCTC 11351 Cattle ST-605/ CC-43
ACP17c Dog ST-474 /| CC-48
ACP50a Cat ST-48 / CC-48
ACP57b Dog ST-45/ CC-45
ACP75a Dog ST-21/CC-21
ACP90c Dog ST-474 /| CC-48
ACP103c Dog ST-45/ CC-45
ACP103d Dog ST-45/ CC-45
ACP117c Cat ST-696 / CC-1332
ACP176d Dog ST-474 /| CC-48
ACP191a Dog ST-61/CC-61
BD12f2b Dog ST-3676 / CC-42
BD13d3a Dog ST-137 / CC-45
H450 Human ST-61/CC-61
H550 Human ST-42 / CC-42
H1763 Human ST-50 / CC-21
H1792 Human ST-520 / CC-21
H1796 Human ST-45/ CC-45
H1799 Human ST-48 / CC-48
H1804 Human ST-48 / CC-48
H1849 Human ST-137 / CC-45
H1878 Human ST-21/CC-21
H1884 Human ST-474 /| CC-48
H1910 Human ST-21/CC-21
H1924 Human ST-45/ CC-45
H1969 Human ST-61/CC-61
H1972 Human ST-42 / CC-42
H1978 Human ST-50 / CC-21
H1987 Human ST-50/ CC-21
H22082 Human ST-474 /| CC-48
P110b Poultry ST-474 /| CC-48
P525a Poultry ST-2381/NA
P836a Duck ST-3609 / CC-48
P970a Duck ST-3961/ NA
C. upsaliensis isolates Source of isolation
ACP5b, ACP18a, ACP19b, ACP64a, ACP72b,

ACP144b, ACP136a, ACP149b, BD16e4a, Dogs
ESR3675

ACP9b, ACP135¢, ACP170a, ACP170b, ACP179b Cat
LR128, LR129, LR130, LR131, LR132 Wwildlife
ERL103233, ERL112092 Humans

C. helveticus isolates Source of isolation

ACP102a, ACP105a, ACP105b, ACP108a,
ACP110b, ACP114b, ACP123b, ACP175a,

ACP183a, CCUG30563, CCUG30682, Cats
CCUG30683
ACP141a Dog

@ Multi-locus sequence typing scheme: sequence type (ST) / clonal complex (CC)
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For the preparation of inocula, all isolates were recovered from 15% (weight/volume)
glycerol in nutrient broth vials stored at 80°C by plating to Columbia horse blood agar
(Fort Richard, Auckland, New Zealand) incubated in a Hz-enriched microaerobic
atmosphere (H2-MA) (82% N2, 10% CO2, 5% Hz, 3% O;) in variable atmosphere
incubators (Don Whitley Scientific, West Yorkshire, UK) at 37°C. Species
identification was previously confirmed using PCR assays targeting the hipO gene for
C. jejuni (491) and the 16S rRNA gene for C. upsaliensis and C. helveticus. (490)

6.6.2. Galleria mellonella assays

Fifth instar larvae were obtained from Biosuppliers (Auckland, New Zealand) and
kept in a mixture of wood chips and honeycomb at room temperature (approx. 20°C)
and used at the latest within four days of arrival. Inocula of approximately 10-15 pL
were injected using manual restraint of larvae into the haemocoel via the last left pro-
leg using 33G insulin syringes (Becton Dickinson Co., Auckland, New Zealand) in
sets of 10 larvae. Upon inoculation the larvae were kept in Petri dishes with a moist
tissue provided but with no food. Larvae inoculated with phosphate-buffered saline
pH 7.3 (Difco Laboratories Inc., Detroit, MI, USA) (PBS-inoculated or PBS-ctrl) and
undisturbed larvae were used as controls for the experimental procedure and the
conditions respectively, in all assays. All assays were performed in duplicate. The
majority of assays were performed in H>-MA at 37°C denoted as ‘optimal
environment’ as these conditions are used for the isolation of Campylobacter
species. Combinations with a normal atmosphere and room temperature were also
evaluated with the environmental conditions categorised on their ability to support the
growth of Campylobacter species. The use of room temperature and Hz-enriched MA
or aerobic atmosphere and 37°C was considered a ‘partial environment’, whereas the
use of room temperature and an aerobic environment was designated as an ‘adverse
environment’. All larvae were observed daily for up to 12 days with a minimum of five
days of observation. The morbidity and mortality assessment consisted of evaluation
of macroscopic colour changes (melanisation), righting reflex and responses to
physical stimuli. The absence of the righting reflex and responses to stimuli were

considered signs of death (mortality) whereas melanisation and either reduced
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responses to stimuli or absence of righting reflex as signs of morbidity. A subset of
larvae was used to culture Campylobacter spp. from haemolymph and haemocytes.
Whole larvae were ethanol (70% vol/vol) washed, flamed and then the bottom ~2 — 3
mm of the body was aseptically removed to drain the haemocoel into a sterile
microcentrifuge tube which was centrifuged at 200 g for 5 min. The haemolymph
(supernatant) was transferred to a sterile microcentrifuge tube, plated on blood agar
and cultured as above. The pelleted haemocytes were resuspended in 1 ml sterile
MilliQ water (in-house prepared), and pipetted up and down ten times to lyse the
cells and thereafter, cultured as the haemolymph. Cultures of the haemolymph and
haemocytes were also performed by plating onto C.A.T. agar (Fort Richard,
Auckland, New Zealand).

6.6.3. Campylobacter inocula

One-hundred and thirty-five inocula were prepared by suspending one to two whole
agar plate’s growth of Campylobacter spp. in PBS followed by one or two 100-fold
dilutions in PBS. For quantification of bacterial concentrations, the inocula were
further diluted in PBS and spiral plated (Don Whitley Scientific, West Yorkshire, UK)
to blood agar and incubated as above. Bacterial colony counts were performed
manually and/or using a plate reader (aCOLyte, Synbiosis, Cambridge, UK),
depending on the growth, and expressed as number of colony forming units (CFU)
per mL. Subsequently, 18 inocula were adjusted to 0.05 light transmittance at 590
nm (OD590) using a turbidometer (Biolog, Hayward, CA, USA) from which dilutions
for the inoculation of larvae and the quantification of bacterial concentrations were
performed as before. These estimates of bacterial concentration were used for the
subsequent 72 inocula of viable bacteria with the turbidity adjusted accordingly
because colony counting was not further performed. Assays using inactivated
bacteria or cellular material, and varying environmental conditions were performed
with only high doses adjusted by turbidometry as described above. Assays using the
inactivated bacteria or cellular material were performed in the optimal environment.
Heat-inactivation of bacteria was performed by heating the inocula at 100°C for 10

minutes in sterile microcentrifuge tubes placed in a heat-block. The suspension of
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heat-killed bacteria was briefly vortexed and used as a whole-cell assay and an
aliquot was placed in a sterile microcentrifuge tube and centrifuged at 12,000 g for 3
minutes. The supernatant was pipetted into a sterile microcentrifuge tube, briefly
vortexed and used as a heat-inactivated soluble assay, while the pelleted cellular
material was re-suspended in one mL of PBS, briefly vortexed and used as a heat-
inactivated insoluble assay. The cold-inactivation of bacteria was performed by a
triple freeze-thaw procedure between -80°C and 42°C in three cycles of 30 minutes
duration. The suspensions of cold-killed whole-cell and soluble assays were
performed as for the heat-killed assays. The cold-inactivated insoluble assay was
omitted due to a visible inhomogeneity of samples that could not be improved by
vortexing. For the heat- and cold-inactivated assays inactivation was confirmed by
culturing as described above. For the secretory products assay, bacteria were
subcultured to 6 mL of Mueller-Hinton broth (Fort Richard, Auckland, New Zealand)
and incubated in Ho-MA at 37°C in air-tight boxes at 200 rotations per minute until
turbid (usually two days for C. jejuni and C. upsaliensis and four days for C.
helveticus). The broth was centrifuged as for the heat-inactivation assay with the
supernatant pipetted into a sterile microcentrifuge tube and used as the secretory

products assay while control larvae were injected with sterile Mueller-Hinton broth.

6.6.4. Histopathology

Larvae were placed in neutral-buffered 10% (vol/vol) formalin and fixed for a
minimum of two days. Longitudinal and transverse sections were processed routinely
into paraffin for examination under a light microscope. Paraffin-embedded 4um
sections were stained with haematoxylin and eosin. The abundance of haemocytes,
haemolymph, pigment, nodules, bacteria and adipose tissue (fat body) were scored
semi-quantitatively over all sections of a given specimen. All evaluations were
conducted blinded to treatment group. Haemocytes were scored as 1 (low number of
individual haemocytes), 2 (low to moderate number of clusters) and 3 (numerous
clusters or sheets of haemocytes), and haemolymph and fat body as 1 (fat body
taking < 25% of cross sections), 2 (~ 50% of sections) and 3 (= 75% of sections).

Pigment was scored as 0 (no pigmentation), 1 (faint pigmentation at 4x
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magnification), 2 (moderate pigmentation visible at 1.25x magnification) and 3
(obvious dark pigmentation at 1.25x magnification). Nodules as aggregations of
pigmented haemocytes (520) were scored as 0 (none observed), 1 (few per section)
and 2 (over 10 per section). Bacteria were scored as 0 (none observed), 1 (filling of ~
25% of gut lumen) and 2 (filling over 25% of gut lumen) in gut tissue and as

presence/absence in haemolymph.

6.6.5. Statistical analysis

Statistical and exploratory data analyses were performed using R v3.2.2 (R: A
language and environment for statistical computing. R Core Team (2013). R

Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-

project.org/). Analysis of survival data was performed using log-rank tests of Kaplan-
Meier (KM) survival curves, Cox proportional hazards (CoxPH) regression models
using the “survival” package and CoxPH mixed effects modelling using the “coxme”
package as appropriate for the data. The bacterial dose was logio transformed and
the functional form evaluated for the purposes of survival regression modelling as a
continuous covariate. Functional form was evaluated by the plotting of beta estimates
against the categorical transformation of dose and by loess regression of martingale
residuals against the dose of models with and without the dose included. With the
assumptions being satisfied, the bacterial dose was centred to the mean dose and
used as a continuous covariate. Models were built using the forward step procedure
and selected based on ANOVA tests. CoxPH model diagnostics included evaluation
of coefficients as a function of time using scaled Schoenfeld residuals for assumption
of constant proportional hazards, DFBETA residuals for influential observations, and
martingale residuals and component+residual plots for evaluation of functional form
(linearity) of covariates. CoxPH mixed effects model diagnostics included evaluation
of error in the Laplace approximation of the integrated partial log-likelihood using a
Monte Carlo refinement (n = 1000) and profiling the difference between the
integrated and the null log-likelihood over a range of fixed values of random effect
variance for the estimation of uncertainty in the random effects modelling. Kruskal-

Wallis non-parametric tests were used for testing of the histopathology scores
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between the infected and uninfected larvae, and between Campylobacter spp. within
the infected larvae. Spearman’s rank correlation test was used for testing of
correlations between ordered factors. All statistical analysis used the level of

significance at a = 0.05.
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7.1. Abstract

Campylobacter-enteritis is one of the most common causes of bacterial
gastroenteritis in humans and is primarily associated with C. jejuni infection. C.
upsaliensis and C. helveticus are commonly detected in faeces of dogs and cats
worldwide, hence frequent exposure of humans is expected. However, the
pathogenicity of these species is uncertain due to reports of low occurrence in sick
people. In this study, genomes of 42 C. jejuni, 33 C. upsaliensis and nine C.
helveticus isolates were compared to describe their general, and pathogenicity-
associated genome features. C. helveticus had the largest genome (an average size
of 1,829,321 bp), followed by C. upsaliensis (1,667,333 bp) and lastly by C. jejuni
(1,665,234 bp). Functional analyses of the genomes showed 1,500 unique Clusters
of Orthologous Groups (COG) in the pan-genome of C. jejuni with 972 core COGs
representing ~83% of the strain’s genome. Comparable numbers for C. upsaliensis
were 1,433 with 528 core COGs (~47% of the strain’s genome), and for C. helveticus
1,243 with 1,083 core COGs (~93% of the strain’s genome). Around 93% of COGs
were assigned to 22 defined COG functional groups that showed many significant
differences in the number of genes between the three Campylobacter species on the
pan-genome, core and accessory genome levels. Similar patterns of COG functional
groups associated with pathogenicity features of bacteria were observed between all
three species. Using MP3 and PathogenFinder C. jejuni had a higher number of
predicted pathogenic proteins than C. upsaliensis and C. helveticus. An analysis of
genes reported as involved in the pathogenicity of C. jejuni, showed C. upsaliensis
and C. helveticus to be comparable to C. jejuni with the most notable difference
being the lack of genes associated with oxidative stress response and iron uptake.
The results of this study support the pathogenic potential of C. upsaliensis and C.

helveticus.

Keywords: genome, companion animals, zoonosis, Campylobacter, emerging

pathogens
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7.2. Introduction

The most common presentation of campylobacteriosis is an acute gastrointestinal
illness but a number of complications, extra-intestinal infections, and rare long term
sequelae such as Guillain-Barré syndrome and reactive arthritis have been
recognized (9). Campylobacteriosis is mostly foodborne and data suggest that 24 —
29% of human cases can be attributed to handling, preparation and consumption of
chicken meat. Other major risk factors include other meat sources, travel, contact
with animals, and untreated drinking water (309). C. jejuni is responsible for the

majority of confirmed infections, followed by C. coli (9).

On the other hand, the last few decades of intensive research has identified many
other Campylobacter spp. as human pathogens, including C. upsaliensis but very
little evidence exists for C. helveticus (13, 17). The relatively infrequent occurrence of
non-jejuni/coli Campylobacter spp. is not surprising, as detection methods in
diagnostic laboratories are optimised for recovery of C. jejuni/coli (17, 18). However,
geographical differences, differences in exposure and the lesser virulence of non-
jejuni/coli Campylobacter spp. may also explain a lower prevalence in people with
clinical signs of gastroenteritis. The study of the pathogenesis of campylobacteriosis
has mostly focused on C. jejuni and the main features of virulence, consisting of
motility, chemotaxis, adhesion, invasion, and toxin production (22, 160). However,
the exact mechanisms of C. jejuni pathogenesis are still not clear and large strain-to-
strain variations exist (547). While some strains are not associated with clinical
disease, others are associated with more severe outcomes. Population based
genetic studies of C. jejuni showed various genotypes commonly observed in wildlife
that are not associated with disease in humans, which could be linked to deletions of
regions associated with virulence (265, 548). In contrast, C. jejuni sequence type
(ST) 677 has been associated with bacteraemia (549). The degradation of the
cytolethal distension toxin operon and similarities between the capsular
polysaccharide synthesis loci were observed as shared genomic features between C.
jejuni ST-677 and C. jejuni subsp. doylei, a subspecies frequently reported in patients
with bacteraemia but not gastroenteritis (549). Pathogenicity and virulence features

may also vary depending on the model of investigation used which hinders a clear
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establishment of the determinants of virulence. For instance, considerable
heterogeneity in the infection biology of C. jejuni in avian, mammalian and alternative
models of disease was reported though some isolates can exhibit an invasive and
virulent phenotype (534). On the other hand, genetic studies between species in the
Campylobacter genus have been helpful in delineating their biology. For instance,
genomic studies of C. jejuni and C. coli provided insights into their phylogenetic
relationship and genetic exchanges on a species level (269, 550) and their relation to
the niche and host associations important for epidemiology of human Campylobacter
infections (272, 282, 340, 551).

As genome sequencing has become more available, genomic studies on non-
jejuni/coli Campylobacter spp. have been performed. Genomic studies of C. lari
(552), C. ureolyticus (553), C. rectus (554), C. fetus (555), C. concisus (556) have all
reported variable levels of sharing and/or similarities of genes between species and
unique features within each species that could be related to their pathogenic
potential, and disease or niche associations. In this aspect, comparative studies are
invaluable for delineating Campylobacter pathobiology. The present study focuses on
C. helveticus, a Campylobacter species most frequently detected in cats and, despite
a low occurrence, has been implicated as a possible emerging Campylobacter
pathogen in humans (13, 17). The genome of C. helveticus has not been published
to date and the species is reported as being most closely related to C. upsaliensis
(516) which is considered one of the leading emerging Campylobacter pathogens in
humans and is most commonly detected in dogs and cats (13, 18). Therefore,
humans are likely to be exposed to C. helveticus and C. upsaliensis relatively
frequently, as cats and dogs are common pet animals worldwide. The overall aim of
this study was to investigate the potential pathogenicity of C. upsaliensis and C.
helveticus using genomic data in comparison with C. jejuni as the established major

pathogen of the genus.

189



7.3. Materials and methods

7.3.1. Bacterial genomes sources

Overall, 84 whole genome sequenced (WGS) isolates of C. jejuni (n = 42), C.
upsaliensis (n = 33) and C. helveticus (n = 9), including species type strains, were
used in the study. Of these, 45 isolates were from publicly available databases, 38
isolates were obtained locally from previous projects and William Miller (USDA,
Albany, CA, USA) provided the C. helveticus type strain. Fifty-six strains were
isolated from different animal sources, 26 from humans, and two from water. The

complete list of isolates and related metadata is available in Supplemental Table 7.1.

7.3.2. Genomic DNA preparation

Locally sourced isolates were recovered from glycerol broth stored at -80°C and
grown in a Hy-enriched microaerobic atmosphere at 37°C on Columbia Horse Blood
agar (Fort Richard, Auckland, New Zealand). Initially, these isolates were obtained
using mCCDA and C.A.T. Campylobacter selective agar plates (Fort Richard,
Auckland, New Zealand). Genomic DNA was extracted using a Qiagen QlAamp DNA
Mini kit (Qiagen, Hilden, Germany) according to the manufacturer’s instructions for
Gram-negative bacteria. Genomic DNA was checked for quality using Qubit dsDNA
HS/RNA/Protein assay kits (Life Technologies, Auckland, New Zealand) and visually
checked for fragmentation and smearing using gel-electrophoresis. Genomic DNA
was stored at -20°C prior to sequencing at New Zealand Genomics Ltd (Massey
University, Palmerston North, New Zealand) using an lllumina MiSeq instrument
(lumina, Scoresby, Victoria, Australia) according to the manufacturer’s instructions
with paired read lengths each of 250 base pairs. The prepared libraries were
normalized to equal molarity, diluted to 2nM and pooled in libraries of 20 samples. A
flow cell was prepared for each pool and sequencing reactions using nine pmoles of
the pooled libraries were performed with the MiSeq Reagent Kit v2 (lllumina,

Scoresby, Victoria, Australia) to give approximately 12 — 15 million clusters per run.
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7.3.3. Genome assembly, curation and annotation

The algorithm package Velvet (557) was used for de novo genome assembly of
locally sourced genomes. After standard on-machine MiSeq demultiplexing of the
sequence reads into their constituent libraries, the sequences from each isolate were
analysed using a suite of tools for sequence quality control. For each library this
involved the removal of any PhiX loading control through a mapping to the PhiX
genome using the mapper BWA (version 0.7.12). The resulting SAM files were
converted to fastQ files using the SamToFastqg.jar program from the Picard suite

(http://picard.sourceforge.net/). These fastQ files were used as input for any adaptor

removal using the “fastg-mcf” program from the ea-utils suite of tools

(http://code.google.com/p/ea-utils/; version 1.1.2-621)). Next, the libraries were run

through a pair of quality control tools (FastQC

(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/; version 0.11.3) and

SolexaQA++ (http://solexaqa.sourceforge.net/; version 3.1.3)) to assess the quality,

and to give an overview of the reads from the run. Finally an analysis with

FastqScreen (http://www.bioinformatics.babraham.ac.uk/projects/fastq_screen/;

version 0.4) was performed to check primarily for the presence of vectors, Illumina
adapters and the PhiX loading control. The resulting fastQ files were used for

genome assembly.

For each isolate, short read sequences of 250 base pairs (bp) were broken into
shorter sequences (k-mers) and used for construction of a de Bruijn graph. The
sequences were assembled across a range of k-mer lengths in increments of 10
between 35 and 225 bases. The best genome assembly was chosen based on the
number and size of contiguous sequences (contigs), assembly length and the Ns
score using QUAST software (558). Concatenated contigs from this best assembly
were annotated with Prokka software (559) using the default settings. In addition,
FASTA nucleotide files for all the publicly available WGS isolates were also

annotated with Prokka to ensure consistency in the annotation.
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7.3.4. Comparative genomics

Four forms of analysis were performed on the predicted genes form Prokka; three on
the amino acid sequences (Cluster of Orthologous Groups (COGs), a pan-genome
analysis and a core genome analysis) and one on the nucleotide sequences
(ribosomal MLST). Further analyses were performed using webserver tools as

described below.

For the functional analysis of genomes the predicted amino acid sequences from the
isolates of Campylobacter spp. were searched against the updated 2014 version of

the COG database (http://www.ncbi.nim.nih.gov/COG/; 1,785,722 sequences across

bacteria and archaea grouped into 4,632 unique COGs) using COGsoft (version
201204) software (560) with a comparison of presence/absence and gene
enrichment in orthologous gene groups. Custom in-house Perl scripts were used to
parse the output from these processes for further analyses. Functional genome
features were also compared using RAST/SEED subsystem technology (561). For
further investigation into pathogenicity related genomic features, in silico
bioinformatics prediction software PathogenFinder (562) and MP3 (563) were used.
Bioinformatics prediction tools were also used to identify clustered regularly

interspaced short palindromic repeats (CRISPRs) (564) and phages (565).

The pan-genome analyses were performed on presence/absence of COG data
output from the functional analysis of genomes using Roary software (566) and the
‘micropan’ R package (567). Phylogenetic relationships were presented using
NeighborNet trees visualized in SplitsTree (version 4.13.1) (568) based on ribosomal
multi locus sequence typing (rMLST), core and pan-genomes (569). Full length
nucleotide sequences for 52 of the 53 genes (the order Campylobacterales does not
possess the rpmD gene) encoding the bacterial ribosomal protein subunits (rps) were
used for rMLST (271). Custom Perl scripts were used to extract the rps genes from
the Prokka predictions and also to generate rMLST allelic profiles from the resulting
unique sequences. Core genome analyses were performed using OrthoMCL
software (version 2.0.9) with default parameters (192, 570), and using a MySQL

database (version 5.5.37). Gene clusters were only considered to be core if a single
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representative gene came from each of the 84 isolates under investigation.
Sequences were further analysed using only amino acid predictions that were the
same length, and also where the length range of a cluster was within 20% of the

longest predicted gene in the cluster.

7.3.5. Statistical analysis

Statistical and exploratory data analyses were performed using R v3.2.2 (R: A
language and environment for statistical computing. R Core Team (2013). R

Foundation for Statistical Computing, Vienna, Austria. URL http://www.R-

project.org/). The differences in the number of genes between Campylobacter spp.
by their genome compartments, COG functional groups, toxin-antitoxin modules,
secretion system types and restriction-modification systems were analysed using one
way analysis of variance (ANOVA). For pairwise comparison of the means of genes,
the Tukey’s Honestly Significant Difference adjustment of p values for multiple
comparisons was used. The Fisher's exact and Chi square tests for differences in the
proportions of genes between Campylobacter spp. were used with adjustment of p
values by dividing the standard level of significance, 0.05, by the number of the

multiple comparisons made.

7.4. Results and Discussion

This study investigated 84 genomes comprising of C. jejuni (n = 42), C. upsaliensis (n
= 33) and C. helveticus (n = 9) of which 17 genomes were sequenced in this study,
including the newly sequenced species C. helveticus. The quality of all genome
assemblies is presented in Supplemental Fig. 7.1 — 3. C. helveticus harboured the
largest genome with an average size of 1,829,321 bp with on average 1,963.3 coding
sequences (CDS), followed by C. upsaliensis with a genome size of 1,667,333 bp
and 1,755.6 CDS whereas C. jejuni genomes were on average 1,665,234 bp in size,
and had 1,731.0 CDS. The distribution of size, contigs, CDS, guanine and cytosine

(GC) percentage, RNA features, and signal peptides as general genome features,
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and the number of CRISPRs and phages detected in Campylobacter spp. genomes
are presented in Fig. 7.1. These results are in agreement with the reported basic
genome features of C. jejuni and C. upsaliensis (55, 228, 571). The C. upsaliensis
and C. helveticus genomes had a consistently higher GC content that is more similar
to C. fetus (~33.3%) but distinctively lower than those reported in non-thermophilic
Campylobacter spp. (>39%) (55). It was suggested that differences found in amino
acid usage among Campylobacter spp. were attributable to adaptive evolution driven
by niche-specific environmental conditions, an association also evident when
analyzing the global GC content and genome sizes with respect to different niche
preferences, especially for oral Campylobacter spp. (e.g., C. curvus, C. rectus, C.
gracilis etc.), which were distinguished by bigger genomes and higher values of GC
content (565). However, all Campylobacter spp. in the present study are considered to
share the same niche, the vertebrate intestinal tract, thus the variation in genome
size and GC content between them may not be explained by their niche preferences
unless potentially due to niche adaptation to the particular intestinal environment of
their reservoir animals. Across bacterial classes and phyla there is a trend for a
reduction of genome size and GC content from free-living organisms to host-
associated to host-dependent and to intracellular bacteria (572) and within the
Campylobacter genus variation in this regard remains to be further studied.
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Fig. 7.1. Genome features of 42 C. jejuni, 33 C. upsaliensis and nine C. helveticus.

CRISPRs were detected in only one C. upsaliensis (RM3195) and one C. helveticus
(ACP114b) genome. All C. helveticus genomes had between one and three
questionable CRISPRs detected, similar to 18 of the C. upsaliensis genomes, which
contained one or two questionable CRISPRs, while the remaining 15 C. upsaliensis
genomes had no CRISPRs, questionable or otherwise. In contrast, 20 out of 42 C.
jejuni genomes had one, four had two, one had three, and 17 had no CRISPRs
detected. C. jejuni genomes had variable numbers of questionable CRISPRs ranging
from one to 15, but five genomes had no questionable CRISPRs. CRISPRs have
been frequently detected in C. jejuni, but rarely in C. coli (673, 574), and were
reported as absent in C. lari RM2100 and C. upsaliensis RM3195 (228), and are
variably present in other species associated with the C. lari group (552). The
detection of CRISPR sequences in C. upsaliensis RM3195 in this study unlike in the

investigation by Fouts et al. (228) is most likely to be due to different methods of
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detection. However, as the vast majority of non-jejuni Campylobacter spp. in both
studies did not contain confirmed CRISPRs, both studies are in agreement on the
limited usefulness of CRISPRs for comparing Campylobacter species. Comparative
aspects of the presence and diversity of bacteriophages were also limited. That is,
only C. upsaliensis RM3195 contained one intact phage virion of 9.6 kb in length and
only 12 (29%) C. jejuni genomes examined here contained phages, in contrast to

approximately 65% of C. jejuni strains reported to contain phages (575).

After aligning the total of 148,671 CDS against the COG database, 126,192 (84.9%)
CDS were assigned to 1,770 unique COGs. Of these, 753 COGs (42.5%) had more
than one gene copy (repeat genes) with a range from two to 19, and an average of
2.7 gene copies per genome. A study of 34 genomes in 11 Campylobacter spp.
(using 64,686 genes that clustered to 13,167 gene families) reported the average
number of repeat genes at the genus level to be between 2.1 and 2.8, but only 27 to
86 gene families as containing repeat genes (571). The dissimilarity in the number of
gene families with repeat genes between this study and that of Zhou et al. (571) is
likely to be due to two major factors: 1) the different number of genomes and the
species analysed; 2) the different method for clustering the CDS, in which genes are
clustered amongst themselves in a “fifty-fifty” rule, compared to an assignment to a
reference database using psiBLAST. It would therefore be expected that the former
method would produce more families, and furthermore that the families described by

Zhou et al. (571) would show a one-to-many relationship to COGs.

Counting of COGs with only one gene copy gave 1,709 unique COGs compared to
753 unique COGs when counting more than one copy. Therefore, 61 unique COGs
had more than one gene copy between all the genomes, but there were 956 unique
COGs with one gene copy in some genomes and more in others. The 42 C. jejuni
genomes harboured a total of 64,011 genes belonging to 1,500 unique COGs, the 33
C. upsaliensis 48,110 genes belonging to 1,433 unique COGs and the nine C.
helveticus 14,071 genes belonging to 1,243 unique COGs. The different numbers of
isolates per species confounds interpretation of these numbers in terms of what it
may indicate for Campylobacter spp., in as much as an analogy to a rarefaction

analysis may be appropriate. In other words, given that there are only nine C.
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helveticus isolates, the genomic diversity of these strains might be less than the
genomic diversity of the other species if only nine of their isolates were analysed in a
similar way. If the diversity was different, this might have implications for the

repertoire of the C. helveticus genome.

The sharing of COGs between Campylobacter spp. by an absence/presence
categorisation (the number of gene copies per COG is unaccounted for in this
analysis) on the species level is depicted using a Venn diagram in Fig. 7.2 (data are
available in Supplemental File 1.). It is important to note that the presence/absence
categorisation was performed at the species level, irrespective of how many strains
of each species have/lack each COG. Therefore, COGs depicted as shared by all
species include core genes of all species, but also variable accessory and singleton
genes that one or more strains of each species possessed. Similarly, COGs unique
to each species may belong to the core, accessory or singleton genomic
compartment of that species. In using this term, we refer to multiple artificial portions
of the genome — for comparative genomic analyses — that can be described as core
genome, pan-genome and accessory genome and singleton genes, depending on
the kind of analysis being performed. The majority of COGs (62.8%, 1,111/1,770)
were shared by all three species which represented 74.1%, 77.5% and 89.4% of the
total C. jejuni, C. upsaliensis and C. helveticus COGs per species, whereas COGs
unique to each species represented 17.1%, 11.8% and 3.9% of the total species
COGs, respectively. A study by Zhou et al. reported 1,074 gene families shared
between 22 C. jejuni, two C. coli, one C. lari and two C. upsaliensis strains that
represented 26.9%, 54.13%, 71.74%, and 52.67% of their total gene families and the
unique gene families represented 55.28%, 15.63%, 14.96%, and 29.72% of the total
gene families respectively (571). However, as stated above, their definition of a
family is not the same as the mapping to COGs described here. The differences in
proportions between the species tested by the two studies are most likely to be due
to the methodological differences mentioned earlier, but the absolute number of
shared gene families is strikingly similar to the number of shared COGs in this study.
Further work would be required to map these gene families to COGs, and then
reanalyse the resultant data. With the consideration that the five different

Campylobacter spp. evaluated by the two studies are all in the thermophilic
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Campylobacter spp. group, these shared gene families are likely to fall into three
categories: genes required for basic cell functioning and replication (minimal gene
set), genes present across all members of the genus, and those genes required for
or associated with the gastrointestinal niche. Conversely, the COGs unique to each
species may possibly represent genes associated with adaptation to particular host
reservoirs of each species or may be responsible for different outcomes such as
(sub)clinical disease, colonization or transient intestinal passage within the human

and other hosts.

Fig. 7.2. Venn diagram of number of Clusters of Orthologous Groups (COG) shared

between 42 C. jejuni, 33 C. upsaliensis and nine C. helveticus genomes.

Three genome studies of the Campylobacter genus reported the grouping of C. coli,

C. lari and C. upsaliensis with the C. jejuni lineage and this group (thermophilic,
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gastrointestinal) to be distinctively separated from the C. fetus (genital) group and the
C. curvus, C. gracilis, C. showae and C. concisus (oral) group (55, 571, 576). The
current study is the first genome study of C. helveticus at the time of writing but (i) the
species was initially described as a thermophilic species most closely resembling C.
upsaliensis, (ii) 16S rRNA studies showed it is the most closely related species to C.
upsaliensis in the Campylobacter genus (251) and (iii) considering it is most
frequently detected in faeces of cats and dogs (13), C. helveticus is likely to be a

member of the thermophilic Campylobacter group too.

The strain variation in COGs present in all, and unique to each Campylobacter spp.
by the functional groups is depicted in Supplemental Fig. 7.4. The figure shows little
variation in genes within strains of species and between species for functional groups
associated with general cell functioning such as cell cycle control (D), translation and
ribosomal structures (J), and transcription (K), plus general metabolic features of
Campylobacter spp. such as having a few genes associated with carbohydrate (G)
and lipid (H) metabolism and transport. These findings are in line with the study by
Friis et al. (577) reporting the core genes of C. jejuni as more related to DNA
replication, transcription, translation and metabolism using the gene ontology terms
method. However, large variations exist between the C. jejuni strains as compared to
C. upsaliensis and C. helveticus strains in functional groups associated with energy
production and conversion (C), amino acid (E) and nucleotide (F) metabolism and
transport, cell wall and membrane (M), post-translational modification (O), inorganic
ion metabolism and transport (P), general function prediction (R), and unknown
functions (S) which in turn show little strain variation in COGs shared by all three
Campylobacter species. Genes associated with secondary metabolites synthesis (Q),
intracellular trafficking, secretion and vesicular transport (U) and defence
mechanisms (V) show considerable strain variation amongst those shared by all
three species. Interestingly, genes associated with motility (N) had minimal strain
variation in genes shared by all species and only two strains of C. helveticus were
observed to possess a unique gene, the c-di-GMP-binding flagellar brake protein
YcgR. This gene has not been reported in Campylobacter spp. but in E. coli and
Salmonella spp. it is involved with inhibition of motility and chemotaxis, and

researchers suspected that the inhibition of tumbling together with the reduction in
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motor torque provides cells with a longer window of opportunity to interact with the

surface, setting up the platform for early stages of biofilm formation (578).

The COG data have shown several features to be similar for all the Campylobacter
species examined. On average C. jejuni genomes contained 1,172 unique COGs
with 1.3 gene copies per genome, C. upsaliensis 1,132 and 1.31 and C. helveticus
1,169 and 1.34, respectively. Similarly, taking into account only COGs with more than
one gene copy, the average copy number per genome was 2.73 for C. jejuni and C.
upsaliensis and 2.77 for C. helveticus. Again considering a rarefaction approach, it is
expected that one would observe more different COGs with an increasing number of
genomes analysed, but these results also indicate there is very little variation
between Campylobacter spp. in the number of unique COGs and their copies
contained in a single genome. This could suggest similar constraints on genome size
between species and that the higher number of CDS observed in C. helveticus
compared to C. upsaliensis and C. jejuni is likely to be due to the slightly higher
average number of gene copies in a given COG. Furthermore, there was strain-
dependent variation in gene copies within Campylobacter spp., as 45.1% (676/1500)
of the COGs had the same number of copies between the C. jejuni strains whereas
C. upsaliensis and C. helveticus had only 21.1% (303/1433) and 28.7% (357/1243),
respectively. Of the total of 1,770 unique COGs, 1,637 (92.5%) were assigned to 22
COG functional groups. The proportion of COGs that could not be assigned to a
specific functional group category was similar between species: 8% (99/1243), 8.6%
(123/1433) and 7.9% (119/1500) for C. helveticus, C. upsaliensis and C. jejuni,
respectively. These results are slightly higher than those reported by Zhou et al.
(571) for C. jejuni (3%) and C. upsaliensis (4%) gene families and are most likely to
be due to 44 C. jejuni and 33 C. upsaliensis isolates being analysed in the present
study compared to 21 and two, respectively in the reported study. Collectively, these
results suggest the distribution of COG functional groups and gene copies should be
evaluated at the species and even at the strain level. The distribution of gene copies
in COG functional groups between Campylobacter spp. is presented in Fig. 7.3 and
strain variation in Fig. 7.4. The boxplots in Fig. 7.3 show that the majority of COGs in
each functional group have one gene copy, though there are some COGs with

multiple gene copies. Combined with the large strain-to-strain variation in gene
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numbers by COG functional groups in Fig. 7.4, further analysis was performed on

what can be regarded as various “genome compartments”.
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Fig. 7.3. Number of gene copies in Clusters of Orthologous Groups (COG) functional

groups between 42 C. jejuni, 33 C. upsaliensis and 9 C. helveticus genomes.
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COG data were used for pan-genome analysis separately for each species and for all
species together as ‘Campylobacter spp.’. The summary of the pan-genome analysis
is presented in Table 7.1. The core and pan-genome of C. jejuni has previously
reported by others to be 947 and 3,648 genes with 130 genomes (579), 847 and
3,221 with five (580), 1,001 (no pan-genome) with 13 (270) and 1,295 and 2,427 with
13 genomes (577). The results of this study are in line with these reports, considering
that studies differed in the number and selection of strains and methods used. The
study by Friis et al. (577) reported from population estimates that about a third of the
C. jejuni genome is attributable to auxiliary (non-core) genes, which is in line with this
study’s estimate of 64.8% for unique core COGs, but different when accounting for
total gene copies which increased the proportion of core genes to >80% (Table 7.1).
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Table 7.1. Number of unique gene clusters (and total genes) in Clusters of

Orthologous Groups by genome compartments of Campylobacter species.

Genome C. jejuni C. upsaliensis C. helveticus Campylobacter
feature (n=42) (n=33) (n=9) spp. (n = 84)
A) Population level
Core 972 528 1,083 472
(54,334) (26,727) (13,153) (60,642)
444 754 134 1,136
Accessory (9,590) (21,227) (892) (65.384)
: 84 151 26 162
Singletons (87) (156) (26) (166)
1,500 1,433 1,243 1,770
Pan-genome (64,011) (48,110) (14,071) (126,192)
Core genome/ 64.8 36.8 87.1 26.7
pan-genome ratio % (84.9) (55.6) (93.5) (48.1)
B) Average number per strain of species
Core 972 528 1,083 472
(1,294) (809) (1,461) (722)
Accessor 198 584 82 676
y (228) (643) (99) (778)
: 4 7 3 4
Singleton
J (4) (7) (3) (@)
Pan-genome 1,172 1,117 1,169 1,150
9 (1,524) (1,458) (1,563) (1502)
Core genome/ 82.9 47.3 92.6 41.0
pan-genome ratio % (84.9) (55.5) (93.5) (48.1)

The core genome of Campylobacter spp. was reported at 647 genes (17 genomes of
eight species) (576), 608 (21 genomes of nine species) (577), 660 (192 genomes of
two species) (579), 482 (18 genomes of six species) and 348 (34 genomes of 11
species) gene families (571). While the absolute numbers are quite different between
studies that is likely to be due to variation in methods and strains used, as mentioned
earlier, the reported relative proportion of Campylobacter spp. core genes
represented in a given genome is more similar to the present study; reported at
18.83% (using BLAST clustering according to the “fifty-fifty” rule) (571), 39% (using
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OrthoMCL clustering) (576) of the Campylobacter spp. genome and between 55%
and 70% (using Chao lower bound estimates and OrthoMCL clustering) (270, 577) of
the C. jejuni genome. A study of seven genomes of C. jejuni and C. coli reported a
core genome of 1,035 genes accounting for 59% of the genes in each isolate using
BLAST clustering according to the 70% identity and the 50% length rule (579).
Analysis of COG data in particular, reported ~370 COGs to be shared when
comparing three lineages (species) which also supports the results of the present
study (581). For comparison, the pan-genome analysis of each Campylobacter spp.
using Roary software (566) is presented in Supplemental File 1. and rarefaction
curves of pan and core genomes are presented in Fig. 7.5, which suggest an open
pan genome in all species due to the absence of the plateauing of curves.
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Fig. 7.5. Pan-genome and core genome rarefaction curves of 42 C. jejuni, 33 C.

upsaliensis and nine C. helveticus genomes.

205



Comparative analysis of multiple strains designate the pan genome as closed if no
new genes, or open if many new genes, occur compared to the core genome for that
pathogen species (275). The core/pan-genome ratio of C. jejuni in this study is
similar to 76% reported in analysis of 14 C. jejuni genomes, and less than 89% in all
Campylobacter spp. in this study, indicating an open pan-genome typical of a
sympatric lifestyle (277) which is expected for the intestinal niche of Campylobacter.
However, using the Heaps law type of model (276) the pan-genome of C. helveticus
was shown as closed (a >1) and the other two species as open (a <1). The closed
pan-genome of C. helveticus could be a false finding due to the potential bias of
fewer genomes used compared to the other two species and the reduced diversity of
C. helveticus isolates, as all except one were isolated from one region of New
Zealand. Interestingly, C. helveticus and C. jejuni genomes on average had a much
higher proportion of core genes in a given genome as compared to C. upsaliensis.
The pattern is maintained, though increased, when comparing the genome
compositions at the population vs. strain level (Table 7.1) suggesting that the strains
of the former two species constrict the flexibility of the genome by preferentially
keeping core genes. This differential composition of the genome between species in
light of the results of sharing of COGs between strains of species (Supplemental Fig.
7.4) and strain-to-strain variation (Fig. 7.4) prompted further analysis of the genome

compartments by COG functional groups.

The distribution of the number of genes between strains in pan-genome, core,
accessory, and singleton genome compartments of Campylobacter spp. by COG
functional groups is presented in Fig. 7.6 — 8. and Table 7.2, respectively. The study
by Merhej et al. (582) showed a consistent genome reduction across COG functional
groups as bacteria change lifestyle from free-living to facultative host-associated to
host-dependent and to obligate intracellular lifestyle across 317 genomes, including
two genomes of C. jejuni. As that study consisted of many different phyla the
precision in the number of genes is less than in this study. Nevertheless, the
distribution of genes in the pan-genome of all three Campylobacter spp. (Fig. 7.6)
corresponds to the genomes of facultative host-associated tending toward host-
dependent organisms for the COG groups C, D, E, F, H, M, N, O, P, and T and
obligate intracellular organisms for the COG groups I, K, L, Q, R, S, and U and free-
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living organisms for the COG groups J, O, and V. It could be expected that
Campylobacter spp., as intestinal bacteria would group with facultative host-
associated and host-dependent species, and to a certain extent with obligate
intracellular bacteria as the pathobiology of C. jejuni is associated with invasion and
intracellular survival in host cells and it has been described as a facultative-
intracellular pathogen (41). Conversely association with free-living organisms is
unexpected but could be a particular feature of Campylobacter, as the study by Zhou
et al. (571) also reported the core genome of Campylobacter genus to be enriched
with genes belonging to the J (translation) functional group. A study by Merhej et al.
(582) showed genes involved in DNA replication, recombination and repair (L), RNA
processing and modification (A), translation (J), post-translational modification (O),
and intracellular trafficking and secretion (U) had significantly increased
representation in all the host-dependent compared to free-living bacteria, whereas
genes involved with transcription (K), defence mechanisms (V), transport and
metabolism of amino acids (E), inorganic ions (P), and secondary metabolites (Q)

significantly decreased in their percentage of genome representation.
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Fig. 7. 6. Distribution of the number of genes per strain in the pan-genome of 42 C.
jejuni, 33 C. upsaliensis and nine C. helveticus isolates by Clusters of Orthologous

Groups (COG) functional groups.
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upsaliensis and nine C. helveticus isolates by Clusters of Orthologous Groups (COG)

functional groups.
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Fig. 7.8. Distribution of the number of accessory genes per strain in 42 C. jejuni, 33
C. upsaliensis and nine C. helveticus isolates by Clusters of Orthologous Groups

(COG) functional groups.

Apart from the association with the lifestyle of bacteria, several of these COG
functional groups were reported to be also differently represented in comparative
genomic studies of pathogens vs. non-pathogenic or commensal species. The
studies by Georgiades et al. (583) and Merhej et al. (584) showed that pathogens
have fewer genes involved in transcription (K), energy production and conversion
(C), metabolism and transport of amino acids (E), nucleotides (F), carbohydrates (G),
lipids (1), inorganic ions (P) and coenzymes (H), secondary metabolites (Q) and
signal transductions (T) compared to closely related non-pathogenic species. The
study by Merhej et al. (584) also reported fewer genes involved in cell
wall/membrane biogenesis (M), intracellular trafficking, secretion and vesicular

transport (U), post-translational modifications, protein turnover and chaperones (O),
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general predictions (R) and hypothetical/unknown functions (S) in pathogenic than in
non-pathogenic species. On the other hand, pathogenic bacteria have more genes
involved with DNA replication, recombination, and repair (L) than non-pathogenic
species (584) though within this functional group Georgiades et al. (583) report that
“bad bugs” have fewer recombination repair genes whereas “good bugs” have fewer
mismatch excision repair genes. The genes involved in DNA replication,
recombination and repair group (L) are considered to be needed by pathogenic
bacteria for protection from the host immune response (279).

In the present study there was no significant difference between the three
Campylobacter spp. in the number of recombination repair genes occurring in strains
but C. helveticus had a significanly lower number of mismatch excision repair genes
than C. jejuni (p = 0.02) and C. upsaliensis (p < 0.01). Although, Campylobacter spp.
were not included in the above studies of pathogenic and non-pathogenic species,
the comparison of the trends may be applicable, as the three Campylobacter spp.
investigated in this study are closely related species and C. jejuni is an established
pathogen. Considering C. jejuni to be more pathogenic than C. upsaliensis and C.
helveticus, the agreement, with the former having fewer genes than the latter two
was observed for groups K, V, H and I, but C. jejuni was placed in between the latter
two for groups T, U, O, N and S and with regard to groups L, P, C, G, E and R, C.
jejuni would be actually considered less pathogenic. Accordingly, C. helveticus would
be considered more pathogenic than C. upsaliensis by group L and vice versa for
groups O, S, T, U, and V whereas the two species were not significantly different

between each other in the remaining COG functional groups (Fig. 7.6, Table 7.2).

These discordances in patterns expected could be indicative that all three
Campylobacter spp. in this study are at least potentially pathogenic and a closely
related non-pathogenic species is lacking in the present study. Alternatively, there
may be confounding effects within species due to the presence of pathogenic and
non-pathogenic strains or these reported patterns may not hold for the
Campylobacter genus. Another source of variation of the gene content profile
between species and within their strains was shown to be dependent on the genome

compartments. C. jejuni and C. helveticus strains have more core genes in virtually
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all COG functional groups than C. upsaliensis, which compensates for these genes
by having more accessory COGs (very few with singletons) than the former (Fig. 7.6
— 8 and data for singletons in Supplemental Fig. 7.5). As the genomes of C.
upsaliensis strains are mostly composed of the accessory gene pool, it is
conceivable that the gene content profile pertaining to the general and also to the
pathogenicity-associated patterns above may differ more between C. upsaliensis
strains than between both C. jejuni and C. helveticus strains. The study by Merhej et
al. (584) suggested that the core genome of the genus includes most genes in highly
pathogenic bacteria, whereas the pan-genome is expanded by gene repertoires of
the bacteria with low pathogenicity, and highly pathogenic bacteria have a lower
proportion of lineage-specific genes in their genomes. Their results support the
hypotheses of gene reduction in pathogenic bacteria with highly pathogenic bacterial
genomes as subsets of less pathogenic and commensal bacteria species.
Furthermore, the authors suggest the lower proportion of lineage-specific genes in
the genomes of the highly pathogenic bacteria as indicating that genes are not
acquired via horizontal gene transfer as often as in their closely related bacteria with
low pathogenicity (584). The numbers of COGs unique to each Campylobacter spp.
shown in Fig. 7.2 do not agree with this, although bias due to the number of genomes
used per species is possible. However, the results presented in Supplemental Fig.
7.4, show that C. jejuni unigue COGs have a larger strain variation than COGs
unique to C. upsaliensis and C. helveticus and imply that a different selection of
strains or use of only a few strains may, indeed, result in discordant associations.
However, the average number of genes belonging to COGs unique to each
Campylobacter spp. occurring in the strains of species was significantly higher in C.
jejuni (99.95) than both C. upsaliensis (27.03) and C. helveticus (27.78) in the
present study (p < 0.001). Therefore, the high number of C. jejuni unigue COGs and
the number of these genes in species strains compared to C. upsaliensis and C.
helveticus in the present study is more suggestive of C. jejuni having had more

frequent horizontal gene acquisition than C. upsaliensis and C. helveticus.
Despite the variable patterns of pathogenic features in COG groups, C. jejuni was

shown to have smaller genomes and a lower GC content than C. helveticus and a

lower GC content than C. upsaliensis genomes (Fig. 7.1). Having a smaller genome,
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lower GC content and fewer rRNA genes are features that support the hypothesis of
reductive evolution of pathogenicity through processes of gene loss, genome
degradation and decay (275, 279, 584). On the other hand, the virulence of
pathogenic bacteria is also related to possession of virulence factors in their genetic
repertoire (585). The genomic study of Campylobacter genus, indeed, reported
smaller genomes and lower GC content in established vs. putative pathogens of the
Campylobacter genus and that putative pathogens (mostly the ‘oral group’ of
Campylobacter spp.) have a significantly decreased number of virulence genes (55).
Furthermore, by phylogenetic analyses, that study suggested that most recent
common ancestor of Campylobacter was non-pathogenic and the species of C.
jejuni-lineage group (and the C. fetus group) acquired its virulence armament through
horizontal gene transfer from other bacteria. Using the analysis of COGs, several
studies reported that toxin proteins and toxin-antitoxin (TA) modules are also
enriched in pathogenic, compared to closely related non-pathogenic species (583,
584, 586) and with regard to bacterial lifestyle, that free-living have more TA modules
than host-dependent prokaryotes (587). Toxin-antitoxin modules are small two-
component genetic elements; a toxin that inhibits cell growth and an antitoxin that
contains a DNA-binding motif and autoregulates transcription of the TA operon. The
TA modules are associated with pathogenicity by enabling cells to persist in the
presence of antibiotics, and environmental and nutritional stresses (588, 589). In this
study the association of TA modules with pathogenicity was shown as an additional
discordant feature between Campylobacter species (Table 7.3). That is, C. jejuni
genomes harboured only three TA genes compared to seven in C. upsaliensis and
nine in C. helveticus. Furthermore, TA genes in C. jejuni and C. upsaliensis were
mostly part of the accessory genome unlike the majority of C. helveticus TA genes
which belonged to the core genome. These results are in line with a study reporting
strains of E. coli may vary in presence/absence of TA genes (590). In the present
study, the inspection of TA modules showed incomplete modules, having only toxin
or antitoxin present, occurring in Campylobacter species. On average the C.
helveticus strains had 12.11 TA genes which is significantly higher than the 1.62 TA
genes seen in C. jejuni (p < 0.001) and 2.91 TA genes in C. upsaliensis strains (p <
0.001); the latter also had a significantly higher number of TA genes than C. jejuni (p
=0.002).

214



Table 7.3. Presence of toxin-antitoxin modules in Campylobacter spp. genomes.

C. jejuni C. upsaliensis C. helveticus
Feature (n=42) (n=33) (n=9)
components Num. of Mean Num. of Mean Num. of Mean
strains gene strains gene strains gene
num. num. num.
Toxin-antitoxin modules
MazF toxin 6 1.0 3 1.0 9 3.3
MazE antitoxin 2 1.0 9 1.8
YafO toxin
YafN antitoxin 42 1.0 33 1.3 9 14
YafQ toxin 8 1.1 16 1.3 9 1.7
YafQ-DinJ antitoxin 9 1.1
YwqJ toxin
YwgK antitoxin 19 11
RelE toxin 21 1.7 5 1.8
RelB antitoxin 9 1.1
HipA toxin 3 1.7 9 2.7
HipB antitoxin
Phd/YefM antitoxin 9 1.0 7 1.0

Restriction-modification systems are bacterial defense mechanisms against
bacteriophage or other foreign DNA that act by cleaving the DNA at specific sites
(591) and the endonucleases when extracted from bacteria have been reported to
have a toxic potential for mammalian cells by promoting DNA mutations in the host
(592). The number of restriction-modification genes was reported as not being
significantly different between highly pathogenic and non-pathogenic bacteria (586).
In the present study, C. helveticus strains possessed on average 17.78 and C.
upsaliensis strains 14.7 genes involved in restriction-modification systems and were
not significantly different between each other (p = 0.06) but both species had a
significantly higher average number of these genes than the average 8.24 restriction-
modification genes in the C. jejuni strains (p < 0.001). The restriction-modification
genes were shown to be linked with phase-variation affecting adaptive and virulence
traits (593) and may be associated with niche differentiation in C. jejuni (594). The
preponderance of these genes in C. upsaliensis and C. helveticus is an interesting

feature but further studies to explain their roles are needed.
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Given the variation in the presence of genes between strains and species observed
in the present study and their contribution to the pathogenic phenotype of the isolate,
the investigation of potential antivirulence genes in Campylobacter spp. would be
beneficial. An antivirulence gene is a gene whose expression in a pathogen is
incompatible with the virulence of that pathogen and must be inactivated, deleted, or
differentially regulated to prevent its expression from interfering with the pathogen's
virulence as described, for instance, in Shigella, Salmonella, E. coli and Yersinia
pestis (595, 596).

With regard to toxin proteins, all genomes in this study contained the cytolethal
distending toxins (cdt) operon with only two genomes of C. jejuni and one of C.
upsaliensis having an incomplete tripartite operon (Supplemental Table 7.2). These
results are similar to the study reporting the presence of the cdtB component, used
for PCR detection of species, in all strains of the three Campylobacter spp. (193).
Supplemental Table 7.2 presents a list of genes reported to be associated with
pathogenic features and mechanisms of C. jejuni compiled from several reviews and
studies and the number of strains having these genes, and their copy number,
occurring in genomes in the present study. The results in Supplemental Table 7.2
show very little variation in the number of strains containing genes related to motility,
chemotaxis, adhesion, and invasion mechanisms between Campylobacter species.
Notable exceptions were presence of a negative regulator of flagellin synthesis (anti-
sigma 28) present in all C. upsaliensis and C. helveticus but only 14 C. jejuni strains,
though six C. jejuni strains had an antagonist of the anti-sigma factor Spoll**. With
regard to genes related to invasion, the VirK gene reported as being important for
resistance to antimicrobial peptides and virulence in a mouse infection model (185)
was absent in C. upsaliensis yet it was present in all C. jejuni and C. helveticus
strains. Gluconate dehydrogenase (cj0415), reported as important for colonization of
avian, but not mammalian hosts (597), is present only in C. jejuni, which could imply
that C. upsaliensis and C. helveticus do not have the ability to colonize avian hosts.
Similarly, the majority (40/42) of C. jejuni strains harboured an outer membrane
protein belonging to the filamentous hemagglutinin family (p95) involved in an
adhesion mechanism (598) in contrast to only 18/33 C. upsaliensis and none of the
C. helveticus strains. On the other hand, C. helveticus had significantly more genes

216



involved in secretion systems than both C. jejuni (p < 0.001) and C. upsaliensis (p <
0.001); the latter two were not significantly different (p = 0.2). There are at least six
types of protein secretion systems (types I-VI) in gram-negative bacteria to export
proteins to the periplasmic space or the environment (599). Interestingly, there is little
difference in secretion systems type Il and Ill between Campylobacter spp. unlike the
differences seen in types IV, V and VI (Supplemental Table 7.2). At most, 16 out of
42 C. jejuni strains possessed genes in the type IV secretion system in contrast to
approximately three quarters and almost all of C. upsaliensis and C. helveticus
strains, respectively. Gram-negative bacteria use the type IV secretion system to
translocate a wide variety of virulence factors into the host cell and to mediate
horizontal gene transfer (600). The results show genes in the type VI secretion
system as belonging to the core genome of C. helveticus whereas only ~10% of C.
jejuni strains and almost none of C. upsaliensis strains harbour these genes. The
study by Bleumink-Pluym et al. (601) also reported that around 10% of C. jejuni
strains possessed genes of the type VI secretion system and that these enable
contact-dependent cytotoxicity towards red blood cells but not macrophages. The
study by Georgiades et al. (583) reported species of low pathogenicity as possessing
significantly more proteins in secretion systems than their closely related pathogenic
species except for an epidemic Shigella dysenteriae strain. Accordingly, the results of
this study would suggest that C. helveticus has low pathogenicity compared to C.

upsaliensis and C. jejuni.

The results in Supplemental Table 7.2 show that largest diversity between
Campylobacter spp. occurs for genes involved with iron uptake and aerobic/oxidative
stress responses, namely in outer membrane ferric receptors (cfrA/B), and catalase
(katA), NADPH-quinine reductase (cj1545c), the yurZ antioxidant family, thioredoxin-
related protein (soxW) and transcriptional regulators of oxidative stress response
(rrpA/B and lysR), respectively. The regulation of iron homeostasis and oxidative
stress in C. jejuni has been shown to be linked (203-206) and that these regulators
are also involved in flagellar biosynthesis (205). The genes involved in the
antioxidant defence system are induced and their activity increased when
Campylobacter are exposed to reactive oxygen species that may be generated due

to an aerobic environment, aerobic respiration or those produced by the host immune
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system against the invading pathogen (209). The possession of catalase by C. jejuni
and not C. upsaliensis and C. helveticus may be a crucial difference regarding
pathogenicity. That is, for conversion of hydrogen peroxide to water and oxygen
catalase is needed when hydrogen peroxide concentrations in the cytoplasm are
relatively high, whereas at low concentrations, alkyl hydroperoxide reductase (AhpC)
is primarily responsible for detoxification (209). Therefore, C. upsaliensis and C.
helveticus may be potentially pathogenic, indeed, but the lack of a catalase gene
impedes their survival (either by evasion or counteraction) of the host immune
responses. In support of this hypothesis are several studies that reported catalase
activity and/or its transcriptional regulator as important for survival of C. jejuni in
phagocytic cell lines (527, 528), as well as insect (525, 526), avian (206, 602) and
mammalian (603, 604) infection models. Similarly, Iraola et al. (55) reported genes
involved in the oxidative stress response separate established from putative
pathogens in the Campylobacter genus. Furthermore, the researchers showed the
catalase gene to be present in all of the C. jejuni subspecies, clades of C. coli, C. lari,
and C. fetus subspecies but not C. upsaliensis, and by this phylogenetic analysis (the
divergence of these species from the most common recent ancestor), it is possible
that C. upsaliensis has lost catalase or the other species have acquired it through

horizontal gene transfer.

To further investigate the virulence factors in Campylobacter spp., the genome
assemblies were annotated using the SEED subsystem technology database. On
average, C. jejuni genomes contained 61.0 (range 55 — 65) genes in the “Virulence,
disease and defence” category, which was significantly higher than both of C.
upsaliensis genomes (52.5 genes on average with a range of 40 — 55; p < 0.001) and
C. helveticus genomes (52.6 genes on average with a range of 52 — 53, p < 0.001)
with the latter two species not significantly different from each other (p = 1). Out of
ten genes present in C. jejuni but absent in both C. upsaliensis and C. helveticus, five
were associated with the metabolism of metals (four arsenic and one mercuric) and
the others were a filamentous hemagglutinin domain protein, the tetracycline
resistance gene tetO, a multidrug-efflux transporter from the major facilitator
superfamily, FAD-dependent NAD(P)-disulphide oxidoreductase and a CopG protein
of unknown function. Additionally, C. helveticus did not possess another two genes

218



associated with metabolism of metals present in both C. jejuni and C. upsaliensis;
copper homeostasis protein CutE and magnesium and cobalt efflux protein CorC. C.
helveticus did not harbour any virulence-associated genes that were not present in C.
jejuni and C. upsaliensis. On the other hand, C. upsaliensis had a MerR family
transcriptional regulator and the MtrF multidrug efflux pump component not present
in both C. jejuni and C. helveticus. The 47 virulent genes present in all three species
were mostly associated with copper metabolism, cobalt-cadmium-zinc resistance,
resistance-nodulation-cell division efflux system proteins, macrolide efflux proteins,
multidrug resistance transporters, beta-lactamase, and genes associated with
DNA/RNA processes.

For a further exploration of pathogenicity associated features, the bioinformatics
predictive software MP3 (563) and PathogenFinder (562) were employed. The
overall number and proportion of predicted pathogenic proteins in Campylobacter
spp. by their genome compartments is given in Supplemental Table 7.3. Using the
predicted proteins as a proxy of the potential virulent genetic repertoire the results
show C. jejuni to consistently have a higher number and greater proportions of
predicted pathogenic proteins than C. upsaliensis, with C. helveticus having still
fewer. These bioinformatics tools have different methods for prediction of pathogenic
proteins and PathogenFinder (562), unlike MP3 (563), does not take all the
sequences into account. The results in Supplemental Table 7.3 show
PathogenFinder returned very few non-pathogenic proteins, and considering the high
proportions of predicted pathogenic proteins, is potentially biased toward C. jejuni
compared to C. upsaliensis and C. helveticus. This could be due to training of the
software of PathogenFinder based on the species level, which included C. jejuni
genomes, selected by developers compared to MP3, which is based on the protein
level using public databases. The agreement of the two methods on predictions is
presented using a Venn diagram in Supplemental Fig. 7.6. PathogenFinder provides
the overall prediction of an organism as being pathogenic to humans and all
Campylobacter strains in this study were predicted as such. The results of MP3 were
matched to COG results (data available in Supplemental File 1.) to explore the
predicted pathogenic proteins by COG functional groups in genome compartments of
Campylobacter spp., as performed for a number of genes previously, and are
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presented in Fig. 7.9 — 11. (data for singletons in Supplemental Fig. 7.7) and Table
7.4. The results show a similar relationship to the one observed with gene numbers
(Fig. 7.9 — 11.) with regard to the genomic composition. That is, a higher number of
predicted pathogenic proteins are found in the core genome of C. jejuni and C.
helveticus compared to that of C. upsaliensis for COG functional groups M, N, P, O,
R and S, which the latter compensates for through accessory and singleton predicted
pathogenic genes.
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Fig. 7.9. Distribution of the number of MP3 predicted pathogenic proteins per strain
in the pan-genome of 42 C. jejuni, 33 C. upsaliensis and nine C. helveticus isolates

by Clusters of Orthologous Groups (COG) functional groups.
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Overall, the highest number of predicted pathogenic proteins is attributed to COG
functional groups E, G, M, N, O, P, R, S and V belonging to the metabolic and
cellular processes and signalling groups. The number of predicted pathogenic
proteins was the highest in C. jejuni (except for group N). With regard to the
information storage and processing group, C. upsaliensis and C. helveticus had a
slightly higher number of predicted pathogenic proteins in functional groups K and J,
and L (in C. helveticus especially), than C. jejuni. Apart from the functional groups N
and L, C. helveticus has the highest number of predicted pathogenic proteins in the
functional group U. Overall these results show C. jejuni as having the largest
virulence-associated genetic repertoire in a majority of COG functional groups. On
the other hand, C. upsaliensis does not have the highest number of predicted
pathogenic proteins in any functional groups except for a slightly higher count in K.
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Taking all Campylobacter species together, the highest variability in presence of

predicted pathogenic proteins was observed in groups C, M, O, P, R, S and U.

The phylogenetic relationships between Campylobacter spp. were investigated using
Neighbor-Joining analysis based on core genome and rMLST analyses. A histogram
for the gene cluster distribution size is shown in Fig. 7.12. This plot shows that across
the 84 genomes, there are 2,589 genes that do not cluster and remain as singletons.
There are 878 genes that are found in all 84 genomes, and they represent the core
genome of these isolates. Of further note is a small peak at 42, which could be due to
a subset of 102 genes that are either only found in C. jejuni (the number of isolates),
and not in a union of C. helveticus or C. upsaliensis, or vice versa. However, there
are not clearly identifiable peaks at 33 and 9 for the C. upsaliensis and C. helveticus
species respectively.

2000 -

total number of genes

1000 -

0- ‘IIIIIII.I.I--II-I — -I__ S ____-II

0 20 40 60 80
number of genes in a cluster
Fig. 7.12. Histogram of gene cluster distribution size by OrthoMCL core genome

analysis of 42 C. jejuni, 33 C. upsaliensis and nine C. helveticus genomes.
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The results of the core genome analyses are presented in Supplemental Fig. 7.8 and
7.9 for clusters of genes of the same length and those within a 20% length range
respectively. Using these criteria, for the genes of the same length, 182 genes
contributed to an alignment of 45,949 amino acids. Within this alignment, there were
9,840 variable sites (21.42%). Similarly for the case where the length range of the
genes in a given cluster were up to 20% of the longest gene, 649 genes contributed
to an alignment of 197,053 amino acids and within this alignment, there were 59,486
variable sites (30.19%). This is less than the 878 described above, due to the length
range criterion that has been applied. It can clearly be seen from both these figures
that the isolates from a given species cluster together, and that on a core genome
scale, there is good separation for each of the three species. In addition the
NeighborNet is very tree-like, indicating that there is not much recombination evident
for these genes within isolates for a given species. This would not necessarily be the
case for genes in other genomic compartments. C. helveticus shows the tightest
cluster, but it does have the fewest isolates. C. jejuni and C. upsaliensis show a
degree of variation in their species clusters, indicating a greater diversity in the

underlying amino acid sequences.

When the ribosomal MLST analysis was performed (Fig. 7.13), the resulting
alignment of 20,779 nucleotides showed two major differences when compared to
the core genome analyses (Supplemental Fig. 7.8 — 9). Firstly, the number of
variable sites (6,525; 31.40%) was similar to the level found in the core genome
dataset with the length range of 20%. Secondly, whilst the isolates cluster on species
as they did for the core genome analysis, there is evidence for some uncertainty in
the NeighborNet due to the box-like structures visible, for example with the C.

upsaliensis isolate Cu_28080_40.
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7.5. Conclusions and limitations

This study provided a wealth of information about the genomes of three different
Campylobacter spp. and has showed many differences between them. There are
several limitations in the study, the most important one being the sample size and
sources/selection of the genomes. Apart from the relatively few genomes of C.
helveticus that were mostly isolated in New Zealand as mentioned earlier, the further
main limitation is the lack of C. helveticus isolates from human clinical cases. C.
helveticus isolates from human clinical cases are not publicly available and only one
study reported occurrence in two out of 442 diarrhoeic samples using PCR (347).
Similarly, only two C. upsaliensis isolates in this study were from human clinical
cases. Reported studies of C. upsaliensis isolates from humans and dogs showed
little clustering of genotypes between the two sources by 16S rRNA typing and
plasmid profiling (236), amplified fragment length polymorphism (244) and multi-locus
seqguence typing (267). The limitations to these studies are small number of isolates
from human cases (267) and geographically distant sources of human and canine
isolates (236, 244). Nevertheless, their results suggest that unidentified sources of
exposure of humans to C. upsaliensis may exist. Therefore, the lack of C. upsaliensis
and C. helveticus strains from sources other than pet animals in the present study
limit extrapolation of results for these species as a whole and are more relevant to

the (sub)population associated with pets.

In conclusion, this study is the first to report a detailed functional analysis of the
genome of C. helveticus. These species’ genomes were clearly separated in the
phylogenetic analysis of core genome and also, though to a lesser extent, in the
rMLST gene analysis. The C. helveticus genome was shown to be larger with less
variation in size between strains than genomes of C. upsaliensis and C. jejuni. C.
upsaliensis was shown to have the highest GC content and lowest number of signal
peptides. The pan-genome analysis indicates an open pan-genome in C. jejuni and
C. upsaliensis and closed in C. helveticus, although fewer and more geographically
clustered genomes may have biased the latter. The genome of C. jejuni and C.
helveticus strains are composed of ~ 85% and higher of core genes of their

respective species in contrast to ~ 55% in C. upsaliensis, indicating the largest strain-
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to-strain diversity in the latter. However, metabolic features and capacities need not
necessarily be as different as gene content profiles, because organisms may
accomplish the same set of cellular processes with different sets of genes through
non-orthologous gene displacement; the role of one gene is replaced by an unrelated
gene accomplishing the same function (605). The variation in the number of genes
between the different Campylobacter spp. by their genome compartments showed
large differences between COG functional groups and that C. upsaliensis
compensates for reduced gene content in the core genome with an enlarged
accessory gene pool and vice versa. These results indicate that a comparison of
genome compartments on the species level may distort the actual gene profile
occurring at the strain level. To what extent the metabolic pathways are maintained
so that the genome of an isolate results in consistent phenotypic features needs
further investigation. Profiles of gene representation in most COG functional groups
suggest a host-associated to host-dependent lifestyle of Campylobacter spp., which
gravitates toward intracellular for transcription, replication, recombination and repair,
intracellular trafficking, secretion and vesicular transport, secondary metabolites
biosynthesis, transport and catabolism, carbohydrate and lipid transport and
metabolism, and in poorly characterised COG groups. However, the COGs for post-
translational modification, protein turnover and chaperones, translation and ribosomal
structures, and defense mechanisms are more like those seen associated with free-
living organisms. The association of the number of genes in COG functional groups
with pathogenic potential of the species were discordant in the present study, as the
emerging pathogen C. upsaliensis and the very infrequently pathogenic C. helveticus
were designated as more pathogenic than the established pathogen C. jejuni.
Similarly, C. helveticus and C. upsaliensis possessed more genes in TA modules
than C. jejuni, and C. helveticus more genes in secretion systems than C. jejuni. On
the other hand, using bioinformatics tools for the prediction of pathogenicity of
proteins as a proxy of virulence armament, C. jejuni possessed a significantly larger
genetic repertoire than C. upsaliensis and C. helveticus. Higher numbers of predicted
pathogenic proteins were mostly associated with genes in energy production and
conversion, motility, biogenesis of cell walls, membranes and envelopes,
posttranslational modification, protein turnover and chaperones, inorganic ion

transport and metabolism, intracellular trafficking, secretion, and vesicular transport
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and defense mechanisms. With regard to evaluation of the presence of genes
documented and associated with pathogenesis of C. jejuni, the vast majority of genes
are similarly present in all three Campylobacter species. However, genes involved in
iron uptake and stress response, especially oxidative stress and transcriptional
regulators thereof, are missing in C. upsaliensis and C. helveticus. Protection from
various reactive oxygen species plays a crucial role in the ability of C. jejuni to
survive the attack by the host’'s immune system and development of the disease.
Overall, the results of this study imply C. upsaliensis and C. helveticus to be almost
on par with C. jejuni by many features reported to be associated with pathogenicity.
Therefore, the lack or possession of a few particular genes may play a pivotal role
and could explain the lesser incidence of C. upsaliensis and C. helveticus than C.
jejuni in human clinical cases. Potentially, these vital genes are those associated with
resistance to oxidative stress, most notably catalase. These genes and gene groups
should be investigated in future studies of pathogenicity of the Campylobacter genus
using gene insertion/deletion in infection models or phenotypic characterisation.
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CHAPTER 8

8. General discussion and future research

The research projects in this thesis have provided a wealth of information and new
data on Campylobacter spp. in dogs and cats. While the research aims have been
fulfilled, the data also generated new research questions and hypotheses to
investigate. A series of experiments showed several Campylobacter spp. to be
present as gastrointestinal flora in New Zealand dogs and cats and two types of their
raw meat diets. In addition, it has shown the importance of suitable diagnostic
methods to provide us with the ability to detect and isolate the desired range of
bacterial species. The research also reported the first epidemiological associations
with the carriage of Campylobacter spp. in New Zealand pets without clinical signs.
The isolates obtained enabled investigation of the analytical sensitivity for the
detection of Campylobacter spp. by a common antigen test used in human medicine
(Chapter Five), and studies on the pathogenic potential using a larval disease model
(Chapter Six) and whole genome research (Chapter Seven). In Chapter Five, C.
upsaliensis, C. helveticus, and C. hyointestinalis subsp. hyointestinalis isolates
obtained from the faeces of pet animals and farmed deer were shown to be detected
by a common antigen-based test routinely employed by human diagnostic
laboratories for the detection of C. jejuni and C. coli in faecal samples. The
pathogenic potential of strains of C. upsaliensis and C. helveticus has been further
characterised in Chapter Six by using an insect model of disease and was shown to
be less than that of C. jejuni, but the strains were not non-pathogenic. Many variables

were also shown to affect the survival parameters in experimental procedures that
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are relevant for the reproducibility of results. The last of the research projects,
Chapter Seven, compared the general and functional genome features of C.
upsaliensis and C. helveticus strains to C. jejuni strains, and using patterns of gene
presence and distribution associated with pathogenic traits in their genomes and also
genomic compartments, suggested that there is the pathogenic potential to humans

from C. upsaliensis and C. helveticus.

In Chapter Three the New Zealand household populations of dogs and cats were
shown to frequently harbour Campylobacter spp., with approximately a third of dogs
and one sixth of cats being positive in a cross-sectional sample. C. upsaliensis and
C. helveticus in dogs and cats respectively, were more frequently isolated than C.
jejuni. These results provided new data for New Zealand dogs and cats, as previous
work only focused on C. jejuni (356) and undifferentiated C. upsaliensis/C. helveticus
were only anecdotally reported by veterinary clinical laboratories (606). This study
also provided the first data on epidemiological associations with faecal carriage of
Campylobacter spp. in New Zealand dogs and cats, some previously reported
worldwide and others newly observed. The relatively few epidemiological

associations observed are likely to be due to the small sample size of the study.

In Chapter Four, New Zealand working dogs were also shown to be frequent carriers
of various Campylobacter species. Therefore, exposure of humans to Campylobacter
spp. through contact with household pet animals and working dogs is possible. The
research aim for Chapter Four was to test a variety of culture conditions and methods
to detect as many different Campylobacter spp. as possible and as a pilot study with
only 50 dogs, epidemiological investigations were not performed. Future studies in
New Zealand could further investigate other dog and cat populations such as shelter
or kennelled and clinically ill populations to expand our knowledge of the

epidemiology of Campylobacter sp. in New Zealand dogs and cats.

C. upsaliensis was shown to be the most commonly isolated Campylobacter spp.
from faeces of two different populations of New Zealand dogs in this thesis. An
overall comparison of household and working dog populations showed a significantly
higher prevalence of C. upsaliensis (p = 0.03) but not C. jejuni (p = 0.5) in working
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dogs compared to household dogs using Fisher’'s exact test. Although a study in
Denmark showed city dogs to have significantly higher odds for carriage of
Campylobacter spp. than rural dogs (139), the working farm dog population may
have a higher exposure to potential sources than both rural and city dogs. The farm
animal lifestyle could be the cause for a higher faecal carriage of C. upsaliensis in
working dogs due to a higher probability of their direct exposure to faeces of wild and
farm animals and access to outdoor water sources that would not be expected for
household dogs. Access to outdoor water sources was reported as a risk factor for
carriage of C. upsaliensis in dogs frequenting city parks in three cities in Ontario,
Canada (292). In that study, mixed effects modelling did not show any clustering by
park and visit (park and date of visit) either for Campylobacter spp. or C. upsaliensis,
and regression models indicated that water at the parks was not a consistent source
where dogs were exposed to C. upsaliensis (292). A study in Switzerland reported a
general tendency for dogs living close to lakes and rivers to have higher carriage
rates of C. jejuni (364), with higher carriage rate of C. jejuni also observed for
working dogs as compared to household dogs in this thesis. While these findings are
expected for C. jejuni given what is known about it's epidemiology, the results for C.
upsaliensis are not as straightforward to explain as dogs and cats are the species
with the highest prevalence rates and further research is needed. Only a few studies
have shown C. upsaliensis to be present in animal faeces, other than faeces of dogs
and cats, or in meat. C. upsaliensis and C. helveticus were isolated from 3% of beef
meat samples intended for human consumption (61) and C. upsaliensis was detected
in 3% of ground beef samples by PCR (607). C. helveticus was isolated from 15% of
porcine caecal contents and 2% of carcass swabs (62). C. upsaliensis was isolated
from 2% of rodents caught on pig farms (63) and was reported to be present in flocks
of ducks (64), broilers (65) and chicken neck skin (608), guinea fowl (609), and
meerkats (95). No other reports could be identified in the literature and it is clear that
these reported prevalences are significantly lower (also likely for anecdotal reports of
mere presence) than in dogs and cats (Table 2.7). Therefore, while farm and wild
animals may be a source of exposure to C. upsaliensis in dogs, it is not known if wild
and farm animals can also carry C. upsaliensis for prolonged periods as they can C.
jejuni. Importantly, longitudinal studies of intestinal carriage and quantification of C.
upsaliensis bacterial loads would be beneficial to support the hypothesis of C.
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upsaliensis having a reservoir status. Long term colonisation of the intestinal tract,
frequently in high numbers, without clinical illness is a feature of amplifying or
reservoir hosts. Dogs could be hosts that maintain the population of bacteria in the
environment (139). In the absence of more data on the carriage of C. upsaliensis in
other animals, dogs are perhaps the most likely source of exposure to other dogs.
This is supported by genetic similarity of C. upsaliensis isolates from dogs within the
same household (364) and the report of living with a dog that was positive for C
upsaliensis to increase the likelihood of a dog being positive, whereas living with a
dog that was not positive appeared to be protective compared with being the only
dog in a household (396). Similarly, high Campylobacter prevalence rates in
kennelled or shelter populations of dogs (362, 395) support this hypothesis of dog-to-
dog transmission but one cannot rule out the possible confounding of a shared
environment, lifestyle, diet etc. of dogs living in the same household, shelter/kennel,
or farm. Future epidemiological studies would require molecular studies to discern

the connections.

Both Chapters Three and Four have shown the influence of the detection method on
the perceived prevalence rate of Campylobacter spp. and the species distribution
profile obtained from faeces of dogs, cats and raw meat pet food. Comparison of
seven different culture methods in Chapter Four was responsible for the first isolation
of C. rectus, C. volucris, C. lari subsp. concheus and Helicobacter winghamensis
from dog faeces, all species reported to be of significance to human health. These
results will contribute to the active research of emerging Campylobacter and related
organisms. Whether the aim of future studies would be to merely further search for
the presence of Campylobacter spp. in animals, food, the environment or other
samples, or if the aim would be also focused on Campylobacter epidemiology, the
detection methods will be an important factor limiting inferences from results. Other
sources of limited comparability may be also present. For instance, two studies in the
same region of Canada used the same detection methods and mainly attributed the
differences in C. upsaliensis prevalence rates detected to the types of populations
sampled and study design; dogs in city parks during summer (292) compared to dogs
attending veterinary clinics over one year (393). Conversely, a study in Swedish dogs
reported a lower prevalence of C. jejuni (382) compared to a previous study in the
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country (610) that, despite other variables such as targeting a younger dog
population, was mainly attributed to the culture methods used; only mCCDA versus
three different culture methods, respectively. In this thesis, the higher prevalence of
C. upsaliensis in working dogs compared to household dogs is not likely to be due to
the five additional culture conditions used because the culture method that is
identical in the two studies (direct plating to CAT agar) was the one to detect all the
C. upsaliensis positive working dogs and all but one C. upsaliensis positive
household dogs. Furthermore, when two days of additional incubation in the working
dogs study was used, no further C. upsaliensis positive dogs were identified.

Therefore, while variations in study designs may explain factors more likely to be
involved with differences in prevalence estimates and epidemiological associations
observed, detection methods can profoundly impact the internal validity of the
classification of positive and negative animals, and cases and controls, respectively.
For instance, the use of mMCCDA alone in Chapter Three would have precluded any
meaningful epidemiological investigations as only one animal was positive for C.
upsaliensis, and the prevalence would have been significantly underestimated,
whereas isolation using CAT alone would draw very different conclusions from the
same sampled population. Furthermore, if one considers the comparison of results
with the selection of only one method from a panel of culture methods with a range of
sensitivities and specificities such as observed in Chapter Four and other studies (54,
402), the results of epidemiological analyses should be expected to show varying
levels of discordance. In support of this hypothesis are the results of a recent meta-
analysis study of Campylobacter spp. prevalence and concentration in household
pets (449). In that study, a significantly high level of heterogeneity in the prevalence
estimates between studies was shown even with subgroup analysis accounting for
the diarrhoeic status, source of animals (e.g., household, clinic, shelter),
geographical location (both at country and regional level), and animal species
sampled, which indicated that other factors affecting the range of prevalences seen
in the literature are yet to be identified. Furthermore, the importance of speciation of
Campylobacter spp., especially for C. upsaliensis, and pet animal species were
shown to be significant sources of variation in modelling the prevalence rate

estimates by the respective meta-analysis study (449). These findings challenge the
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usefulness of reporting results as ‘Campylobacter spp.’ for all species together, and
grouping different animals such as dogs and cats as ‘pets’ in reporting of prevalence
rates. The authors reported that actually the key finding of the study was the lack of
solid research data and that studies lacked a standardised reporting structure for
prevalence values: the study locations, sample size (a clearly stated numerator and
denominator), inclusion of diarrhoeic animals, and the study periods. The results of
investigations of culture methods in Chapter Three and Four support the influence of
detection methods as another very important cause of discordant reports between
Campylobacter prevalence and epidemiological studies.

The increased ability of CAT agar to support the growth of Campylobacter spp.
compared to mCCDA agar, especially in the isolation of C. upsaliensis, but other
species too, was shown in both Chapters Three and Four. On the other hand, as
discussed in the respective chapters, several studies worldwide have reported both
the inverse and no difference between the two agars. More studies are needed to
elucidate the reason for the variable success in the isolation of C. upsaliensis using
MCCDA. Current evidence shows a mildly better analytical sensitivity of culture onto
CAT compared to mCCDA agar, but data suggest a possible complex relationship
between faecal flora and agars to be affecting isolation of C. upsaliensis (99). One
study of gastrointestinal microbiota in chicken faeces reported C. upsaliensis in 10%
of samples and as more prevalent in a gastrointestinal tract substantially dominated
by Firmicutes (611). Firmicutes are abundant in the canine gastrointestinal tract
(612), which could be linked to the higher prevalence rates of C. upsaliensis
observed in dogs than in chicken. However, the influence of faecal flora on isolation
of Campylobacter spp. requires further investigation. In Chapter Five, although using
an antigen test, the effect of faecal samples, both in terms of consistency and the
random effect of the individual faecal sample, on analytical sensitivity estimates was
guantified and shown to be statistically significant. Perhaps there are similar effects
of faecal samples on culture methods when used in spiked experiments that may
explain the variable reports. A large heterogeneity of C. upsaliensis strains across
the world (473) might be another important factor to consider. By this token, the most
fruitful design of such a future study would be a double-blinded inter-laboratory study

with random effects modelling conducted in various worldwide locations to capture as
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large a variety of geographical and animal sources of C. upsaliensis strains as

possible.

Several other influences of culture methods on prevalence rates and species
distribution profiles of Campylobacter spp. that pertain to the comparability of studies
were confirmed in Chapter Three and Four. Most notably these were the duration of
incubation, and the incubating atmosphere and temperature. Prolongation of
incubation to four and six days and use of 37°C and a Hz-enriched microaerobic
atmosphere were important factors associated with the detection of species other
than C. jejuni and C. upsaliensis, and to a lesser extent important for detection of C.
coli and C. lari. Since the isolation of Campylobacter spp. is difficult and culture
methods and protocols vary widely in their ability to isolate different species, the
studies that employ multiple methods are more likely to detect the diversity of
Campylobacter in faeces (54, 397, 402). Exploring modifications of protocols with
CAT and mCCDA agar from Chapter Three and testing of a novel filtration method
were the reasons that led to the first report of isolation of C. rectus, C. lari subsp.
concheus, C. volucris, and Helicobacter winghamensis from dogs in Chapter Four.
Only a few dogs were positive for these species and these studies cannot reliably
infer if the respective prevalence rates are, indeed, low or the methods used are not
optimised for isolation of these species. However, detection of C. rectus was reported
in one out of 70 healthy and two out of 65 diarrhoeic dogs (359) and one in 60 dogs
(613) in studies in Canada using qPCR directly in faecal samples with concentrations
between 10° and 10° CFU/g of faeces. Excluding other differences between studies,
such as the region and populations sampled, a possibility is that the culture methods
used in Chapter Four were of sufficient analytical sensitivity and dogs are truly rare
excretors of C. rectus. The protocol for the selection of colonies in cultures is another
important limiting factor in the ability to profile multiple species and strain variation in
samples. A study that picks only one colony (382) inherently cannot detect multiple
species whereas studies that will sample any (54), or up to 12 (402) or even 33 (486)
colonies from one sample will have different probabilities of success. Therefore, the
colony picking protocols in Chapters Three and Four do contribute to the limited
comparability to a certain extent between each other and other worldwide studies.
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Chapter Four also showed how non-target growth could significantly impede the
ability to pick colonies by reducing or obscuring agar surface area indicating the need
for further optimisation of these methods. Culture methods for Campylobacter spp.
are an active research area and building on gathered knowledge and experiences
will improve current limitations. An example of such success is the adaptation of the
“Cape Town protocol” that was shown to support the growth of 17 Campylobacter
species from inoculated beef samples (43). In the ensuing application to un-
inoculated meat for human consumption, several Campylobacter spp. were isolated
for the first time (61). Our experience with this method applied to dog faeces and
home-kill meat in Chapter Four was not successful; this was most likely due to the
high background flora of faeces and, similarly, the highly prevalent faecal
contamination of meat samples. The use of that novel method with an additional
reduction of enrichment duration from 48h to 24h but with maintainence of the
centrifugation of enrichment broth as originally reported (43) had been successfully
employed in porcine caecal samples and carcass swabs (62). These modifications
were not performed in Chapter Four and might have been helpful in reducing the
non-target growth to enable the reading of plates and sampling of colonies for both

faecal and meat samples.

The limitations of culture methods and protocols discussed above are also important
to consider in comparison with molecular diagnostic studies. The most striking finding
of the Canadian qPCR study is the detection of 14 different Campylobacter spp. in
dog faeces (359) when compared to studies using culture methods as a first step and
PCR and/or phenotypic tests were used to confirm culture isolates in Table 2.7. The
study by Chaban et al. (359) also showed newly reported associations of diarrhoea in
dogs with several Campylobacter spp. by their presence/absence, by higher bacterial
concentrations, and also by higher richness of Campylobacter spp. in faeces. It is not
known to what extent this diagnostic superiority of gPCR over culture methods is due
to a general inability of methods to isolate these species or the higher analytical
sensitivity of gPCR, or the practical limitations of culture protocols such as not testing
all the colonies grown or the reduced ability in sampling of colonies due to non-target
growth. Nevertheless, as there are no reported studies, so far, in dogs and cats
comparing PCR or gPCR with isolation by bacterial culture, it could be considered as
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one of the most needed future studies of Campylobacter spp. in these animals to
address these outstanding issues. As shown in Chapter Four, culture protocols may
vary widely in workload requirements and if a wider ability to isolate different species
is desired, the selection of several culture methods would be preferable to compare
to molecular methods. In order to facilitate practical workload issues for such a study
a “molecular screening” approach may be helpful as reported for studies in humans.
That is, samples are initially tested by a molecular method, as a more sensitive
method, upon which only positive samples are further cultured (137, 481). Therefore,
if the aim were to isolate emerging species, more culture methods would be easier to
implement on a reduced number of samples. Given the results of Chapter Five,
future comparative studies of culture-, antigen-, and molecular-based methods will
need to more closely address the influence of analytical sensitivity on
laboratory/diagnostic versus clinical sensitivity that is currently under the spotlight
due to the effects on the interpretation of results for infectious diarrhoea (614). That
is, if there is clinical relevance of a certain bacteria only if it is present above a certain
threshold, the choice of method and resulting inference will be strongly dependent on
its analytical sensitivity and desired aim. A comparative study of molecular and
culture methods could also help elucidate if discordant reports between
epidemiological studies employing cultures for factors, e.g. age, gender, exposure
variables and others as previously discussed, were confounded by the limited ability
of cultures to support growth of Campylobacter spp. or whether discordance was
related to bacterial loads and species richness. Similarly, this kind of study could be
implemented in a longitudinal design to provide data on the dynamics of the carriage
of Campylobacter spp. in dogs and cats, especially for the improvement of our
understanding of the association with diarrhoea that is limited by cross-sectional

studies with only one sampling.

The results of Chapter Three and Four also support the need for joint longitudinal
studies in dogs, cats and people in order to further address the potential health risks
to humans through exposure to Campylobacter spp. from these animals or the risks
associated with other factors related to owning pets or having contact with them. This
is supported by the first report of contamination of commercially available raw meat
pet food, and of raw meat home-kill diets for working dogs with Campylobacter
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species, and the results of C. jejuni MLST typing from meat, dog, and cat samples.
The MLST typing was a secondary aim of the research, as source attribution studies
were not intended in this thesis, although results were used to add to the current
MEpiLab database. Similarly, rather than attempting a more extensive investigation,
the screening of raw pet food was piloted due to the successful experience in
isolation of Campylobacter spp. from food, faeces and environment in "EpiLab (67,
312, 346). As presented in Chapter Three no other study has identified
Campylobacter spp. in raw meat pet food. This is most likely due to the methods
used, although the possibility of sampling error exists too. Raw meat diets are
becoming more and more popular (615, 616) and with regard to the epidemiology of
Campylobacter we reasoned that raw meat food could be a possible source to test as
well. These proved to be valuable findings. Classical case-control epidemiological
studies report contact with, or having a pet animal, as a risk factor for
campylobacteriosis in people (14). It cannot be discerned whether people actually get
exposed to Campylobacter from pets or that the behaviour, practices and lifestyle
associated with having pets causes higher exposure from other sources and
transmission vehicles relative to people not having pets. For the former, the data on
the risk exposure to Campylobacter spp. from e.g. hair coat of pets, saliva or possible
genitourinary excretions are lacking (449). Raw food for animal consumption
contaminated with Campylobacter spp. can be considered as such a source of
exposure for both animals and people. In the molecular epidemiology approach,
genotyping of the human and pet isolates in that scenario would show the same
genotype yet the actual pathway and direction of transmission remains unknown. A
study in the Netherlands showed dog, particularly puppy, owners at an increased risk
of infection with pet-associated C. jejuni STs, and isolation of identical strains in
humans and their pets to occur significantly more often than expected by chance, but
common sources of infection and the direction of transmission were unknown due to
the cross-sectional design (300). MLST results of C. jejuni isolates in Chapter Three
and Four show that STs common in dogs, cats, and raw pet food are common in
human disease too, most notably the STs also associated with farmed animals. As
discussed in the respective Chapters, reported studies worldwide are in agreement

with this observation of shared STs between dogs and people (300, 386).
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In considering the design of a longitudinal study in people and pets, the
commonalities of C. jejuni ST profiles within the two groups would require accounting
for scenarios that may varyingly affect the exposure of people of the same household
to Campylobacter spp. from their pets too. For instance, children may play more
often with family dogs than other family members and perhaps share the bed with
them, while parents may have relatively less frequent direct contact but are more
involved in feeding pets. In a study in the United Kingdom, dog-human contacts were
found to be highly variable and were affected by the size, sex and age of the dog,
individual dog behaviours, human behaviours and human preferences in the
management of the dog and important situations in relation to zoonoses such as
sleeping areas, playing behaviours, greeting behaviours, food sources, walking,
disposal of faeces, veterinary preventive treatment and general hygiene (480).
Similar findings with regard to pet husbandry and infection control practices were
also reported in Canada (350).

The limitations of both classical and molecular epidemiological studies could thus be
overcome by a combined approach in a longitudinal study that would follow-up
behaviour and exposure variables with concurrent sampling of human and animal
members, as well as food and the environment of the household. A targeted
approach such as that reported in a study of people commencing work in poultry
abattoirs (617) may be adopted for people not owning dogs or cats but having
contact with them through their work. A combination of epidemiological approaches
may provide important information for the implementation of pathway-specific control
strategies as reported by a study that showed young children in rural areas had a
higher risk of infection with ruminant strains than their urban counterparts (260).
There is a general need for accessible zoonotic disease information for both pet- and
non-pet owning households, with additional efforts made by veterinary, human and
public health personnel to make the general public aware of potential risks and

measures to prevent transmission (351).
The dynamics of carriage of Campylobacter spp. in pets present another issue for

source attribution studies. As reviewed in Chapter Two, C. jejuni as a human

pathogen, is an “accidental tourist” (23) that has reservoirs in various animals. The
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source attribution framework cannot ascertain the contribution of particular
transmission pathways, but attempts to estimate the relative contributions from
amplifying animal hosts as sources from whence the observed genotypes in human
patients have originated. That is, the animals are the primary amplifying hosts of C.
jejuni and water is considered as a transmission vehicle contaminated by, to varying
degrees, different animals (312). Longitudinal studies in dogs showed faecal
excretion of C. jejuni to be short in duration (139, 395) and also that the genotypes
between these episodes were diverse (139). The varying degree of association of C.
jejuni and diarrhoea in dogs is to an extent similar to humans in developing countries.
In developing countries where campylobacteriosis is hyper-endemic, the disease is
mainly confined to young children who, through repeated exposure to infection,
develop immunity early in life and diarrhoea is rarely seen in adults (2, 9, 618). In
light of a short duration of carriage of varying genotypes of C. jejuni in dogs, it is
could be that dogs are not a natural reservoir of C. jejuni and more alike to humans
“accidental tourists”. As such C. jejuni STs observed in dogs (for cats there is a lack
of data) cluster to the amplifying hosts and no ST has been observed as a pet
“specialist” in reported research to date (300, 450). For these reasons future
molecular studies in dogs and/or pets and people would benefit from combining the

epidemiological metadata and longitudinal design.

The consideration that dogs may not be a reservoir of C. jejuni in the framework of
source attribution studies in people, suggests it would be useful to perform source
attribution studies for C. jejuni in dogs. That is, the analysis would be directed to
attribute relative contributions of the amplifying hosts to C. jejuni excretion in dogs,
and humans and water could be considered transmission vehicles; the methodology
could be similar to that performed in human source attribution studies. Currently
there is a lack of information on the range of both C. jejuni and C. upsaliensis STs in
pets worldwide (264, 267, 477) and this is an emerging field of research compared to
reported research of Campylobacter spp. in farm animals, food, and water. Until
more data are available, a source attribution study of C. jejuni in dogs may be
attempted retrospectively using non-local, non-recent MLST data as previously
illustrated in humans (341). Current projects of C. jejuni surveillance such as those

performed in the UK (619) and New Zealand (307) are an excellent base to expand
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the current knowledge of the epidemiology of both C. jejuni and C. upsaliensis in pets
and humans. For C. jejuni more data and isolates from pet sources are needed, and
for research involving C. upsaliensis the current challenge is to identify sources other
than pets. Therefore, suggested further research would involve, through the
collaboration of "EpiLab with the regional medical laboratory for the purposes of the
Manawatu Campylobacter sentinel site project, to screen faeces of human clinical
cases, food and environment for the presence of C. upsaliensis and C. helveticus,
and other Campylobacter spp., in addition to C. jejuni. The studies in Chapters Three
and Four have provided a wealth of isolates, especially of C. upsaliensis, that can be
used to expand the MLST (257) database of MEpiLab for future molecular
epidemiology studies that will contribute to the knowledge of Campylobacter spp.

worldwide.

Chapter Five showed the commonly employed EIA test for the diagnosis of C. jejuni
and C. coli in humans at the regional Manawatu medical laboratory to be able to
detect isolates of C. upsaliensis and C. helveticus from local dogs and cats, as well
as C. hyointestinalis from local deer. This supports the possibility of detection of the
respective ‘emerging’ species in human clinical cases that had negative culture
results, as presented in the literature review of the New Zealand data. A major
current knowledge gap in New Zealand and worldwide is the extent of non-jejuni/coli
Campylobacter spp. occurring in humans and to which extent these species are a
cause of clinical signs. The data in this thesis show the frequent presence of C.
upsaliensis, and to a lesser extent for C. helveticus, in the relatively small population
of New Zealand dogs and cats tested. Other studies have reported these species
anecdotally in New Zealand patients (348) and that the current diagnostic
laboratories do not use suitable methods for their detection (53). Therefore, it is
possible the samples positive by EIA at the regional Manawatu clinical laboratory that
were negative by culture at "EpiLab are due to cross-reactions with non-jejuni/coli
Campylobacter species. There is also a possibility of viable-but-non-culturable
bacteria or the analytical sensitivity (e.g., influenced by parameters observed in
Chapter Five) of the methods being the cause of their discordant results. The
possibility of the EIA test detecting non-Campylobacter spp. also exists but as
discussed in Chapter Five this is perhaps the least likely as so far the EIA has not
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been reported to show such cross-reactions. Future research, both on retrospective
data of "EpiLab and by prospective studies, is needed to explain these outstanding
issues. Current data would support the EIA being used as a screening test after
which positive results should be confirmed by other methods that enable speciation
of results to suit the desired clinical aim of whether only C. jejuni/coli are of interest or

a wider range of Campylobacter species.

The selection of Campylobacter spp. of clinical interest to humans for diagnostic
laboratories is dependent on the documented pathogenicity, or at least strongly
supportive data of association with a pathogenic potential in order to avoid false
positive results. Chapters Six and Seven investigated the pathogenic potential of
Campylobacter spp. commonly detected in dogs and cats. However, the provision of
more isolates of C. upsaliensis and C. helveticus, especially from sources other than
dogs and cats would greatly benefit studies that could expand on results from
Chapters Six and Seven. As discussed in the respective chapters, the lack of isolates
from other sources were the main limitation of both Chapters, as is for the reported
previous studies discussed therein. The extension of the G. mellonella infection
model to both C. upsaliensis and C. helveticus shown in Chapter Six is promising for
future research of the two species but also suggests that inclusion of other emerging
Campylobacter spp. may be possible. Extending the model to other Campylobacter
spp. is of importance from the public health perspective, as dogs were previously
shown positive for 14 Campylobacter species (359) that have been associated with
clinical signs in humans (13); most of which were not evaluated in this thesis. With
regard to the higher survival of larvae inoculated with C. upsaliensis and C.
helveticus compared to C. jejuni, future studies using gene insertion/knockouts could
particularly help elucidate causes of these observations. The application of the model
to C. upsaliensis and C. helveticus in Chapter Six was supported by the results of
histopathology, cultures of larval haemolymph and haemocytes, and modelling of
survival parameters. One of the more interesting findings of Chapter Six was also the
violations of the assumption of proportional hazard rate between Campylobacter
species, which questions the selection of time points for inference of results. These
are all newly reported observations, but the results also support more research into

other aspects of the larval model such as the comparability of the larvae model with
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other models, cell lines and animal (mammalian and avian) models of disease.
Finally, the extent to which the results from larval model correlate with and are truly

representative of the human host needs to be clarified.

Chapter Six showed how inactivated cellular material may lead to the death of larvae
with a similar survival curve to the inoculation of live cells of C. upsaliensis and C.
helveticus but not of C. jejuni. The reasons for these differences may be important for
the inference of pathogenic potential using the larval model. In light of the overall
results of Chapter Six, what should actually be inferred of the pathogenicity of C.
upsaliensis and C. helveticus using the larval model if these species are rapidly and
successfully eliminated by the larval immune cells and death is being caused by a
mere antigen-induced damage due to an overload of an arbitrary experimental dose
used? The application of transcriptome studies (546) may be helpful in elucidating
this differential larvae response between Campylobacter spp. and to identify which
cellular components activate, or suppress, the larval immune system mechanisms
(451). G. mellonella is a relatively new infection model and Chapter Six also showed
important sources of variation in survival estimates, important for the reproducibility
of results such as the effects of batches and biological replicates. Further validation
studies of the larval model could investigate the inter- and intra-observer variability in
the assessment of larval morbidity and mortality. An important limitation of internal
validity in Chapter Six and other reported studies of C. jejuni using larvae is the lack
of double blinding in the experimental procedure, which could be also further

addressed by future studies.

The results of Chapter Seven have shown many differences between the genomes of
C. jejuni, C. upsaliensis and C. helveticus strains that neatly separated to their
designated species shown by phylogenetic analyses using the core genome and the
rMLST scheme. Differences were observed in general genomic features such as
genome size and the number of genes, and GC content but also in functional
analysis of genomes using analysis of Clusters of Orthologous Groups (COGS),
presence/absence of genes with a documented involvement in pathogenicity of C.
jejuni, and in gene content profile related to pathogenicity by RAST/SEED annotation

server results and bioinformatics software for the prediction of pathogenic proteins.
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Apart from genome-based studies, these results may be used to facilitate further
research into pathogenicity using the larval model, and other models of disease. The
search for genes involved with pathogenicity by gene insertion/knockout experiments
is difficult due to the numerous possible candidate genes that are available.
Comparative genomic studies of different Campylobacter spp. with varying
pathogenic potential should be helpful for prioritising the candidate genes. The
results in Chapter Seven suggest that some of the most likely candidate genes could
be those involved with the oxidative stress response that were shown to be important
to C. jejuni both for aerotolerance, and survival from the attack by the innate immune
system (160). Therefore, testing this hypothesis further would be interesting research
to perform in both the larvae model and human immune cell lines to evaluate the

representativeness of larvae as a model of the mammalian innate immune system.

Chapter Seven also showed how various reported pathogenicity features may vary
between C. jejuni, C. upsaliensis, and C. helveticus by COG functional gene content
profile, toxin-antitoxin systems, restriction-modification systems, and predicted
pathogenic protein profiles. Currently, it is not known if these features reported as
pathogenic signatures are truly valid for Campylobacter spp. but herein were shown
to be present at the level of the pan-genome, the core and accessory genomes and
singleton genes. The results between the three Campylobacter spp. in Chapter
Seven have shown that these pathogenicity-associated features may vary; some
features show C. jejuni strains as the more pathogenic while others show C.
upsaliensis and C. helveticus strains as a more pathogenic species. Therefore, apart
from the non-applicability to Campylobacter spp., the results may also support both
the genome reduction and the virulent gene repertoire theories of the emergence of
pathogenicity as present in these Campylobacter spp. as well as that all of them have
pathogenic potential, and the discordances observed were due to the comparison of
a pathogen (C. jejuni) with other pathogens (C. upsaliensis and C. helveticus) rather
than a pathogen with non-pathogens. Alternatively, the differences in pathogenicity of
these Campylobacter spp. to humans may not be due to properties of the bacteria
but rather due to the host itself or complex host-pathogen interactions that may
include influences of diet (620), microbiome (621) and other factors in the
development of disease. It is important to note that these factors cannot be
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accounted for by studies using genome data alone. Combining the results of genome
studies with phenotypic features related to pathogenic mechanisms within the
genome-wide association studies framework in the Campylobacter genus might be a
promising approach for the investigation of pathogenicity as was shown with

Staphylococcus aureus (622).

Pathogenicity is a broad concept and it has been argued to be an obsolete term
considering that any bacteria may cause a disease given the appropriate
circumstances (623). C. jejuni-associated disease development in humans has been
shown to be strain dependent (149) but also dependent on many other factors such
as pre-existing exposure and immunity (88), and colonisation by other bacteria such
as E. coli (149). Therefore, the indications of the pathogenic potential of C.
upsaliensis and C. helveticus for humans in Chapter Six and Seven should be
cautiously interpreted in relation to the clinical outcomes in humans upon exposure
thereof. Pathogenic potential may be related to other clinical syndromes than
gastroenteritis, such as those reported in cases with bacteraemia associated with
certain C. jejuni STs (549, 624). C. jejuni subsp. doylei has been associated with
bacteraemia in humans, which was attributed to the absence of genes involved with
metabolic, transport and virulence functions compared to strains of C. jejuni subsp.
jejuni (625). One study reported functional similarities between C. upsaliensis and C.
jejuni subsp. doylei, although only one genome of each species was compared (577).
C. upsaliensis has been reported to be associated with bacteraemia in humans
(626), and other extra-intestinal diseases such as, sepsis (627), haemolytic—uraemic
syndrome (628) and Guillain—Barré syndrome (514, 629). However, a study reported
all four stool isolates of C. upsaliensis as susceptible to the bactericidal activity of
normal human serum, whereas seven of eight isolates from blood displayed
resistance, which suggests more invasive infections occur only if host immune
defences mount a suboptimal response to an infecting strain (626). Future studies
whether epidemiological, or genome based or of experimental disease model design
all need to take into account various complexities of the pathobiology of

Campylobacter species.
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Similarly to the issues of which clinical outcomes relate to the pathogenic potential,
there are also limitations in extrapolation to the host species. The studies in Chapter
Six and Seven provided associative data on the pathogenic potential of
Campylobacter spp. and evidence needed for explaining the results observed will
require more targeted approaches. With regard to Chapter Six, it would be
unreasonable to claim that the pathogenic potential of the Campylobacter spp. shown
is applicable to all mammal species because of larvae being a model of the
mammalian innate immune system. In Chapter Seven, the validity of inferences of
pathogenic potential of Campylobacter spp. were shown as potentially compromised
because the studies that reported gene content associations with pathogenic
signatures are performed on several bacterial genera and did not include the
Campylobacter genus (582-584, 586). While these studies intended to investigate
pathogenicity from a human standpoint, the question is to what extent does this
relate to other hosts that may or may not be clinically affected by the bacteria in

guestion.

Evolution of Campylobacter spp. is considered (co-)related to their primary animal
reservoirs. Thus it is more reasonable to postulate that pathogenicity to humans
could be a by-product of unrelated evolutionary processes rather that the result of
positive selection for human pathogenicity alone. Therefore, grouping various skin,
respiratory and intestinal pathogens in the above pathogenicity studies may be
confounded by co-evolution of bacteria with their reservoirs or perhaps with the
host’s microbiome of the colonized/invaded tissues. For these reasons it would be
fruitful for future genome-wide association studies to account for the type of host
(reservoirs and transient carriers), and the host's intestinal microbiome and/or
immunity in addition to the pathogen in question. A research topic could be formed
around the issue as the following: “Which processes lead C. upsaliensis to have dogs
as reservoirs yet (accidentally) cause disease in humans, compared to processes
that lead C. jejuni to have poultry as their reservoir while being variably pathogenic
between dogs and people?” These questions may help explain differences in the
gene content profiles between Campylobacter spp., shown in Chapter Seven, when
species are compared in general (as in general biology of species and their lifestyles)
versus relations to an arbitrary phenotypic feature such as pathogenicity to humans.
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Despite these limitations the results and the amount of data provided in Chapters Six
and Seven will be of benefit to future research. Important limitations of both Chapters
Six and Seven are related to their novelty, as there are no reported studies to
compare the results with. In Chapter Six this was due to the first use of C. helveticus
in disease models, and the sequencing of the C. helveticus genome for Chapter
Seven. As reviewed in Chapter Two research data on disease models and genome
studies for C. upsaliensis are also very limited. Recently a power calculator for
genome-wide associations study has been published, which can help future research
to avoid limitations of reported studies that used a few or an arbitrary chosen number

of genomes (630).

In conclusion, the research Chapters in this thesis immensely increased our
knowledge of epidemiology of Campylobacter spp. in dogs and cats of New Zealand
and their significance to public health. The data also confirmed some previous
research findings and overall, this thesis is expected to significantly inform and,

hopefully, encourage future research.

250



CHAPTER 9

9. References

10.

Adak GK, Meakins SM, Yip H, Lopman BA, O'Brien SJ. 2005. Disease risks from foods,
England and Wales, 1996-2000. Emerg Infect Dis 11:365-372.

Coker AO, Isokpehi RD, Thomas BN, Amisu KO, Obi CL. 2002. Human campylobacteriosis
in developing countries. Emerg Infect Dis 8:237-243.

Moore JE, Corcoran D, Dooley JSG, Fanning S, Lucey B, Matsuda M, McDowell DA,
Megraud F, Millar BC, O'Mahony R, O'Riordan L, O'Rourke M, Rao JR, Rooney PJ, Sails
A, Whyte P. 2005. Campylobacter. Vet Res 36:351-382.

Kaakoush NO, Castano-Rodriguez N, Mitchell HM, Man SIM. 2015. Global epidemiology of
Campylobacter infection. Clin Microbiol Rev 28:687-720.

Devane ML, Nicol C, Ball A, Klena JD, Scholes P, Hudson JA, Baker MG, Gilpin BJ,
Garrett N, Savill MG. 2005. The occurrence of Campylobacter subtypes in environmental
reservoirs and potential transmission routes. J Appl Microbiol 98:980-990.

Horn B, Lopez L, Cressey P, Roos R. 2015. Annual Report Concerning Foodborne Disease
in New Zealand 2014. Institute of Environmental Science and Research, Institute of
Environmental Science and Research Limited, Christchurch, New Zealand.

Gillespie IA, O'Brien SJ, Frost JA, Adak GK, Horby P, Swan AV, Painter MJ, Neal KR,
Campylobacter Sentinel Surveillance Schene C. 2002. A case-case comparison of
Campylobacter coli and Campylobacter jejuni infection: a tool for generating hypotheses.
Emerg Infect Dis 8:937-942.

Miller G, Dunn G, Reid T, Ogden I, Strachan N. 2005. Does age acquired immunity confer
selective protection to common serotypes of Campylobacter jejuni? BMC Infect Dis 5:66.
Butzler JP. 2004. Campylobacter, from obscurity to celebrity. Clin Microbiol Infect 10:868-
876.

Skirrow MB. 1977. Campylobacter enteritis: a 'new’ disease. Br Med J 2:9-11.

251



11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Havelaar AH, Haagsma JA, Mangen M-JJ, Kemmeren JM, Verhoef LPB, Vijgen SMC,
Wilson M, Friesema IHM, Kortbeek LM, van Duynhoven YTHP, van Pelt W. 2012. Disease
burden of foodborne pathogens in the Netherlands, 2009. Int J Food Microbiol 156:231-238.
Murray CJL, Vos T, Lozano R, Naghavi M, Flaxman AD, Michaud C, Ezzati M, Shibuya K,
Salomon JA, Abdalla S, Aboyans V, Abraham J, Ackerman |, Aggarwal R, Ahn SY, Ali
MK, AlMazroa MA, Alvarado M, Anderson HR, Anderson LM, Andrews KG, Atkinson C,
Baddour LM, Bahalim AN, Barker-Collo S, Barrero LH, Bartels DH, Basafez M-G, Baxter
A, Bell ML, Benjamin EJ, Bennett D, Bernabé E, Bhalla K, Bhandari B, Bikbov B,
Abdulhak AB, Birbeck G, Black JA, Blencowe H, Blore JD, Blyth F, Bolliger I,
Bonaventure A, Boufous S, Bourne R, Boussinesq M, Braithwaite T, Brayne C, Bridgett
L, et al. 2012. Disability-adjusted life years (DALYs) for 291 diseases and injuries in 21
regions, 1990-2010: a systematic analysis for the Global Burden of Disease Study 2010.
Lancet 380:2197-2223.

Man SM. 2011. The clinical importance of emerging Campylobacter species. Nat Rev
Gastroenterol Hepatol 8:669-685.

Domingues AR, Pires SM, Halasa T, Hald T. 2012. Source attribution of human
campylobacteriosis using a meta-analysis of case-control studies of sporadic infections.
Epidemiol Infect 140:970-981.

Blaser MJ, LaForce FM, Wilson NA, Wang WLL. 1980. Reservoirs for human
campylobacteriosis. J Infect Dis 141:665-669.

Marks SL, Rankin SC, Byrne BA, Weese JS. 2011. Enteropathogenic bacteria in dogs and
cats: diagnosis, epidemiology, treatment, and control. J Vet Intern Med 25:1195-1208.

On SLW. 2013. Isolation, identification and subtyping of Campylobacter: Where to from here?
J Microbiol Methods 95:3-7.

Lastovica AJ. 2006. Emerging Campylobacter spp.: The tip of the iceberg. Clin Microbiol
Newsl| 28:49-56.

Dekeyser P, Gossuin-Detrain M, Butzler JP, Sternon J. 1972. Acute enteritis due to related
vibrio: first positive stool cultures. J Infect Dis 125:390-392.

Corry JE, Post DE, Colin P, Laisney MJ. 1995. Culture media for the isolation of
campylobacters. Int J Food Microbiol 26:43-76.

Haddad N, Marce C, Magras C, Cappelier JM. 2010. An overview of methods used to clarify
pathogenesis mechanisms of Campylobacter jejuni. J Food Prot 73:786-802.

Dasti JI, Tareen AM, Lugert R, Zautner AE, Gross U. 2010. Campylobacter jejuni: a brief
overview on pathogenicity-associated factors and disease-mediating mechanisms. Int J Med
Microbiol 300:205-211.

Young KT, Davis LM, Dirita VJ. 2007. Campylobacter jejuni: molecular biology and
pathogenesis. Nat Rev Microbiol 5:665-679.

Garénaux A, Lucchetti-Miganeh C, Ermel G, Barloy-Hubler F, de Jonge R, Newell D,
Payot S, Federighi M, Tresse O, Guillou S, Magali R. 2008. Better understanding of the

Campylobacter conundrum. Nova Science Publishers Inc.

252



25.
26.

27.

28.

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Jones K. 2001. The Campylobacter conundrum. Trends Microbiol 9:365-366.

Skirrow MB. 2006. John McFadyean and the Centenary of the First Isolation of
Campylobacter Species. Clin Infect Dis 43:1213-1217.

Smith T. 1919. THE ETIOLOGICAL RELATION OF SPIRILLA (VIBRIO FETUS) TO BOVINE
ABORTION. J Exp Med 30:313-323.

Jones FS, Orcutt M, Little RB. 1931. VIBRIOS (VIBRIO JEJUNI, N.SP.) ASSOCIATED
WITH INTESTINAL DISORDERS OF COWS AND CALVES. J Exp Med 53:853-863.

Doyle LP. 1944. A vibrio associated with swine dysentery. Am J Vet Res 5:3-5.

Levy AJ. 1946. A GASTRO-ENTERITIS OUTBREAK PROBABLY DUE TO A BOVINE
STRAIN OF VIBRIO. Yale J Biol Med 18:243-258.241.

King EO. 1957. Human Infections with Vibrio Fetus and a Closely Related Vibrio. J Infect Dis
101:119-128.

King EO. 1962. THE LABORATORY RECOGNITION OF VIBRIO FETUS AND A CLOSELY
RELATED VIBRIO ISOLATED FROM CASES OF HUMAN VIBRIOSIS. Ann N Y Acad Sci
98:700-711.

Sebald M, Véron M. 1963. Teneur en bases de I'ADN et classification des vibrions. Ann Inst
Pasteur (Paris) 105:897-910.

Butzler JP, Dekeyser P, Detrain M, Dehaen F. 1973. Related vibrio in stools. J Pediatr
82:493-495.

Butzler JP, Dekeyser P, Lafontaine T. 1974. Susceptibility of Related Vibrios and Vibrio
Fetus to Twelve Antibiotics. Antimicrob Agents Chemother 5:86-89.

Vandamme P, Falsen E, Rossau R, Hoste B, Segers P, Tytgat R, De Ley J. 1991. Revision
of Campylobacter, Helicobacter, and Wolinella taxonomy: emendation of generic descriptions
and proposal of Arcobacter gen. nov. Int J Syst Evol Microbiol 41:88-103.

Vandamme P, On SL. 2001. Recommendations of the subcommittee on the taxonomy of
Campylobacter and related bacteria. Int J Syst Evol Microbiol 51:719-721.

Nachamkin I, Engberg J, Aarestrup FM. 2000. Diagnosis and antimicrobial susceptibility of
Campylobacter species, p 45-66. In Nachamkin I, Blaser MJ (ed), Campylobacter, 2nd ed.
American Society for Microbiology, Washington D.C.

Véron M, Chatelain R. 1973. Taxonomic Study of the Genus Campylobacter Sebald and
Véron and Designation of the Neotype Strain for the Type Species, Campylobacter fetus
(Smith and Taylor) Sebald and Véron. Int J Syst Evol Microbiol 23:122-134.

Guerry P. 2007. Campylobacter flagella: not just for motility. Trends Microbiol 15:456-461.
Hofreuter D. 2014. Defining the metabolic requirements for the growth and colonization
capacity of Campylobacter jejuni. Frontiers in Cellular and Infection Microbiology 4:137.
Hoosain N, Lastovica AJ. 2009. An evaluation of the Oxoid Biochemical ldentification
System Campy rapid screening test for Campylobacteraceae and Helicobacter spp. Lett Appl
Microbiol 48:675-679.

253



43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Lynch OA, Cagney C, McDowell DA, Duffy G. 2010. A method for the growth and recovery
of 17 species of Campylobacter and its subsequent application to inoculated beef. J Microbiol
Methods 83:1-7.

Etoh Y, Dewhirst FE, Paster BJ, Yamamoto A, Goto N. 1993. Campylobacter showae sp.
nov., isolated from the human oral cavity. Int J Syst Evol Microbiol 43:631-639.

Vandamme P, Daneshvar MI, Dewhirst FE, Paster BJ, Kersters K, Goossens H, Moss
CW. 1995. Chemotaxonomic analyses of Bacteroides gracilis and Bacteroides ureolyticus and
reclassification of B. gracilis as Campylobacter gracilis comb. nov. Int J Syst Evol Microbiol
45:145-152.

Fox Keller E. 2012. Bacterial genomics: Connecting genotypes and phenotypes. Nat Rev
Microbiol 10:595.

On SL. 1996. Identification methods for campylobacters, helicobacters, and related
organisms. Clin Microbiol Rev 9:405-422.

Bolton FJ, Holt AV, Hutchinson DN. 1984. Campylobacter biotyping scheme of
epidemiological value. J Clin Pathol 37:677-681.

Li W, Raoult D, Fournier P-E. 2009. Bacterial strain typing in the genomic era. FEMS
Microbiol Rev 33:892-916.

Nakari U-M, Laaksonen K, Korkeila M, Siitonen A. 2005. Comparative Typing of
Campylobacter jejuni by Heat-Stable Serotyping and PCR-Based Restriction Fragment Length
Polymorphism Analysis. J Clin Microbiol 43:1166-1170.

Zanoni RG, Debruyne L, Rossi M, Revez J, Vandamme P. 2009. Campylobacter
cuniculorum sp. nov., from rabbits. Int J Syst Evol Microbiol 59:1666-1671.

Hurd S, Patrick M, Hatch J, Clogher P, Wymore K, Cronquist AB, Segler S, Robinson T,
Hanna S, Smith G, Fitzgerald C. 2012. Clinical laboratory practices for the isolation and
identification of Campylobacter in foodborne diseases active surveillance network (FoodNet)
sites: Baseline information for understanding changes in surveillance data. Clin Infect Dis 54
(suppl):440-445.

Nicol C, King N, Pirie R, Dufour M. 2010. Diagnostic and public health management
practices of foodborne bacterial diseases. Institute of Environmental Science and Research,
Institute of Environmental Science and Research Limited, Christchurch, New Zealand.

Acke E, McGill K, Jones B, Fanning S, Whyte P. 2009. A comparison of different culture
methods for the recovery of Campylobacter species from pets. Zoonoses Public Health
56:490 - 495.

Iraola G, Pérez R, Naya H, Paolicchi F, Pastor E, Valenzuela S, Calleros L, Velilla A,
Hernandez M, Morsella C. 2014. Genomic evidence for the emergence and evolution of
pathogenicity and niche preferences in the genus Campylobacter. Genome Biol Evol 6:2392-
2405.

Newell DG. 2002. The ecology of Campylobacter jejuni in avian and human hosts and in the
environment. Int J Infect Dis 6 (Suppl. 3):S16-S21.

254



57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

Stanley K, Jones K. 2003. Cattle and sheep farms as reservoirs of Campylobacter. J Appl
Microbiol 94:104-113.

Altekruse SF, Hunt JM, Tollefson LK, Madden JM. 1994. Food and animal sources of
human Campylobacter jejuni infection. J Am Vet Med Assoc 204:57-61.

Brown PE, Christensen OF, Clough HE, Diggle PJ, Hart CA, Hazel S, Kemp R,
Leatherbarrow AJH, Moore A, Sutherst J, Turner J, Williams NJ, Wright EJ, French NP.
2004. Frequency and spatial distribution of environmental Campylobacter spp. Appl Environ
Microbiol 70:6501-6511.

Nesbakken T, Eckner K, Hgidal HK, Rgtterud O-J. 2003. Occurrence of Yersinia
enterocolitica and Campylobacter spp. in slaughter pigs and consequences for meat
inspection, slaughtering, and dressing procedures. Int J Food Microbiol 80:231-240.

Lynch OA, Cagney C, McDowell DA, Duffy G. 2011. Occurrence of fastidious
Campylobacter spp. in fresh meat and poultry using an adapted cultural protocol. Int J Food
Microbiol 150:171-177.

Scanlon KA, Cagney C, Walsh D, McNulty D, Carroll A, McNamara EB, McDowell DA,
Duffy G. 2013. Occurrence and characteristics of fastidious Campylobacteraceae species in
porcine samples. Int J Food Microbiol 163:6-13.

Backhans A, Jacobson M, Hansson |, Lebbad M, Lambertz ST, Gammelgard E, Saager
M, Akande O, Fellstrom C. 2013. Occurrence of pathogens in wild rodents caught on
Swedish pig and chicken farms. Epidemiol Infect 141:1885-1891.

Ridsdale JA, Atabay HI, Corry JEL. 1998. Prevalence of campylobacters and arcobacters in
ducks at the abattoir. J Appl Microbiol 85:567-573.

Waing M, Bang DD, Lund M, Nordentoft S, Andersen JS, Pedersen K, Madsen M. 2003.
Identification of campylobacteria isolated from Danish broilers by phenotypic tests and
species-specific PCR assays. J Appl Microbiol 95:649-655.

Van Dyke MI, Morton VK, McLellan NL, Huck PM. 2010. The occurrence of Campylobacter
in river water and waterfowl within a watershed in southern Ontario, Canada. J Appl Microbiol
109:1053-1066.

Carter PE, McTavish SM, Brooks HJL, Campbell D, Collins-Emerson JM, Midwinter AC,
French NP. 2009. Novel clonal complexes with an unknown animal reservoir dominate
Campylobacter jejuni isolates from river water in New Zealand. Appl Environ Microbiol
75:6038-6046.

Hernandez J, Fayos A, Ferrus MA, Owen RJ. 1995. Random amplified polymorphic DNA
fingerprinting of Campylobacter jejuni and C. coli isolated from human faeces, seawater and
poultry products. Res Microbiol 146:685-696.

Maugeri TL, Carbone M, Fera MT, Irrera GP, Gugliandolo C. 2004. Distribution of
potentially pathogenic bacteria as free living and plankton associated in a marine coastal
zone. J Appl Microbiol 97:354-361.

Jones K. 2001. Campylobacters in water, sewage and the environment. J Appl Microbiol
90:68S-79S.

255



71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

Hokajarvi AM, Pitkanen T, Siljanen HMP, Nakari UM, Torvinen E, Siitonen A, Miettinen
IT. 2013. Occurrence of thermotolerant Campylobacter spp. and adenoviruses in Finnish
bathing waters and purified sewage effluents. J Water Health 11:120-134.

Voordouw G, Armstrong SM, Reimer MF, Fouts B, Telang AJ, Shen Y, Gevertz D. 1996.
Characterization of 16S rRNA genes from oil field microbial communities indicates the
presence of a variety of sulfate-reducing, fermentative, and sulfide-oxidizing bacteria. Appl
Environ Microbiol 62:1623-1629.

Bolton FJ, Surman SB, Martin K, Wareing DR, Humphrey TJ. 1999. Presence of
Campylobacter and Salmonella in sand from bathing beaches. Epidemiol Infect 122:7-13.
Stuart TL, Sandhu J, Stirling R, Corder J, Ellis A, Misa P, Goh S, Wong B, Martiquet P,
Hoang L, Galanis E. 2010. Campylobacteriosis outbreak associated with ingestion of mud
during a mountain bike race. Epidemiol Infect 138:1695-1703.

Van Donkersgoed J, Bohaychuk V, Besser T, Song X-M, Wagner B, Hancock D, Renter
D, Dargatz D. 2009. Occurrence of foodborne bacteria in Alberta feedlots. Can Vet J 50:166-
172.

Silva J, Leite D, Fernandes M, Mena C, Gibbs PA, Teixeira P. 2011. Campylobacter spp.
as a foodborne pathogen: a review. Front Microbiol 2:200.

Hazeleger WC, Wouters JA, Rombouts FM, Abee T. 1998. Physiological Activity of
Campylobacter jejuni Far below the Minimal Growth Temperature. Appl Environ Microbiol
64:3917-3922.

Park SF. 2002. The physiology of Campylobacter species and its relevance to their role as
foodborne pathogens. Int J Food Microbiol 74:177-188.

Humphrey T, O'Brien S, Madsen M. 2007. Campylobacters as zoonotic pathogens: A food
production perspective. Int J Food Microbiol 117:237-257.

Huang H, Brooks BW, Lowman R, Carrillo CD. 2015. Campylobacter species in animal,
food, and environmental sources, and relevant testing programs in Canada. Can J Microbiol
61:701-721.

Hald B, Skovgard H, Bang DD, Pedersen K, Dybdahl J, Jespersen JB, Madsen M. 2004.
Flies and Campylobacter Infection of Broiler Flocks. Emerg Infect Dis 10:1490-1492.
Abubakar I, Irvine L, Aldus CM, Wyatt GM, Fordham R, Schelenz S, Shepstone L, Howe
A, Peck M, Hunter PR. 2007. A systematic review of the clinical, public health and cost-
effectiveness of rapid diagnostic tests for the detection and identification of bacterial intestinal
pathogens in faeces and food.

Porte L, Varela C, Haecker T, Morales S, Weitzel T. 2016. Impact of changing from staining
to culture techniques on detection rates of Campylobacter spp. in routine stool samples in
Chile. BMC Infect Dis 16.

Park CH, Hixon DL, Polhemus AS. 1983. A rapid diagnosis of Campylobacter enteritis by
direct smear examination. Am J Clin Pathol 80:388-390.

M’ikanatha N, Dettinger L, Perry A, Rogers P, Reynolds S, Nachamkin I. 2012. Culturing

stool specimens for Campylobacter spp., Pennsylvania, USA. Emerg Infect Dis 18.

256



86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Gharst G, Oyarzabal OA, Hussain SK. 2013. Review of current methodologies to isolate and
identify Campylobacter spp. from foods. J Microbiol Methods 95:84-92.

Humphrey TJ. 1989. An appraisal of the efficacy of pre-enrichment for the isolation of
Campylobacter jejuni from water and food. J Appl Bacteriol 66:119-126.

Tribble DR, Bagar S, Scott DA, Oplinger ML, Trespalacios F, Rollins D, Walker RI,
Clements JD, Walz S, Gibbs P, Burg EF, Moran AP, Applebee L, Bourgeois AL. 2010.
Assessment of the Duration of Protection in Campylobacter jejuni Experimental Infection in
Humans. Infect Immun 78:1750-1759.

Nachamkin 1. 1997. Microbiologic approaches for studying Campylobacter species in patients
with Guillain-Barré syndrome. J Infect Dis 176 Suppl 2:106-114.

Sjogren E, Lindblom GB, Kaijser B. 1987. Comparison of different procedures, transport
media, and enrichment media for isolation of Campylobacter species from healthy laying hens
and humans with diarrhea. J Clin Microbiol 25:1966-1968.

Valenstein P, Pfaller M, Yungbluth M. 1996. The use and abuse of routine stool
microbiology - A College of American Pathologists Q-Probes study of 601 institutions. Arch
Pathol Lab Med 120:206-211.

Engberg J, On SLW, Harrington CS, Gerner-Smidt P. 2000. Prevalence of Campylobacter,
Arcobacter, Helicobacter, and Sutterella spp. in human fecal samples as estimated by a
reevaluation of isolation methods for Campylobacters. J Clin Microbiol 38:286-291.

Endtz HP, Ruijs GJ, Zwinderman AH, van der Reijden T, Biever M, Mouton RP. 1991.
Comparison of six media, including a semisolid agar, for the isolation of various
Campylobacter species from stool specimens. J Clin Microbiol 29:1007-1010.

Aspinall ST, Wareing DR, Hayward PG, Hutchinson DN. 1996. A comparison of a new
campylobacter selective medium (CAT) with membrane filtration for the isolation of
thermophilic campylobacters including Campylobacter upsaliensis. J Appl Microbiol 80:645-
650.

Lastovica AJ, Le Roux E. 2001. Efficient isolation of Campylobacter upsaliensis from stools.
J Clin Microbiol 39:4222-4223.

Bolton FJ, Hutchinson DN, Parker G. 1988. Reassessment of selective agars and filtration
techniques for isolation of Campylobacter species from faeces. Eur J Clin Microbiol Infect Dis
7:155-160.

Bourke B, Chan VL, Sherman P. 1998. Campylobacter upsaliensis: waiting in the wings. Clin
Microbiol Rev 11:440-449.

Steele TW, McDermott SN. 1984. The Use of Membrane Filters Applied Directly to the
Surface of Agar Plates for the Isolation of Campylobacter Jejuni from Feces. Pathology
16:263-265.

Byrne C, Doherty D, Mooney A, Byrne M, Woodward D, Johnson W, Rodgers F, Bourke
B. 2001. Basis of the superiority of cefoperazone amphotericin teicoplanin for isolating
Campylobacter upsaliensis from stools. J Clin Microbiol 39:2713-2716.

257



100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

Goossens H, Vlaes L, De Boeck M, Levy J, De Mol P, Butzler JP, Pot B, Kersters K,
Vandamme P. 1990. Is "Campylobacter upsaliensis"an unrecognised cause of human
diarrhoea? Lancet 335:584-586.

Sandstedt K, Ursing J, Walder M. 1983. Thermotolerant Campylobacter with no or weak
catalase activity isolated from dogs. Curr Microbiol 8:209-213.

Goossens H, Pot B, Vlaes L, Van den Borre C, Van den Abbeele R, Van Naelten C, Levy
J, Cogniau H, Marbehant P, Verhoef J. 1990. Characterization and description of
"Campylobacter upsaliensis" isolated from human feces. J Clin Microbiol 28:1039-1046.
Bolton FJ, Hutchinson DN, Parker G. 1987. Isolation of Campylobacter: what are we
missing? J Clin Pathol 40:702-703.

Aspinall ST, Wareing DR, Hayward PG, Hutchinson DN. 1993. Selective medium for
thermophilic campylobacters including Campylobacter upsaliensis. J Clin Pathol 46:829-831.
Alter T, Scherer K. 2006. Stress response of Campylobacter spp. and its role in food
processing. J Vet Med B Infect Dis Vet Public Health 53:351-357.

Kelana LC, Griffiths MW. 2003. Growth of Autobioluminescent Campylobacter jejuni in
Response to Various Environmental Conditions. J Food Prot 66:1190-1197.

Boysen L, Kngchel S, Rosenquist H. 2007. Survival of Campylobacter jejuni in different gas
mixtures. FEMS Microbiol Lett 266:152-157.

Bronowski C, James CE, Winstanley C. 2014. Role of environmental survival in
transmission of Campylobacter jejuni. FEMS Microbiol Lett 356:8-19.

Baylis CL, MacPhee S, Martin KW, Humphrey TJ, Betts RP. 2000. Comparison of three
enrichment media for the isolation of Campylobacter spp. from foods. J Appl Microbiol 89:884-
891.

Scotter SL, Humphrey TJ, Henley A. 1993. Methods for the detection of thermotolerant
campylobacters in foods: results of an inter-laboratory study. J Appl Bacteriol 74:155-163.
Baggerman WI, Koster T. 1992. A comparison of enrichment and membrane filtration
methods for the isolation of Campylobacter from fresh and frozen foods. Food Microbiol 9:87-
94.

Kiess AS, Parker HM, McDaniel CD. 2010. Evaluation of different selective media and
culturing techniques for the quantification of Campylobacter ssp. from broiler litter. Poult Sci
89:1755-1762.

Khan IUH, Hill S, Nowak E, Edge TA. 2013. Effect of Incubation Temperature on the
Detection of Thermophilic Campylobacter Species from Freshwater Beaches, Nearby
Wastewater Effluents, and Bird Fecal Droppings. Appl Environ Microbiol 79:7639-7645.

ISO. 2005. ISO 17995:2005 Water quality - Detection and enumeration of thermotolerant
Campylobacter species. International Organisation for Standardisation, Geneva, Switzerland.
ISO. 2006. ISO 10272-1:2006 Microbiology of food and animal feeding stuffs -- Horizontal
method for detection and enumeration of Campylobacter spp. -- Part 1. Detection method.
International Organisation for Standardisation, Geneva, Switzerland.

258



116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

ISO. 2006. ISO/TS 10272-2:2006 Microbiology of food and animal feeding stuffs -- Horizontal
method for detection and enumeration of Campylobacter spp. -- Part 2: Colony-count
technique. International Organisation for Standardisation, Geneva, Switzerland.

Kuhn KG, Falkenhorst G, Ceper T, Dalby T, Ethelberg S, Mglbak K, Krogfelt KA. 2012.
Detection of antibodies to Campylobacter in humans using enzyme-linked immunosorbent
assays: a review of the literature. Diagn Microbiol Infect Dis 74:113-118.

Ang CW, Krogfelt K, Herbrink P, Keijser J, van Pelt W, Dalby T, Kuijf M, Jacobs BC,
Bergman MP, Schiellerup P, Visser CE. 2007. Validation of an ELISA for the diagnosis of
recent Campylobacter infections in Guillain-Barre and reactive arthritis patients. Clin Microbiol
Infect 13:915-922.

Emborg HD, Teunis P, Simonsen J, Krogfelt KA, Jargensen CS, Takkinen J, Mglbak K.
2015. Was the increase in culture-confirmed Campylobacter infections in Denmark during the
1990s a surveillance artefact? Eurosurveillance 20:pii=30041.

Havelaar AH, van Pelt W, Ang CW, Wagenaar JA, van Putten JPM, Gross U, Newell DG.
2009. Immunity to Campylobacter: its role in risk assessment and epidemiology. Crit Rev
Microbiol 35:1-22.

Granato PA, Chen L, Holiday I, Rawling RA, Novak-Weekley SM, Quinlan T, Musser KA.
2010. Comparison of Premier CAMPY Enzyme Immunoassay (EIA), ProSpecT
Campylobacter EIA, and ImmunoCard STAT! CAMPY tests with culture for laboratory
diagnosis of Campylobacter enteric infections. J Clin Microbiol 48:4022-4027.

Kawatsu K, Kumeda Y, Taguchi M, Yamazaki-Matsune W, Kanki M, Inoue K. 2008.
Development and evaluation of immunochromatographic assay for simple and rapid detection
of Campylobacter jejuni and Campylobacter coli in human stool specimens. J Clin Microbiol
46:1226-1231.

Tissari P, Rautelin H. 2007. Evaluation of an enzyme immunoassay-based stool antigen test
to detect Campylobacter jejuni and Campylobacter coli. Diagn Microbiol Infect Dis 58:171-175.
Docherty L, Adams MR, Patel P, McFadden J. 1996. The magnetic immuno-polymerase
chain reaction assay for the detection of Campylobacter in milk and poultry. Lett Appl
Microbiol 22:288-292.

Hochel I, Slaviékova D, Viochna D, Skvor J, Steinhauserova |. 2007. Detection
ofCampylobacterspecies in foods by indirect competitive ELISA using hen and rabbit
antibodies. Food Agric Immunol 18:151-167.

Lamoureux M, MacKay A, Messier S, Fliss |, Blais BW, Holley RA, Simard RE. 1997.
Detection of Campylobacter jejuni in food and poultry viscera using immunomagnetic
separation and microtitre hybridization. J Appl Microbiol 83:641-651.

Fitzgerald C, Patrick M, Jerris R, Watson R, Tobin-D'Angelo M, Gonzalez A, Polage C,
Wymore K, Gillim-Ross L, Sadlowski J, Monahan J, Hurd S, Dahlberg S, DeMartino M,
Pentella M, Razeq J, Leonard C, Jung C, Juni B, Robinson T, Gittelman R, Garrigan C,
Nachamkin 1. 2011. Multicenter study to evaluate diagnostic methods for detection and

259



128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

isolation of Campylobacter from stool, abstr 0518. 111th Annual Meeting of the American
Society for Microbiology, New Orleans, ASM,

Dediste A, Vandenberg O, Vlaes L, Ebraert A, Douat N, Bahwere P, Butzler JP. 2003.
Evaluation of the ProSpecT Microplate Assay for detection of Campylobacter: a routine
laboratory perspective. Clin Microbiol Infect 9:1085-1090.

Hindiyeh M, Jense S, Hohmann S, Benett H, Edwards C, Aldeen W, Croft A, Daly J,
Mottice S, Carroll KC. 2000. Rapid detection of Campylobacter jejuni in stool specimens by
an enzyme immunoassay and surveillance for Campylobacter upsaliensis in the greater Salt
Lake City area. J Clin Microbiol 38:3076-3079.

Tolcin R, LaSalvia MM, Kirkley BA, Vetter EA, Cockerill FR, 3rd, Procop GW. 2000.
Evaluation of the Alexon-Trend ProSpecT Campylobacter microplate assay. J Clin Microbiol
38:3853-3855.

Giltner CL, Saeki S, Bobenchik AM, Humphries RM. 2013. Rapid detection of
Campylobacter antigen by enzyme immunoassay leads to increased positivity rates. J Clin
Microbiol 51:618-620.

Bessede E, Delcamp A, Sifre E, Buissonniere A, Megraud F. 2011. New methods for
detection of Campylobacters in stool samples in comparison to culture. J Clin Microbiol
49:941-944.

Couturier BA, Couturier MR, Kalp KJ, Fisher MA. 2013. Detection of non-jejuni/coli
Campylobacter species from stool with an immunochromatographic antigen detection assay. J
Clin Microbiol 51:1935-1937.

Regnath T, Ignatius R. 2014. Accurate detection of Campylobacter spp. antigens by
immunochromatography and enzyme immunoassay in routine microbiological laboratory. Eur
J Microbiol Immunol (Bp) 4:156-158.

Jones TF, Gerner-Smidt P. 2012. Nonculture Diagnostic Tests for Enteric Diseases. Emerg
Infect Dis 18:513.

Saiki RK, Gelfand DH, Stoffel S, Scharf SJ, Higuchi R, Horn GT, Mullis KB, Erlich HA.
1988. Primer-directed enzymatic amplification of DNA with a thermostable DNA polymerase.
Science 239:487-491.

Schuurman T, de Boer RF, van Zanten E, van Slochteren KR, Scheper HR, Dijk-Alberts
BG, Méller AVM, Kooistra-Smid AMD. 2007. Feasibility of a Molecular Screening Method for
Detection of Salmonella enterica and Campylobacter jejuni in a Routine Community-Based
Clinical Microbiology Laboratory. J Clin Microbiol 45:3692-3700.

de Boer RF, Ott A, Giuren P, van Zanten E, van Belkum A, Kooistra-Smid AMD. 2013.
Detection of Campylobacter species and Arcobacter butzleri in stool samples by use of real-
time multiplex PCR. J Clin Microbiol 51:253-259.

Hald B, Pedersen K, Waing M, Jgrgensen JC, Madsen M. 2004. Longitudinal Study of the
Excretion Patterns of Thermophilic Campylobacter spp. in Young Pet Dogs in Denmark. J Clin
Microbiol 42:2003-2012.

260



140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

Agnes A, David L, Brent PA, Parmley EJ, Anne D, Carolee AC, Lucie D. 2013.
Ciprofloxacin-Resistant Campylobacter spp. in Retail Chicken, Western Canada. Emerg Infect
Dis 19:1121.

Slater ER, Owen RJ. 1997. Restriction fragment length polymorphism analysis shows that the
hippuricase gene of Campylobacter jejuni is highly conserved. Lett Appl Microbiol 25:274-278.
On SLW, Brandt SM, Cornelius AJ, Fusco V, Quero GM, Maékiw E, Houf K, Bilbao A,
Diaz Al, Benejat L, Megraud F, Collins-Emerson J, French NP, Gotcheva V, Angelov A,
Alakomi H-L, Saarela M, Paulin SM. 2013. PCR revisited: a case for revalidation of PCR
assays for microorganisms using identification of Campylobacter species as an exemplar.
Quality Assurance and Safety of Crops & Foods 5:49-62.

Bullman S, Corcoran D, O'Leary J, Lucey B, Byrne D, Sleator RD. 2011. Campylobacter
ureolyticus: an emerging gastrointestinal pathogen? FEMS Immunol Med Microbiol 61:228-
230.

Lee A, O'Rourke JL, Barrington PJ, Trust TJ. 1986. Mucus colonization as a determinant of
pathogenicity in intestinal infection by Campylobacter jejuni: a mouse cecal model. Infect
Immun 51:536-546.

Guerry P, Logan SM, Thornton S, Trust TJ. 1990. Genomic organization and expression of
Campylobacter flagellin genes. J Bacteriol 172:1853-1860.

Wassenaar TM, Bleumink-Pluym NM, van der Zeijst BA. 1991. Inactivation of
Campylobacter jejuni flagellin genes by homologous recombination demonstrates that flaA but
not flaB is required for invasion. EMBO J 10:2055-2061.

Nachamkin I, Yang XH, Stern NJ. 1993. Role of Campylobacter jejuni flagella as colonization
factors for three-day-old chicks: analysis with flagellar mutants. Appl Environ Microbiol
59:1269-1273.

Szymanski CM, King M, Haardt M, Armstrong GD. 1995. Campylobacter jejuni motility and
invasion of Caco-2 cells. Infect Immun 63:4295-4300.

Black RE, Levine MM, Clements ML, Hughes TP, Blaser MJ. 1988. Experimental
Campylobacter jejuni infection in humans. J Infect Dis 157:472-479.

Parkhill J, Wren BW, Mungall K, Ketley JM, Churcher C, Basham D, Chillingworth T,
Davies RM, Feltwell T, Holroyd S, Jagels K, Karlyshev AV, Moule S, Pallen MJ, Penn
CW, Quail MA, Rajandream MA, Rutherford KM, van Vliet AHM, Whitehead S, Barrell
BG. 2000. The genome sequence of the food-borne pathogen Campylobacter jejuni reveals
hypervariable sequences. Nature 403:665-668.

Konkel ME, Kim BJ, Rivera-Amill V, Garvis SG. 1999. Bacterial secreted proteins are
required for the internalization of Campylobacter jejuni into cultured mammalian cells. Mol
Microbiol 32:691-701.

Konkel ME, Klena JD, Rivera-Amill V, Monteville MR, Biswas D, Raphael B, Mickelson J.
2004. Secretion of Virulence Proteins from Campylobacter jejuni Is Dependent on a Functional
Flagellar Export Apparatus. J Bacteriol 186:3296-3303.

261



153.

154,

155.

156.

157.

158.

159.

160.
161.

162.

163.

164.

165.

166.

Carrillo CD, Taboada E, Nash JHE, Lanthier P, Kelly J, Lau PC, Verhulp R, Mykytczuk O,
Sy J, Findlay WA, Amoako K, Gomis S, Willson P, Austin JW, Potter A, Babiuk L, Allan
B, Szymanski CM. 2004. Genome-wide Expression Analyses of Campylobacter jejuni
NCTC11168 Reveals Coordinate Regulation of Motility and Virulence by flhA. J Biol Chem
279:20327-20338.

Gaynor EC, Cawthraw S, Manning G, MacKichan JK, Falkow S, Newell DG. 2004. The
genome-sequenced variant of Campylobacter jejuni NCTC 11168 and the original clonal
clinical isolate differ markedly in colonization, gene expression, and virulence-associated
phenotypes. J Bacteriol 186:503-517.

Goon S, Kelly JF, Logan SM, Ewing CP, Guerry P. 2003. Pseudaminic acid, the major
modification on Campylobacter flagellin, is synthesized via the Cj1293 gene. Mol Microbiol
50:659-671.

Guerry P, Ewing CP, Schirm M, Lorenzo M, Kelly J, Pattarini D, Majam G, Thibault P,
Logan S. 2006. Changes in flagellin glycosylation affect Campylobacter autoagglutination and
virulence. Mol Microbiol 60:299-311.

Van Vliet AHM, Ketley JM. 2001. Pathogenesis of enteric Campylobacter infection. J Appl
Microbiol 90:45S-56S.

Hugdahl MB, Beery JT, Doyle MP. 1988. Chemotactic behavior of Campylobacter jejuni.
Infect Immun 56:1560-1566.

Hamer R, Chen P-Y, Armitage JP, Reinert G, Deane CM. 2010. Deciphering chemotaxis
pathways using cross species comparisons. BMC Syst Biol 4:3-3.

Bolton DJ. 2015. Campylobacter virulence and survival factors. Food Microbiol 48:99-108.
Hendrixson DR, DiRita VJ. 2004. Identification of Campylobacter jejuni genes involved in
commensal colonization of the chick gastrointestinal tract. Mol Microbiol 52:471-484.

Yao R, Burr DH, Guerry P. 1997. CheY-mediated modulation of Campylobacter jejuni
virulence. Mol Microbiol 23:1021-1031.

Vegge CS, Brgndsted L, Li Y-P, Bang DD, Ingmer H. 2009. Energy Taxis Drives
Campylobacter jejuni toward the Most Favorable Conditions for Growth. Appl Environ
Microbiol 75:5308-5314.

Chandrashekhar K, Gangaiah D, Pina-Mimbela R, Kassem Il, Jeon BH, Rajashekara G.
2015. Transducer like proteins of Campylobacter jejuni 81-176: role in chemotaxis and
colonization of the chicken gastrointestinal tract. Frontiers in Cellular and Infection
Microbiology 5:46.

Jin S, Joe A, Lynett J, Hani EK, Sherman P, Chan VL. 2001. JIpA, a novel surface-exposed
lipoprotein specific to Campylobacter jejuni, mediates adherence to host epithelial cells. Mol
Microbiol 39:1225-1236.

Jin S, Song YC, Emili A, Sherman PM, Chan VL. 2003. JIpA of Campylobacter jejuni
interacts with surface-exposed heat shock protein 90a and triggers signalling pathways
leading to the activation of NF-kB and p38 MAP kinase in epithelial cells. Cell Microbiol 5:165-
174.

262



167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Pei Z, Burucoa C, Grignon B, Bagar S, Huang X-Z, Kopecko DJ, Bourgeois AL,
Fauchere J-L, Blaser MJ. 1998. Mutation in the peblA Locus of Campylobacter jejuni
Reduces Interactions with Epithelial Cells and Intestinal Colonization of Mice. Infect Immun
66:938-943.

Monteville MR, Yoon JE, Konkel ME. 2003. Maximal adherence and invasion of INT 407
cells by Campylobacter jejuni requires the CadF outer-membrane protein and microfilament
reorganization. Microbiology 149:153-165.

Ziprin RL, Young CR, Stanker LH, Hume ME, Konkel ME. 1999. The Absence of Cecal
Colonization of Chicks by a Mutant of Campylobacter jejuni Not Expressing Bacterial
Fibronectin-Binding Protein. Avian Dis 43:586-589.

Konkel ME, Larson CL, Flanagan RC. 2010. Campylobacter jejuni FIpA Binds Fibronectin
and Is Required for Maximal Host Cell Adherence. J Bacteriol 192:68-76.

Eucker TP, Konkel ME. 2012. The cooperative action of bacterial fibronectin-binding proteins
and secreted proteins promote maximal Campylobacter jejuni invasion of host cells by
stimulating membrane ruffling. Cell Microbiol 14:226-238.

Ashgar SSA, Oldfield NJ, Wooldridge KG, Jones MA, Irving GJ, Turner DPJ, Ala'Aldeen
DAA. 2007. CapA, an Autotransporter Protein of Campylobacter jejuni, Mediates Association
with Human Epithelial Cells and Colonization of the Chicken Gut. J Bacteriol 189:1856-1865.
Flanagan RC, Neal-McKinney JM, Dhillon AS, Miller WG, Konkel ME. 2009. Examination
of Campylobacter jejuni Putative Adhesins Leads to the Identification of a New Protein,
Designated FIpA, Required for Chicken Colonization. Infect Immun 77:2399-2407.

Bacon DJ, Alm RA, Burr DH, Hu L, Kopecko DJ, Ewing CP, Trust TJ, Guerry P. 2000.
Involvement of a Plasmid in Virulence of Campylobacter jejuni 81-176. Infect Immun 68:4384-
4390.

Bacon DJ, Alm RA, Hu L, Hickey TE, Ewing CP, Batchelor RA, Trust TJ, Guerry P. 2002.
DNA Sequence and Mutational Analyses of the pVir Plasmid of Campylobacter jejuni 81-176.
Infect Immun 70:6242-6250.

Poly F, Guerry P. 2008. Pathogenesis of Campylobacter. Current Opinion in
Gastroenterology 24:27-31.

Carrillo CD, Taboada E, Nash JHE, Lanthier P, Kelly J, Lau PC, Verhulp R, Mykytczuk O,
Sy J, Findlay WA, Amoako K, Gomis S, Willson P, Austin JW, Potter A, Babiuk L, Allan
B, Szymanski CM. 2004. Genome-wide Expression Analyses of Campylobacter jejuni
NCTC11168 Reveals Coordinate Regulation of Motility and Virulence by flhA. J Biol Chem
279:20327-20338.

Christensen JE, Pacheco SA, Konkel ME. 2009. Identification of a Campylobacter jejuni-
secreted protein required for maximal invasion of host cells. Mol Microbiol 73:650-662.
Buelow DR, Christensen JE, Neal-McKinney JM, Konkel ME. 2011. Campylobacter jejuni
survival within human epithelial cells is enhanced by the secreted protein Cial. Mol Microbiol
80:1296-1312.

263



180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

van Spreeuwel JP, Duursma GC, Meijer CJ, Bax R, Rosekrans PC, Lindeman J. 1985.
Campylobacter colitis: histological immunohistochemical and ultrastructural findings. Gut
26:945-951.

Watson RO, Galan JE. 2008. Campylobacter jejuni Survives within Epithelial Cells by
Avoiding Delivery to Lysosomes. PLoS Pathog 4:e14.

Liu X, Gao B, Novik V, Galan JE. 2012. Quantitative Proteomics of Intracellular
Campylobacter jejuni Reveals Metabolic Reprogramming. PLoS Pathog 8:1002562.

Pryjma M, Apel D, Huynh S, Parker CT, Gaynor EC. 2012. FdhTU-Modulated Formate
Dehydrogenase Expression and Electron Donor Availability Enhance Recovery of
Campylobacter jejuni following Host Cell Infection. J Bacteriol 194:3803-3813.

Brown KL, Hancock REW. 2006. Cationic host defense (antimicrobial) peptides. Curr Opin
Immunol 18:24-30.

Novik V, Hofreuter D, Galan JE. 2009. Characterization of a Campylobacter jejuni VirK
Protein Homolog as a Novel Virulence Determinant. Infect Immun 77:5428-5436.

McFarland BA, Neill SD. 1992. Profiles of toxin production by thermophilic Campylobacter of
animal origin. Vet Microbiol 30:257-266.

Schulze F, Hanel |, Borrmann E. 1998. Formation of cytotoxins by enteric Campylobacter in
humans and animals. Zentralblatt fir Bakteriologie 288:225-236.

Ge Z, Schauer DB, Fox JG. 2008. In vivo virulence properties of bacterial cytolethal-
distending toxin. Cell Microbiol 10:1599-1607.

Pickett CL, Pesci EC, Cottle DL, Russell G, Erdem AN, Zeytin H. 1996. Prevalence of
cytolethal distending toxin production in Campylobacter jejuni and relatedness of
Campylobacter sp. cdtB gene. Infect Immun 64:2070-2078.

Pickett CL, Whitehouse CA. 1999. The cytolethal distending toxin family. Trends Microbiol
7:292-297.

Whitehouse CA, Balbo PB, Pesci EC, Cottle DL, Mirabito PM, Pickett CL. 1998.
Campylobacter jejuni Cytolethal Distending Toxin Causes a G(2)-Phase Cell Cycle Block.
Infect Immun 66:1934-1940.

Purdy D, Buswell CM, Hodgson AE, McAlpine K, Henderson |, Leach SA. 2000.
Characterisation of cytolethal distending toxin (CDT) mutants of Campylobacter jejuni. J Med
Microbiol 49:473-479.

Kamei K, Asakura M, Somroop S, Hatanaka N, Hinenoya A, Nagita A, Misawa N,
Matsuda M, Nakagawa S, Yamasaki S. 2014. A PCR-RFLP assay for the detection and
differentiation of Campylobacter jejuni, C. coli, C. fetus, C. hyointestinalis, C. lari, C. helveticus
and C. upsaliensis. J Med Microbiol 63:659-666.

Louwen R, Heikema A, van Belkum A, Ott A, Gilbert M, Ang W, Endtz HP, Bergman MP,
Nieuwenhuis EE. 2008. The Sialylated Lipooligosaccharide Outer Core in Campylobacter

jejuni Is an Important Determinant for Epithelial Cell Invasion. Infect Immun 76:4431-4438.

264



195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

2009.

Guerry P, Ewing CP, Hickey TE, Prendergast MM, Moran AP. 2000. Sialylation of
Lipooligosaccharide Cores Affects Immunogenicity and Serum Resistance of Campylobacter
jejuni. Infect Immun 68:6656-6662.

Habib I, Louwen R, Uyttendaele M, Houf K, Vandenberg O, Nieuwenhuis EE, Miller WG,
van Belkum A, De Zutter L. 2009. Correlation between Genotypic Diversity,
Lipooligosaccharide Gene Locus Class Variation, and Caco-2 Cell Invasion Potential of
Campylobacter jejuni Isolates from Chicken Meat and Humans: Contribution to Virulotyping.
Appl Environ Microbiol 75:4277-4288.

Bachtiar BM, Coloe PJ, Fry BN. 2007. Knockout mutagenesis of the kpsgE gene of
Campylobacter jejuni 81116 and its involvement in bacterium—host interactions. FEMS
Immunol Med Microbiol 49:149-154.

Bacon DJ, Szymanski CM, Burr DH, Silver RP, AlIm RA, Guerry P. 2001. A phase-variable
capsule is involved in virulence of Campylobacter jejuni 81-176. Mol Microbiol 40:769-777.
Karlyshev AV, Everest P, Linton D, Cawthraw S, Newell DG, Wren BW. 2004. The
Campylobacter jejuni general glycosylation system is important for attachment to human
epithelial cells and in the colonization of chicks. Microbiology 150:1957-1964.

Alemka A, Nothaft H, Zheng J, Szymanski CM. 2013. N-Glycosylation of Campylobacter
jejuni Surface Proteins Promotes Bacterial Fitness. Infect Immun 81:1674-1682.

Jagannathan A, Constantinidou C, Penn CW. 2001. Roles of rpoN, fliA,and flgR in
Expression of Flagella in Campylobacter jejuni. J Bacteriol 183:2937-2942.

Hendrixson DR. 2006. A phase-variable mechanism controlling the Campylobacter jejuni
FIgR response regulator influences commensalism. Mol Microbiol 61:1646-1659.

van Vliet AH, Baillon M-L, Penn CW, Ketley JM. 1999. Campylobacter jejuni Contains Two
Fur Homologs: Characterization of Iron-Responsive Regulation of Peroxide Stress Defense
Genes by the PerR Repressor. J Bacteriol 181:6371-6376.

van Vliet AHM, Ketley JM, Park SF, Penn CW. 2002. The role of iron in Campylobacter gene
regulation, metabolism and oxidative stress defense. FEMS Microbiol Rev 26:173-186.
Butcher J, Handley RA, van Vliet AHM, Stintzi A. 2015. Refined analysis of the
Campylobacter jejuni iron-dependent/independent Fur- and PerR-transcriptomes. BMC
Genomics 16:1-13.

Palyada K, Sun Y-Q, Flint A, Butcher J, Naikare H, Stintzi A. 2009. Characterization of the
oxidative stress stimulon and PerR regulon of Campylobacter jejuni. BMC Genomics 10:1-19.
Ridley AM, Toszeghy MJ, Cawthraw SA, Wassenaar TM, Newell DG. 2008. Genetic
instability is associated with changes in the colonization potential of Campylobacter jejuni in
the avian intestine. J Appl Microbiol 105:95-104.

Kim J-C, Oh E, Kim J, Jeon B. 2015. Regulation of oxidative stress resistance in
Campylobacter jejuni, a microaerophilic foodborne pathogen. Front Microbiol 6:751.

Atack JM, Kelly DJ. 2009. Oxidative stress in Campylobacter jejuni: responses, resistance
and regulation. Future Microbiol 4:677-690.

265



210.

211.

212.

213.

214,

215.

216.

217.

218.

219.

220.

221.

222.

223.

224,

Flint A, Sun Y-Q, Butcher J, Stahl M, Huang H, Stintzi A. 2014. Phenotypic Screening of a
Targeted Mutant Library Reveals Campylobacter jejuni Defenses against Oxidative Stress.
Infect Immun 82:2266-2275.

Oh E, McMullen L, Jeon B. 2015. Impact of oxidative stress defense on bacterial survival and
morphological change in Campylobacter jejuni under aerobic conditions. Front Microbiol
6:295.

Fux CA, Costerton JW, Stewart PS, Stoodley P. 2005. Survival strategies of infectious
biofilms. Trends Microbiol 13:34-40.

Reuter M, Mallett A, Pearson BM, van Vliet AHM. 2010. Biofilm Formation by
Campylobacter jejuni Is Increased under Aerobic Conditions. Appl Environ Microbiol 76:2122-
2128.

Kalmokoff M, Lanthier P, Tremblay T-L, Foss M, Lau PC, Sanders G, Austin J, Kelly J,
Szymanski CM. 2006. Proteomic Analysis of Campylobacter jejuni 11168 Biofilms Reveals a
Role for the Motility Complex in Biofilm Formation. J Bacteriol 188:4312-4320.

Oh E, Jeon B. 2014. Role of Alkyl Hydroperoxide Reductase (AhpC) in the Biofilm Formation
of Campylobacter jejuni. PLoS One 9:e87312.

Moore JE. 2001. Bacterial dormancy in Campylobacter: abstract theory or cause for concern?
Int J Food Sci Technol 36:593-600.

Kassem IlI, Chandrashekhar K, Rajashekara G. 2013. Of energy and survival incognito: a
relationship between viable but non-culturable cells formation and inorganic polyphosphate
and formate metabolism in Campylobacter jejuni. Front Microbiol 4:183.

Patrone V, Campana R, Vallorani L, Dominici S, Federici S, Casadei L, Gioacchini AM,
Stocchi V, Baffone W. 2013. CadF expression in Campylobacter jejuni strains incubated
under low-temperature water microcosm conditions which induce the viable but non-culturable
(VBNC) state. Antonie Van Leeuwenhoek 103:979-988.

Baffone W, Casaroli A, Citterio B, Pierfelici L, Campana R, Vittoria E, Guaglianone E,
Donelli G. 2006. Campylobacter jejuni loss of culturability in agueous microcosms and ability
to resuscitate in a mouse model. Int J Food Microbiol 107:83-91.

Sylvester FA, Philpott D, Gold B, Lastovica A, Forstner JF. 1996. Adherence to lipids and
intestinal mucin by a recently recognized human pathogen, Campylobacter upsaliensis. Infect
Immun 64:4060-4066.

Mooney A, Byrne C, Clyne M, Johnson-Henry K, Sherman P, Bourke B. 2003. Invasion of
human epithelial cells by Campylobacter upsaliensis. Cell Microbiol 5:835-847.

Hu L, Kopecko DJ. 1999. Campylobacter jejuni 81-176 Associates with Microtubules and
Dynein during Invasion of Human Intestinal Cells. Infect Immun 67:4171-4182.

Mooney A, Clyne M, Curran T, Doherty D, Kilmartin B, Bourke B. 2001. Campylobacter
upsaliensis exerts a cytolethal distending toxin effect on HelLa cells and T lymphocytes.
Microbiology 147:735-743.

Richards VP, Lefébure T, Pavinski Bitar PD, Stanhope MJ. 2013. Comparative

characterization of the virulence gene clusters (lipooligosacharide [LOS] and capsular

266



225.

226.

227.

228.

229.

230.

231.

232.

233.

234,

235.

236.

237.

polysaccharide [CPS]) for Campylobacter coli, Campylobacter jejuni subsp. jejuni and related
Campylobacter species. Infect Genet Evol 14:200-213.

Bourke BB, al Rashid ST, Bingham HL, Chan VL. 1996. Characterization of Campylobacter
upsaliensis fur and its localization in a highly conserved region of the Campylobacter genome.
Gene 183:219-224.

GoOlz G, Adler L, Huehn S, Alter T. 2012. LuxS distribution and Al-2 activity of
Campylobacter spp. J Appl Microbiol 112:571-578.

Gunther Iv NW, Chen C-Y. 2009. The biofilm forming potential of bacterial species in the
genus Campylobacter. Food Microbiol 26:44-51.

Fouts DE, Mongodin EF, Mandrell RE, Miller WG, Rasko DA, Ravel J, Brinkac LM,
DeBoy RT, Parker CT, Daugherty SC, Dodson RJ, Durkin AS, Madupu R, Sullivan SA,
Shetty JU, Ayodeji MA, Shvartsbeyn A, Schatz MC, Badger JH, Fraser CM, Nelson KE.
2005. Major structural differences and novel potential virulence mechanisms from the
genomes of multiple Campylobacter species. PLoS Biol 3:e15.

Wassenaar TM, Newell DG. 2000. Genotyping of Campylobacter spp. Appl Environ Microbiol
66:1-9.

Gerner-Smidt P, Hise K, Kincaid J, Hunter S, Rolando S, Hyytid-Trees E, Ribot EM,
Swaminathan B, PulseNet T. 2006. PulseNet USA: A Five-Year Update. Foodborne Pathog
Dis 3:9-19.

Bourke B, Sherman PM, Woodward D, Lior H, Chan VL. 1996. Pulsed-field gel
electrophoresis indicates genotypic heterogeneity among Campylobacter upsaliensis strains.
FEMS Microbiol Lett 143:57-61.

Yan W, Chang N, Taylor DE. 1991. Pulsed-Field Gel Electrophoresis of Campylobacter jejuni
and Campylobacter coli Genomic DNA and Its Epidemiologic Application. J Infect Dis
163:1068-1072.

Fujita M, Fujimoto S, Morooka T, Amako K. 1995. Analysis of strains of Campylobacter
fetus by pulsed-field gel electrophoresis. J Clin Microbiol 33:1676-1678.

Salama SM, Tabor H, Richter M, Taylor DE. 1992. Pulsed-field gel electrophoresis for
epidemiologic studies of Campylobacter hyointestinalis isolates. J Clin Microbiol 30:1982-
1984,

Goossens H, Giesendorf BAJ, Vandamme P, Vlaes L, Borre Cvd, Koeken A, Quint WGV,
Blomme W, Hanicq P, Koster DS, Hosfstra H, Butzler JP, Plas Jvd. 1995. Investigation of
an outbreak of Campylobacter upsaliensis in day care centers in Brussels: analysis of
relationships among isolates by phenotypic and genotypic typing methods. J Infect Dis
172:1298-1305.

Stanley J, Jones C, Burnens A, Owen RJ. 1994. Distinct genotypes of human and canine
isolates of Campylobacter upsaliensis determined by 16S rRNA gene typing and plasmid
profiling. J Clin Microbiol 32:1788-1794.

Southern EM. 1975. Detection of specific sequences among DNA fragments separated by gel
electrophoresis. J Mol Biol 98:503-517.

267



238.

239.

240.

241.

242.

243.

244,

245,

246.

247,

248.

249,

250.
251.

Meinersmann RJ, Helsel LO, Fields PI, Hiett KL. 1997. Discrimination of Campylobacter
jejuni isolates by fla gene sequencing. J Clin Microbiol 35:2810-2814.

Owen RJ, Fayos A, Hernandez J, Lastovica A. 1993. PCR-based restriction fragment length
polymorphism analysis of DNA sequence diversity of flagellin genes of Campylobacter jejuni
and allied species. Mol Cell Probes 7:471-480.

Ragimbeau C, Salvat G, Colin P, Ermel G. 1998. Development of a multiplex PCR gene
fingerprinting method using gyrA and pflA polymorphisms to identify genotypic relatedness
within Campylobacter jejuni species. J Appl Microbiol 85:829-838.

Duim B, Vandamme PAR, Rigter A, Laevens S, Dijkstra JR, Wagenaar JA. 2001.
Differentiation of Campylobacter species by AFLP fingerprinting. Microbiology 147:2729-2737.
Siemer BL, Nielsen EM, On SLW. 2005. Identification and molecular epidemiology of
Campylobacter coli isolates from human gastroenteritis, food, and animal sources by amplified
fragment length polymorphism analysis and penner serotyping. Appl Environ Microbiol
71:1953-1958.

Duim B, Wagenaar JA, Dijkstra JR, Goris J, Endtz HP, Vandamme PAR. 2004.
Identification of distinct Campylobacter lari genogroups by amplified fragment length
polymorphism and protein electrophoretic profiles. Appl Environ Microbiol 70:18-24.

Damborg P, Guardabassi L, Pedersen K, Kokotovic B. 2008. Comparative analysis of
human and canine Campylobacter upsaliensis isolates by amplified fragment length
polymorphism. J Clin Microbiol 46:1504-1506.

Lindstedt B-A, Heir E, Vardund T, Melby KK, Kapperud G. 2000. Comparative
Fingerprinting Analysis of Campylobacter jejuni subsp. jejuni Strains by Amplified-Fragment
Length Polymorphism Genotyping. J Clin Microbiol 38:3379-3387.

Schouls LM, Reulen S, Duim B, Wagenaar JA, Willems RJL, Dingle KE, Colles FM, Van
Embden JDA. 2003. Comparative Genotyping of Campylobacter jejuni by Amplified Fragment
Length Polymorphism, Multilocus Sequence Typing, and Short Repeat Sequencing: Strain
Diversity, Host Range, and Recombination. J Clin Microbiol 41:15-26.

Price EP, Huygens F, Giffard PM. 2006. Fingerprinting of Campylobacter jejuni by Using
Resolution-Optimized Binary Gene Targets Derived from Comparative Genome Hybridization
Studies. Appl Environ Microbiol 72:7793-7803.

Tyler KD, Wang G, Tyler SD, Johnson WM. 1997. Factors affecting reliability and
reproducibility of amplification-based DNA fingerprinting of representative bacterial pathogens.
J Clin Microbiol 35:339-346.

Fayos A, Owen RJ, Hernandez J, Jones C, Lastovica A. 1993. Molecular subtyping by
genome and plasmid analysis of Campylobacter jejuni serogroups O1 and O2 (Penner) from
sporadic and outbreak cases of human diarrhoea. Epidemiol Infect 111:415-427.

Woese CR. 1987. Bacterial evolution. Microbiol Rev 51:221-271.

Gorkiewicz G, Feierl G, Schober C, Dieber F, Kofer J, Zechner R, Zechner EL. 2003.
Species-specific identification of campylobacters by partial 16S rRNA gene sequencing. J Clin
Microbiol 41:2537-2546.

268



252,

253.

254,

255.

256.

257.

258.

259.

260.

261.

262.

263.

Korczak BM, Stieber R, Emler S, Burnens AP, Frey J, Kuhnert P. 2006. Genetic
relatedness within the genus Campylobacter inferred from rpoB sequences. Int J Syst Evol
Microbiol 56:937-945.

Hill JE, Paccagnella A, Law K, Melito PL, Woodward DL, Price L, Leung AH, Ng L-K,
Hemmingsen SM, Goh SH. 2006. Identification of Campylobacter spp. and discrimination
from Helicobacter and Arcobacter spp. by direct sequencing of PCR-amplified cpn60
sequences and comparison to cpnDB, a chaperonin reference sequence database. J Med
Microbiol 55:393-399.

Colles FM, Maiden MCJ. 2012. Campylobacter sequence typing databases: applications and
future prospects. Microbiology 158:2695-2709.

Taboada EN, Clark CG, Sproston EL, Carrillo CD. 2013. Current methods for molecular
typing of Campylobacter species. J Microbiol Methods 95:24-31.

Dingle KE, Colles FM, Wareing DRA, Ure R, Fox AJ, Bolton FE, Bootsma HJ, Willems
RJL, Urwin R, Maiden MCJ. 2001. Multilocus sequence typing system for Campylobacter
jejuni. J Clin Microbiol 39:14-23.

Miller WG, On SLW, Wang GL, Fontanoz S, Lastovica AJ, Mandrell RE. 2005. Extended
multilocus sequence typing system for Campylobacter coli, C. lari, C. upsaliensis, and C.
helveticus. J Clin Microbiol 43:2315-2329.

Fitzgerald C, Tu ZC, Patrick M, Stiles T, Lawson AJ, Santovenia M, Gilbert MJ, van
Bergen M, Joyce K, Pruckler J, Stroika S, Duim B, Miller WG, Loparev V, Sinnige JC,
Fields PI, Tauxe RV, Blaser MJ, Wagenaar JA. 2014. Campylobacter fetus subsp.
testudinum subsp. nov., isolated from humans and reptiles. Int J Syst Evol Microbiol 64:2944-
2948.

Miller WG, Chapman MH, Yee E, On SLW, McNulty DK, Lastovica AJ, Carroll AM,
McNamara EB, Duffy G, Mandrell RE. 2012. Multilocus Sequence Typing Methods for the
Emerging Campylobacter Species C. hyointestinalis, C. lanienae, C. sputorum, C. concisus,
and C. curvus. Frontiers in Cellular and Infection Microbiology 2:45.

Mullner P, Shadbolt T, Collins-Emerson JM, Midwinter AC, Spencer SEF, Marshall J,
Carter PE, Campbell DM, Wilson DJ, Hathaway S, Pirie R, French NP. 2010. Molecular
and spatial epidemiology of human campylobacteriosis: source association and genotype-
related risk factors. Epidemiol Infect 138:1372-1383.

Mughini Gras L, Smid JH, Wagenaar JA, de Boer AG, Havelaar AH, Friesema IHM. 2012.
Risk Factors for Campylobacteriosis of Chicken, Ruminant, and Environmental Origin: A
Combined Case-control and source attribution analysis. PLoS One 7.

Wilson DJ, Gabriel E, Leatherbarrow AJH, Cheesbrough J, Gee S, Bolton E, Fox A,
Fearnhead P, Hart CA, Diggle PJ. 2008. Tracing the source of campylobacteriosis. PL0oS
Genet 4:€1000203.

Kwan PSL, Barrigas M, Bolton FJ, French NP, Gowland P, Kemp R, Leatherbarrow H,
Upton M, Fox AJ. 2008. Molecular epidemiology of Campylobacter jejuni populations in dairy

cattle, wildlife, and the environment in a farmland area. Appl Environ Microbiol 74:5130-5138.

269



264.

265.

266.

267.

268.

269.

270.

271,

272.

273.

274,

275.

276.

277.

Kittl S, Heckel G, Korczak BM, Kuhnert P. 2013. Source Attribution of Human
Campylobacter Isolates by MLST and Fla-typing and Association of Genotypes with
Quinolone Resistance. PLoS One 8:€81796.

Hepworth PJ, Ashelford KE, Hinds J, Gould KA, Witney AA, Williams NJ, Leatherbarrow
H, French NP, Birtles RJ, Mendonca C, Dorrell N, Wren BW, Wigley P, Hall N, Winstanley
C. 2011. Genomic variations define divergence of water/wildlife-associated Campylobacter
jejuni niche specialists from common clonal complexes. Environ Microbiol 13:1549-1560.
Quintana-Hayashi MP, Thakur S. 2012. Phylogenetic Analysis Reveals Common
Antimicrobial Resistant Campylobacter coli Population in Antimicrobial-Free (ABF) and
Commercial Swine Systems. PLoS One 7:e44662.

Parsons BN, Porter CJ, Stavisky JH, Williams NJ, Birtles RJ, Miller WG, Hart CA,
Gaskell RM, Dawson S. 2012. Multilocus sequence typing of human and canine C.
upsaliensis isolates. Vet Microbiol 157:391-397.

Sahin O, Fitzgerald C, Stroika S, Zhao S, Sippy RJ, Kwan P, Plummer PJ, Han J, Yaeger
MJ, Zhang Q. 2012. Molecular Evidence for Zoonotic Transmission of an Emergent, Highly
Pathogenic Campylobacter jejuni Clone in the United States. J Clin Microbiol 50:680-687.
Sheppard SK, McCarthy ND, Jolley KA, Maiden MCJ. 2011. Introgression in the genus
Campylobacter: generation and spread of mosaic alleles. Microbiology 157:1066-1074.

Biggs PJ, Fearnhead P, Hotter G, Mohan V, Collins-Emerson J, Kwan E, Besser TE,
Cookson A, Carter PE, French NP. 2011. Whole-genome comparison of two Campylobacter
jejuni isolates of the same sequence type reveals multiple loci of different ancestral lineage.
PLoS One 6.

Jolley KA, Bliss CM, Bennett JS, Bratcher HB, Brehony C, Colles FM, Wimalarathna H,
Harrison OB, Sheppard SK, Cody AJ, Maiden MCJ. 2012. Ribosomal multilocus sequence
typing: universal characterization of bacteria from domain to strain. Microbiology 158:1005-
1015.

Sheppard SK, Jolley KA, Maiden MCJ. 2012. A gene-by-gene approach to bacterial
population genomics: whole genome MLST of Campylobacter. Genes 3:261-277.

Cody AJ, McCarthy ND, Jansen van Rensburg M, Isinkaye T, Bentley SD, Parkhill J,
Dingle KE, Bowler ICJW, Jolley KA, Maiden MCJ. 2013. Real-time genomic epidemiological
evaluation of human Campylobacter isolates by use of whole-genome multilocus sequence
typing. J Clin Microbiol 51:2526-2534.

Maiden MCJ, Jansen van Rensburg MJ, Bray JE, Earle SG, Ford SA, Jolley KA,
McCarthy ND. 2013. MLST revisited: the gene-by-gene approach to bacterial genomics. Nat
Rev Microbiol 11:728-736.

Pallen MJ, Wren BW. 2007. Bacterial pathogenomics. Nature 449:835-842.

Tettelin H, Riley D, Cattuto C, Medini D. 2008. Comparative genomics: the bacterial pan-
genome. Curr Opin Microbiol 11:472-477.

Rouli L, Merhej V, Fournier PE, Raoult D. 2015. The bacterial pangenome as a new tool for

analysing pathogenic bacteria. New Microbes New Infect 7:72-85.

270



278.

279.

280.

281.

282.

283.

284.

285.

286.

287.

288.

289.

290.

Reid A, Buckley M. 2011. Microbial evolution. American Academy of Microbiology.

Moran NA. 2002. Microbial Minimalism: Genome Reduction in Bacterial Pathogens. Cell
108:583-586.

Lefébure T, Pavinski Bitar PD, Suzuki H, Stanhope MJ. 2010. Evolutionary dynamics of
complete Campylobacter pan-genomes and the bacterial species concept. Genome Biol Evol
2:646-655.

Caro-Quintero A, Rodriguez-Castafio GP, Konstantinidis KT. 2009. Genomic insights into
the convergence and pathogenicity factors of Campylobacter jejuni and Campylobacter coli
species. J Bacteriol 191:5824-5831.

Sheppard SK, Didelot X, Jolley KA, Darling AE, Pascoe B, Meric G, Kelly DJ, Cody A,
Colles FM, Strachan NJC, Ogden ID, Forbes K, French NP, Carter P, Miller WG,
McCarthy ND, Owen R, Litrup E, Egholm M, Affourtit JP, Bentley SD, Parkhill J, Maiden
MCJ, Falush D. 2013. Progressive genome-wide introgression in agricultural Campylobacter
coli. Mol Ecol 22:1051-1064.

Papin JA, Reed JL, Palsson BO. 2004. Hierarchical thinking in network biology: the
unbiased modularization of biochemical networks. Trends Biochem Sci 29:641-647.
Tangwatcharin P, Chanthachum S, Khopaibool P, Chambers JR, Griffiths MW. 2007.
Media for the Aerobic Resuscitation of Campylobacter jejuni. J Food Prot 70:1099-1109.
Platts-Mills JA, Liu J, Gratz J, Mduma E, Amour C, Swai N, Taniuchi M, Begum S,
Pefiataro Yori P, Tilley DH, Lee G, Shen Z, Whary MT, Fox JG, McGrath M, Kosek M,
Haque R, Houpt ER. 2014. Detection of Campylobacter in stool and determination of
significance by culture, enzyme immunoassay, and PCR in developing countries. J Clin
Microbiol 52:1074-1080.

Rao MR, Naficy AB, Savarino SJ, Abu-Elyazeed R, Wierzba TF, Peruski LF, Abdel-
Messih |, Frenck R, Clemens JD. 2001. Pathogenicity and Convalescent Excretion of
Campylobacter in Rural Egyptian Children. Am J Epidemiol 154:166-173.

Taylor DN, Echeverria P, Pitarangsi C, Seriwatana J, Bodhidatta L, Blaser MJ. 1988.
Influence of strain characteristics and immunity on the epidemiology of Campylobacter
infections in Thailand. J Clin Microbiol 26:863-868.

Taylor DN, Perlman DM, Echeverria PD, Lexomboon U, Blaser MJ. 1993. Campylobacter
Immunity and Quantitative Excretion Rates in Thai Children. J Infect Dis 168:754-758.

Lee G, Pan W, Pefataro Yori P, Paredes Olortegui M, Tilley D, Gregory M, Oberhelman
R, Burga R, Chavez CB, Kosek M. 2013. Symptomatic and Asymptomatic Campylobacter
Infections Associated with Reduced Growth in Peruvian Children. PLoS Negl Trop Dis
7:€2036.

Lengerh A, Moges F, Unakal C, Anagaw B. 2013. Prevalence, associated risk factors and
antimicrobial susceptibility pattern of Campylobacter species among under five diarrheic
children at Gondar University Hospital, Northwest Ethiopia. BMC Pediatr 13:1-9.

271



291.

292.

293.

294,

295.

296.

297.

298.

299.

300.

301.

302.

Nichols GL, Richardson JF, Sheppard SK, Lane C, Sarran C. 2012. Campylobacter
epidemiology: a descriptive study reviewing 1 million cases in England and Wales between
1989 and 2011. BMJ Open 2.

Procter TD, Pearl DL, Finley RL, Leonard EK, Janecko N, Reid-Smith RJ, Weese JS,
Peregrine AS, Sargeant JM. 2014. A cross-sectional study examining Campylobacter and
other zoonotic enteric pathogens in dogs that frequent dog parks in three cities in south-
western Ontario and risk factors for shedding of Campylobacter spp. Zoonoses Public Health
61:208-218.

Hall G, Kirk MD, Becker N, Gregory JE, Unicomb L, Millard G, Stafford R, Lalor K,
OzFoodNet Working G. 2005. Estimating Foodborne Gastroenteritis, Australia. Emerg Infect
Dis 11:1257-1264.

Wagenaar JA, French NP, Havelaar AH. 2013. Preventing Campylobacter at the Source:
Why Is It So Difficult? Clin Infect Dis 57:1600-1606.

Nielsen HL, Ejlertsen T, Engberg J, Nielsen H. 2012. High incidence of Campylobacter
concisus in gastroenteritis in North Jutland, Denmark: a population-based study. Clin Microbiol
Infect 19:445-450.

Gilpin BJ, Walsh G, On SI, Smith D, Marshall JC, French NP. 2013. Application of
molecular epidemiology to understanding campylobacteriosis in the Canterbury region of New
Zealand. Epidemiol Infect 141:1253-1266.

Samuel MC, Vugia DJ, Shallow S, Marcus R, Segler S, McGivern T, Kassenborg H, Reilly
K, Kennedy M, Angulo F, Tauxe RV, Emerging Infections Program FoodNet Working G.
2004. Epidemiology of sporadic Campylobacter infection in the United States and declining
trend in incidence, FoodNet 1996-1999. Clin Infect Dis 38 Suppl 3:S165-174.

Kownhar H, Muthu Shankar E, Rajan R, Vengatesan A, Rao UA. 2007. Prevalence of
Campylobacter jejuni and enteric bacterial pathogens among hospitalized HIV infected versus
non-HIV infected patients with diarrhoea in southern India. Scand J Infect Dis 39:862-866.
Stafford RJ, Schluter P, Kirk M, Wilson A, Unicomb L, Ashbolt R, Gregory J, OzFoodNet
Working G. 2007. A multi-centre prospective case-control study of campylobacter infection in
persons aged 5 years and older in Australia. Epidemiol Infect 135:978-988.

Mughini Gras L, Smid JH, Wagenaar JA, Koene MGJ, Havelaar AH, Friesema IHM,
French NP, Flemming C, Galson JD, Graziani C, Busani L, Van Pelt W. 2013. Increased
risk for Campylobacter jejuni and C. coli infection of pet origin in dog owners and evidence for
genetic association between strains causing infection in humans and their pets. Epidemiol
Infect 141:2526-2535.

Lévesque S, Fournier E, Carrier N, Frost E, Arbeit RD, Michaud S. 2013.
Campylobacteriosis in Urban versus Rural Areas: A Case-Case Study Integrated with
Molecular Typing to Validate Risk Factors and to Attribute Sources of Infection. PLoS One
8:e83731.

Strachan NJC, Gormley FJ, Rotariu O, Ogden ID, Miller G, Dunn GM, Sheppard SK,
Dallas JF, Reid TMS, Howie H, Maiden MCJ, Forbes KJ. 2009. Attribution of

272



303.

304.

305.

306.

307.

308.

3009.

310.

311.

312.

313.

314,

315.

Campylobacter Infections in Northeast Scotland to Specific Sources by Use of Multilocus
Sequence Typing. J Infect Dis 199:1205-1208.

Kendall ME, Crim S, Fullerton K, Han PV, Cronquist AB, Shiferaw B, Ingram LA, Rounds
J, Mintz ED, Mahon BE. 2012. Travel-Associated Enteric Infections Diagnosed After Return
to the United States, Foodborne Diseases Active Surveillance Network (FoodNet), 2004—
2009. Clin Infect Dis 54:S480-S487.

Eberhart-Phillips J, Walker N, Garrett N, Bell D, Sinclair D, Rainger W, Bates M. 1997.
Campylobacteriosis in New Zealand: results of a case-control study. J Epidemiol Community
Health 51:686-691.

Mughini-Gras L, Smid JH, Wagenaar JA, De Boer A, Havelaar AH, Friesema IHM, French
NP, Graziani C, Busani L, Van Pelt W. 2013. Campylobacteriosis in returning travellers and
potential secondary transmission of exotic strains. Epidemiol Infect 142:1277-1288.

Zinszer K, Michel P, HarDArdOTtir H, Kristinsson KG, SigmundsdOTtir G, St-Onge L,
Reiersen J, Charland K, Lowman R. 2010. The impact of domestic travel on estimating
regional rates of human campylobacteriosis. Epidemiol Infect 138:1735-1743.

Bolwell CF, Gilpin BJ, Campbell D, French NP. 2015. Evaluation of the representativeness
of a sentinel surveillance site for campylobacteriosis. Epidemiol Infect 143:1990-2002.
Simonsen J, Frisch M, Ethelberg S. 2008. Socioeconomic Risk Factors for Bacterial
Gastrointestinal Infections. Epidemiology 19:282-290.

EFSA BIOHAZ Panel. 2010. Scientific opinion on quantification of the risk posed by broiler
meat to human campylobacteriosis in the EU. EFSA Journal 8:1437-1526.

Gillespie IA, O'Brien SJ, Adak GK, Tam CC, Frost JA, Bolton FJ. 2003. Point source
outbreaks of Campylobacter jejuni infection—are they more common than we think and what
might cause them? Epidemiol Infect 130.

Baker MG, Sneyd E, Wilson NA. 2007. Is the major increase in notified campylobacteriosis in
New Zealand real? Epidemiol Infect 135:163-170.

Mullner P, Spencer SEF, Wilson DJ, Jones G, Noble AD, Midwinter AC, Collins-Emerson
JM, Carter P, Hathaway S, French NP. 2009. Assigning the source of human
campylobacteriosis in New Zealand: A comparative genetic and epidemiological approach.
Infect Genet Evol 9:1311-13109.

Kapperud G, Espeland G, Wahl E, Walde A, Herikstad H, Gustavsen S, Tveit |, Natas O,
Bevanger L, Digranes A. 2003. Factors Associated with Increased and Decreased Risk of
Campylobacter Infection: A Prospective Case-Control Study in Norway. Am J Epidemiol
158:234-242.

Lake RJ. 2006. Transmission routes for campylobacteriosis in New Zealand. Institute of
Environmental Science and Research, Institute of Environmental Science and Research
Limited, Christchurch, New Zealand.

Blaser MJ, Berkowitz ID, LaForce FM, Cravens J, Reller LB, Wen-Lan Lou W. 1979.
Campylobacter enteritis: clinical and epidemiologic features. Ann Intern Med 91:179-185.

273



316.

317.

318.

319.

320.

321.

322.

323.

324,

325.

326.

327.

328.

329.

330.

331.

Evans MR, Roberts RJ, Ribeiro CD, Gardner D, Kembrey D. 1996. A milk-borne
campylobacter outbreak following an educational farm visit. Epidemiol Infect 117:457-462.
Heuvelink AE, van Heerwaarden C, Zwartkruis-Nahuis A, Tilburg JJHC, Bos MH,
Heilmann FGC, Hofhuis A, Hoekstra T, de Boer E. 2009. Two outbreaks of
campylobacteriosis associated with the consumption of raw cows' milk. Int J Food Microbiol
134:70-74.

Park CE, Sanders GW. 1992. Occurrence of thermotolerant campylobacters in fresh
vegetables sold at farmers' outdoor markets and supermarkets. Can J Microbiol 38:313-316.
Austin H, Hill HA, Flanders WD, Greenberg RS. 1994. Limitations in the Application of
Case-Control Methodology. Epidemiol Rev 16:65-76.

Neimann J, Engberg J, Mglbak K, Wegener HC. 2003. A case-control study of risk factors
for sporadic campylobacter infections in Denmark. Epidemiol Infect 130:353-366.

Rodrigues LC, Cowden JM, Wheeler JG, Sethi D, Wall PG, Cumberland P, Tompkins DS,
Hudson MJ, Roberts JA, Roderick PJ. 2001. The study of infectious intestinal disease in
England: risk factors for cases of infectious intestinal disease with Campylobacter jejuni
infection. Epidemiol Infect 127:185-193.

Cameron S, Ried K, Worsley A, Topping D. 2007. Consumption of foods by young children
with diagnosed campylobacter infection — a pilot case—control study. Public Health Nutr 7:85-
89.

Saeed AM, Harris NV, DiGiacomo RF. 1993. The Role of Exposure to Animals in the
Etiology of Campylobacter jejuni/coli Enteritis. Am J Epidemiol 137:108-114.

Adak GK, Cowden JM, Nicholas S, Evans HS. 1995. The Public Health Laboratory Service
national case-control study of primary indigenous sporadic cases of campylobacter infection.
Epidemiol Infect 115:15 - 22.

Skirrow MB. 1981. Campylobacter enteritis in dogs and cats: A 'new' zoonosis. Vet Res
Commun 5:13-19.

Carrique-Mas J, Andersson Y, Hjertqvist M, Svensson A, Torner A, Giesecke J. 2005.
Risk factors for domestic sporadic campylobacteriosis among young children in Sweden.
Scand J Infect Dis 37:101-110.

Schonberg-Norio D, Takkinen J, Hanninen ML, Katila ML, Kaukoranta SS, Mattila L,
Rautelin H. 2004. Swimming and Campylobacter infections. Emerg Infect Dis 10:1474 - 1477.
Evans MR, Ribeiro CD, Salmon RL. 2003. Hazards of Healthy Living: Bottled Water and
Salad Vegetables as Risk Factors for Campylobacter Infection. Emerg Infect Dis 9:1219-1225.
REPORT OF AN EXPERT CONSULTATION. 2013. THE GLOBAL VIEW OF
CAMPYLOBACTERIOSIS. World Health Organisation, Geneva, Switzerland.

Vellinga A, Van Loock F. 2002. The Dioxin Crisis as Experiment To Determine Poultry-
Related Campylobacter Enteritis. Emerg Infect Dis 8:19-22.

Stern NJ, Hiett KL, Alfredsson GA, Kristinsson KG, Reiersen J, Hardardottir H, Briem H,
Gunnarsson E, Georgsson F, Lowman R, Berndtson E, Lammerding AM, Paoli GM,

274



332.

333.

334.

335.

336.

337.

338.

3309.

340.

341.

342.

343.

Musgrove MT. 2003. Campylobacter spp. in Icelandic poultry operations and human disease.
Epidemiol Infect 130:23-32.

Sears A, Baker MG, Wilson N, Marshall J, Muellner P, Campbell DM, Lake RJ, French
NP. 2011. Marked Campylobacteriosis Decline after Interventions Aimed at Poultry, New
Zealand. Emerg Infect Dis 17:1007-1015.

Muellner P, Marshall JC, Spencer SEF, Noble AD, Shadbolt T, Collins-Emerson JM,
Midwinter AC, Carter PE, Pirie R, Wilson DJ, Campbell DM, Stevenson MA, French NP.
2011. Utilizing a combination of molecular and spatial tools to assess the effect of a public
health intervention. Prev Vet Med 102:242-253.

Millner P, Collins-Emerson JM, Midwinter AC, Carter P, Spencer SEF, van der Logt P,
Hathaway S, French NP. 2010. Molecular epidemiology of Campylobacter jejuni in a
geographically isolated country with a uniquely structured poultry industry. Appl Environ
Microbiol 76:2145-2154.

Boysen L, Rosenquist H, Larsson JT, Nielsen EM, Sorensen G, Nordentoft S, Hald T.
2014. Source attribution of human campylobacteriosis in Denmark. Epidemiol Infect 142:1599-
1608.

Kéarenlampi R, Rautelin H, Schonberg-Norio D, Paulin L, Hanninen M-L. 2007.
Longitudinal study of Finnish Campylobacter jejuni and C. coli isolates from humans, using
multilocus sequence typing, including comparison with epidemiological data and isolates from
poultry and cattle. Appl Environ Microbiol 73:148-155.

Dingle KE, Colles FM, Ure R, Wagenaar JA, Duim B, Bolton FJ, Fox AJ, Wareing DR,
Maiden MC. 2002. Molecular characterization of Campylobacter jejuni clones: a basis for
epidemiologic investigation. Emerg Infect Dis 8:949 - 955.

Sheppard SK, Dallas JF, Strachan NJC, MacRae M, McCarthy ND, Wilson DJ. 2009.
Campylobacter genotyping to determine the source of human infection. Clin Infect Dis 48.
Mughini Gras L, Smid JH, Wagenaar JA, de Boer AG, Havelaar AH, Friesema IHM,
French NP, Busani L, van Pelt W. 2012. Risk Factors for Campylobacteriosis of Chicken,
Ruminant, and Environmental Origin: A Combined Case-Control and Source Attribution
Analysis. PLoS One 7:e42599.

Sheppard SK, Colles F, Richardson J, Cody AJ, Elson R, Lawson A, Brick G, Meldrum
R, Little CL, Owen RJ, Maiden MCJ, McCarthy ND. 2010. Host association of
Campylobacter genotypes transcends geographic variation. Appl Environ Microbiol 76:5269-
5277.

Smid JH, Mughini Gras L, de Boer AG, French NP, Havelaar AH, Wagenaar JA, van Pelt
W. 2013. Practicalities of Using Non-Local or Non-Recent Multilocus Sequence Typing Data
for Source Attribution in Space and Time of Human Campylobacteriosis. PLoS One 8:e55029.
McCarthy ND, Colles FM, Dingle KE, Bagnall MC, Manning G, Maiden MCJ, Falush D.
2007. Host-associated Genetic Import in Campylobacter jejuni. Emerg Infect Dis 13:267-272.
Gripp E, Hlahla D, Didelot X, Kops F, Maurischat S, Tedin K, Alter T, Ellerbroek L,

Schreiber K, Schomburg D, Janssen T, Bartholomaus P, Hofreuter D, Woltemate S, Uhr

275



344.

345.

346.

347.

348.

349.

350.

351.

352.

353.

354.

355.

356.

357.

M, Brenneke B, Gruning P, Gerlach G, Wieler L, Suerbaum S, Josenhans C. 2011.
Closely related Campylobacter jejuni strains from different sources reveal a generalist rather
than a specialist lifestyle. BMC Genomics 12:584.

Sheppard SK, Cheng L, Méric G, de Haan CPA, Llarena A-K, Marttinen P, Vidal A, Ridley
A, Clifton-Hadley F, Connor TR, Strachan NJC, Forbes K, Colles FM, Jolley KA, Bentley
SD, Maiden MCJ, Hanninen M-L, Parkhill J, Hanage WP, Corander J. 2014. Cryptic
ecology among host generalist Campylobacter jejuni in domestic animals. Mol Ecol 23:2442-
2451.

Sheppard SK, Didelot X, Meric G, Torralbo A, Jolley KA, Kelly DJ, Bentley SD, Maiden
MCJ, Parkhill J, Falush D. 2013. Genome-wide association study identifies vitamin B(5)
biosynthesis as a host specificity factor in Campylobacter. Proc Natl Acad Sci U S A
110:11923-11927.

French NP, Midwinter A, Holland B, Collins-Emerson J, Pattison R, Colles F, Carter P.
2009. Molecular epidemiology of Campylobacter jejuni isolates from wild-bird fecal material in
children's playgrounds. Appl Environ Microbiol 75:779-783.

Inglis GD, Boras VF, Houde A. 2011. Enteric Campylobacteria and RNA viruses associated
with healthy and diarrheic humans in the Chinook health region of Southwestern Alberta,
Canada. J Clin Microbiol 49:209-219.

Cornelius AJ, Brandt SM, Horn B, On SLW, Chambers S, Aitken J. 2012.
Epsilonproteobacteria in humans, New Zealand. Emerg Infect Dis 18:510-512.

Pires SM, Evers EG, van Pelt W, Ayers T, Scallan E, Angulo FJ, Havelaar A, Hald T.
2009. Attributing the Human Disease Burden of Foodborne Infections to Specific Sources.
Foodborne Pathog Dis 6:417-424.

Stull JW, Peregrine AS, Sargeant JM, Weese JS. 2013. Pet husbandry and infection control
practices related to zoonotic disease risks in Ontario, Canada. BMC Public Health 13:520.
Stull J, Peregrine A, Sargeant J, Weese J. 2012. Household knowledge, attitudes and
practices related to pet contact and associated zoonoses in Ontario, Canada. BMC Public
Health 12:553.

Hemsworth S, Pizer B. 2006. Pet ownership in immunocompromised children - a review of
the literature and survey of existing guidelines. Eur J Oncol Nurs 10:117 - 127.

Wheeler WE, Borchers J. 1961. Vibrionic enteritis in infants. Am J Dis Child 101:60-66.

Fox JG. 2006. Enteric bacterial infections: Campylobacter, gastric Helicobacter and intestinal
and hepatic Helicobacter infections, p 339-354. In Greene CE (ed), Infectious diseases of the
dog and cat, 3rd ed. W.B. Saunders Company.

Salihu MD, Magaji AA, Abdulkadir JU, Kolawale A. 2010. Survey of thermophilic
Campylobacter species in cats and dogs in north-western Nigeria. Vet Ital 46:425-430.

Mohan V. 2015. Faeco-prevalence of Campylobacter jejuni in urban wild birds and pets in
New Zealand. BMC Res Notes 8:1.

Tamborini AL, Casabona LM, Vifias MR, Asato V, Hoffer A, Farace MI, Lucero MC, Corso

A, Pichel M. 2012. Campylobacter spp.: prevalence and pheno-genotypic characterization of

276



358.

359.

360.

361.

362.

363.

364.

365.

366.

367.

368.

369.

370.

371.

372.

isolates recovered from patients suffering from diarrhea and their pets in La Pampa Province,
Argentina. Rev Argent Microbiol 44:266-271.

Kumar R, Verma AK, Kumar A, Srivastava M, Lal HP. 2012. Prevalence and Antibiogram of
Campylobacter Infections in Dogs of Mathura, India. Asian J Anim Vet Adv 7:434-440.
Chaban B, Ngeleka M, Hill J. 2010. Detection and quantification of 14 Campylobacter
species in pet dogs reveals an increase in species richness in feces of diarrheic animals. BMC
Microbiol 10:73.

Acke E, McGill K, Golden O, Jones BR, Fanning S, Whyte P. 2009. Prevalence of
thermophilic Campylobacter species in household cats and dogs in Ireland. Vet Rec 164:44-
47.

Guest CM, Stephen JM, Price CJ. 2007. Prevalence of Campylobacter and four
endoparasites in dog populations associated with Hearing Dogs. J Small Anim Pract 48:632-
637.

Acke E, Whyte P, Jones BR, McGill K, Collins JD, Fanning S. 2006. Prevalence of
thermophilic Campylobacter species in cats and dogs in two animal shelters in Ireland. Vet
Rec 158:51-54.

Bender JB, Shulman SA, Averbeck GA, Pantlin GC, Stromberg BE. 2005. Epidemiologic
features of Campylobacter infection among cats in the upper midwestern United States. J Am
Vet Med Assoc 226:544-547.

Wieland B, Regula G, Danuser J, Wittwer M, Burnens AP, Wassenaar TM, Stark KD.
2005. Campylobacter spp. in dogs and cats in Switzerland: risk factor analysis and molecular
characterization with AFLP. J Vet Med B Infect Dis Vet Public Health 52:183-189.

Workman S, Mathison G, Lavoie M. 2005. Pet Dogs and Chicken Meat as Reservoirs of
Campylobacter spp. in Barbados. J Clin Microbiol 43:2642 - 2650.

Lopez CM, Giacoboni G, Agostini A, Cornero FJ, Tellechea DM, Trinidad JJ. 2002.
Thermotolerant campylobacters in domestic animals in a defined population in Buenos Aires,
Argentina. Prev Vet Med 55:193-200.

Shen Z, Feng Y, Dewhirst FE, Fox JG. 2001. Coinfection of enteric Helicobacter spp. and
Campylobacter spp. in cats. J Clin Microbiol 39:2166-2172.

Spain CV, Scarlett JM, Wade SE, McDonough P. 2001. Prevalence of Enteric Zoonotic
Agents in Cats less than 1 Year Old in Central New York State. J Vet Intern Med 15:33-38.
Moreno GS, Griffiths PL, Connerton IF, Park RW. 1993. Occurrence of campylobacters in
small domestic and laboratory animals. J Appl Microbiol 75:49-54.

Adesiyun AA, Campbell M, Kaminjolo JS. 1997. Prevalence of Bacterial Enteropathogens
in Pet Dogs in Trinidad. Zentralbl Veterinermed B 44:19-27.

Burnens AP, Angéloz-Wick B, Nicolet J. 1992. Comparison of Campylobacter Carriage
Rates in Diarrheic and Healthy Pet Animals. Zentralblatt fur Veterinarmedizin B 39:175-180.
Malik R, Love DN. 1989. The isolation of Campylobacter-jejuni coli from pound dogs and
canine patients in a veterinary hospital. Australian Veterinary Practitioner 19:16-18.

277



373.

374.

375.

376.

377.

378.

379.

380.

381.

382.

383.

384.

385.

386.

387.

Gondrosen B, Knaevelsrud T, Dommarsnes K. 1985. Isolation of thermophilic
Campylobacters from Norwegian dogs and cats. Acta Vet Scand 26:81-90.

Bruce D, Fleming GA. 1983. Campylobacter isolations from household dogs. Vet Rec
112:16.

Holt PE. 1980. Incidence of Campylobacter, Salmonella and Shigella infections in dogs in an
industrial town. Vet Rec 107:254.

Ferreira MC, Ribeiro VL, Ricciardi ID. 1979. Campylobacter, dogs and human enteritis. Vet
Rec 105:451.

Hastings DH. 1978. Campylobacter enteritis in pets. Lancet 2:1249-1250.

Blaser M, Cravens J, Powers BW, Wang WL. 1978. Campylobacter enteritis associated with
canine infection. Lancet 2:979-981.

Giacomelli M, Follador N, Coppola LM, Martini M, Piccirillo A. 2015. Survey of
Campylobacter spp. in owned and unowned dogs and cats in Northern Italy. Vet J 204:333-
337.

Toledo Z, Simaluiza RJ, Ochoa S, Fernandez H. 2015. Occurrence and Antimicrobial
Susceptibility of Campylobacter jejuni and C. coli in Dog Feces from Public Parks in Southern
Ecuador. Acta Scientiae Veterinariae 43:5.

Selwet M, Clapa T, Galbas M, Slomski R, Porzucek F. 2015. The Prevalence of
Campylobacter spp. and Occurrence of Virulence Genes Isolated from Dogs. Pol J Microbiol
64:73-76.

Holmberg M, Rosendal T, Engvall EO, Ohlson A, Lindberg A. 2015. Prevalence of
thermophilic Campylobacter species in Swedish dogs and characterization of C. jejuni
isolates. Acta Vet Scand 57:19.

Olkkola S, Kovanen S, Roine J, Hanninen M-L, Hielm-Bjérkman A, Kivistd R. 2015.
Population genetics and antimicrobial susceptibility of canine Campylobacter isolates collected
before and after a raw feeding experiment. PLoS One 10:e0132660.

Badlik M, Holoda E, Pistl J, Koscova J, Sihelska Z. 2014. Prevalence of zoonotic
Campylobacter spp. in rectal swabs from dogs in Slovakia: special reference to C. jejuni and
C. coli. Berl Munch Tierarztl Wochenschr 127:144-148.

Malayeri HZ, Jamshidi S, Salehi TZ, Fasaei BN, Tamaei IA. 2014. Identification of
Campylobacter spp. with multiplex PCR assay in healthy and diarrheic dogs. Research
Opinions in Animal & Veterinary Sciences 4:489-495.

Amar C, Kittl S, Spreng D, Thomann A, Korczak BM, Burnens AP, Kuhnert P. 2014.
Genotypes and antibiotic resistance of canine Campylobacter jejuni isolates. Vet Microbiol
168:124-130.

Abay S, Aydin F, Hizlisoy H, GUNe$ V. 2014. Recovery of Thermophilic Campylobacter spp.
in Healthy and Diarrhoeic Pets by Three Culture Methods and Identification of the Isolates by
Multiplex Polymerase Chain Reaction (MPCR). Kafkas Universitesi Veteriner Fakultesi Dergisi
20:735-741.

278



388.

389.

390.

391.

392.

393.

394.

395.

396.

397.

398.

399.

400.

Fernandez H, Oval A. 2013. Occurrence of Campylobacter jejuni and Campylobacter coli
Biotypes and Antimicrobial Susceptibility in Healthy Dogs in Southern Chile. Acta Scientiae
Veterinariae 41:5.

Andrzejewska M, Szczepanska B, Klawe JJ, Spica D, Chudzinska M. 2013. Prevalence of
Campylobacter jejuni and Campylobacter coli species in cats and dogs from Bydgoszcz
(Poland) region. Pol J Vet Sci 16:115-120.

Sahanukool P, Chaveerach P, Noppon B. 2012. Antimicrobial susceptibility test and
prevalence of Campylobacter spp. isolated from client-owned dogs visiting veterinary clinics in
Khon Kaen province. KKU Veterinary Journal 22:174-184.

Rahimi E, Chakeri A, Esmizadeh K. 2012. PREVALENCE OF CAMPYLOBACTER
SPECIES IN FECAL SAMPLES FROM CATS AND DOGS IN IRAN. Slovenian Veterinary
Research 49:117-122.

Carbonero A, Torralbo A, Borge C, Garcia-Bocanegra |, Arenas A, Perea A. 2012.
Campylobacter spp., C. jejuni and C. upsaliensis infection-associated factors in healthy and ill
dogs from clinics in Cordoba, Spain. Screening tests for antimicrobial susceptibility. Comp
Immunol Microbiol Infect Dis 35:505-512.

Leonard EK, Pearl DL, Janecko N, Weese JS, Reid-Smith RJ, Peregrine AS, Finley RL.
2011. Factors related to Campylobacter spp. carriage in client-owned dogs visiting veterinary
clinics in a region of Ontario, Canada. Epidemiol Infect 139:1531-1541.

Parsons BN, Porter CJ, Ryvar R, Stavisky J, Williams NJ, Pinchbeck GL, Birtles RJ,
Christley RM, German AJ, Radford AD, Hart CA, Gaskell RM, Dawson S. 2010.
Prevalence of Campylobacter spp. in a cross-sectional study of dogs attending veterinary
practices in the UK and risk indicators associated with shedding. Vet J 184:66-70.

Parsons BN, Williams NJ, Pinchbeck GL, Christley RM, Hart CA, Gaskell RM, Dawson S.
2011. Prevalence and shedding patterns of Campylobacter spp. in longitudinal studies of
kennelled dogs. Vet J 190:249-254.

Westgarth C, Porter CJ, Nicolson L, Birtles RJ, Williams NJ, Hart CA, Pinchbeck GL,
Gaskell RM, Christley RM, Dawson S. 2009. Risk factors for the carriage of Campylobacter
upsaliensis by dogs in a community in Cheshire. Vet Rec 165:526-530.

Rossi M, Hanninen ML, Revez J, Hannula M, Zanoni RG. 2008. Occurrence and species
level diagnostics of Campylobacter spp., enteric Helicobacter spp. and Anaerobiospirillum
spp. in healthy and diarrheic dogs and cats. Vet Microbiol 129:304-314.

Gargiulo A, Rinaldi L, D'Angelo L, Dipineto L, Borrelli L, Fioretti A, Menna LF. 2008.
Survey of Campylobacter jejuni in stray cats in southern Italy. Lett Appl Microbiol 46:267-270.
Tsai HJ, Huang HC, Lin CM, Chou CH, Lien YY. 2007. Salmonellae and campylobacters in
household and stray dogs in Northern Taiwan. Vet Res Commun 31:931-939.

Engvall EO, Brandstréom B, Andersson L, Baverud V, Trowald-wigh G, Englund L. 2003.
Isolation and Identification of Thermophilic Campylobacter Species in Faecal Samples from
Swedish Dogs. Scand J Infect Dis 35:713-718.

279



401.

402.

403.

404,

405.

406.

407.

408.

4009.

410.

411.

412.

413.

414,

415.

416.

417.

418.

Sandberg M, Bergsjo B, Hofshagen M, Skjerve E, Kruse H. 2002. Risk factors for
Campylobacter infection in Norwegian cats and dogs. Prev Vet Med 55:241-253.

Koene MGJ, Houwers DJ, Dijkstra JR, Duim B, Wagenaar JA. 2004. Simultaneous
presence of multiple Campylobacter species in dogs. J Clin Microbiol 42:819-821.
Steinhauserova |, Fojtikova K, Klimes J. 2000. The incidence and PCR detection of
Campylobacter upsaliensis in dogs and cats. Lett Appl Microbiol 31:209-212.

Baker J, Barton MD, Lanser J. 1999. Campylobacter species in cats and dogs in South
Australia. Aust Vet J 77:662-666.

Hald B, Madsen M. 1997. Healthy Puppies and Kittens as Carriers of Campylobacter spp.,
with Special Reference to Campylobacter upsaliensis. J Clin Microbiol 35:3351-3352.

Torre E, Tello M. 1993. Factors influencing fecal shedding of Campylobacter jejuni in dogs
without diarrhea. Am J Vet Res 54:260-262.

Giacoboni G, Puchuri MC, Castellano C, Echeverria MG, Fernandez H. 1999. Identification
of Campylobacters isolated from dogs by using biotypes and protein electrophoretic patterns.
Arch Med Vet 31:231-235.

Fernandez H, Martin R. 1991. Campylobacter intestinal carriage among stray and pet dogs.
Rev Saude Publica 25:473-475.

Fox JG, Claps MC, Taylor NS, Maxwell KO, Ackerman JI, Hoffman SB. 1988.
Campylobacter jejuni/coli in commercially reared beagles: prevalence and serotypes. Lab
Anim Sci 38:262-265.

Newton CM, Newell DG, Wood M, Baskerville M. 1988. Campylobacter infection in a closed
dog breeding colony. Vet Rec 123:152-154.

Monfort JD, Stills HF, Jr., Bech-Nielsen S. 1988. Comparison of broth enrichment and direct
plating for the isolation of Campylobacter jejuni from dogs. J Clin Microbiol 26:2246-2247.
Olson P, Sandstedt K. 1987. Campylobacter in the dog: a clinical and experimental study.
Vet Rec 121:99-101.

Nair GB, Sarkar RK, Chowdhury S, Pal SC. 1985. Campylobacter infection in domestic
dogs. Vet Rec 116:237-238.

Gifford DH, Shane SM, Smith RE. 1985. Prevalence of Campylobacter jejuni in Felidae in
Baton Rouge, Louisiana. Int J Zoonoses 12:67-73.

Boscato U, Crotti D. 1985. Campylobacter jejuni: a major cause of enterocolitis in kennelled
dogs. Clinica Veterinaria 53:303-308.

Fukushima H, Nakamura R, litsuka S, Ito Y, Saito K. 1985. Presence of zoonotic pathogens
(Yersinia spp., Campylobacter jejuni, Salmonella spp., and Leptospira spp.) simultaneously in
dogs and cats. Zentralblatt Fir Bakteriologie, Mikrobiologie Und Hygiene B 181:430-440.

Fox JG, Krakowka S, Taylor NS. 1985. Acute-onset Campylobacter-associated
gastroenteritis in adult beagles. J Am Vet Med Assoc 187:1268-1271.

Fox JG, Maxwell KO, Ackerman Jl. 1984. Campylobacter jejuni associated diarrhea in
commercially reared beagles. Lab Anim Sci 34:151-155.

280



419.

420.

421.

422.

423.

424,

425.

426.

427,

428.
429.

430.

431.

432.

433.

434.

435.

436.

437.

Fleming MP. 1983. Association of Campylobacter jejuni with enteritis in dogs and cats. Vet
Rec 113:372-374.

Fox JG, Moore R, Ackerman JI. 1983. Canine and feline campylobacteriosis: epizootiology
and clinical and public health features. J Am Vet Med Assoc 183:1420-1424.

Burnie AG, Simpson JW, Lindsay D, Miles RS. 1983. The excretion of campylobacter,
salmonellae and Giardia lamblia in the faeces of stray dogs. Vet Res Commun 6:133-138.
McOrist S, Browning JW. 1982. CARRIAGE OF CAMPYLOBACTER JEJUNI IN HEALTHY
AND DIARRHOEIC DOGS AND CATS. Aust Vet J 58:33-34.

Vandenberghe J, Lauwers S, Plehier P, Hoorens J. 1982. CAMPYLOBACTER JEJUNI
RELATED WITH DIARRHEA IN DOGS. Br Vet J 138:356-361.

Jargensen K. 1981. [Prevalence of Campylobacter fetus ssp. jejuni in Danish dogs (author's
transl)]. Nord Vet Med 33:42-48.

Prescott JF, Bruin-Mosch CW. 1981. Carriage of Campylobacter jejuni in healthy and
diarrheic animals. Am J Vet Res 42:164-165.

Simpson JW, Burnie AG, Ferguson S, Telfer Brunton WA. 1981. Isolation of thermophilic
campylobacters from two populations of dogs. Vet Res Commun 5:63-66.

Patton CM, Mitchell SW, Potter ME, Kaufmann AF. 1981. Comparison of selective media
for primary isolation of Campylobacter fetus subsp. jejuni. J Clin Microbiol 13:326-330.
Fleming MP. 1980. Incidence of Campylobacter infection in dogs. Vet Rec 107:202.

Bruce D, Zochowski W, Fleming GA. 1980. Campylobacter infections in cats and dogs. Vet
Rec 107:200-201.

Hosie BD, Nicolson TB, Henderson DB. 1979. Campylobacter infections in normal and
diarrhoeic dogs. Vet Rec 105:80.

Modolo JR, Giuffrida R. 2004. Campylobacter upsaliensis isolated from young dogs with and
without diarrhea. Rev Soc Bras Med Trop 37:72-73.

Moser |, Rieksneuwohner B, Lentzsch P, Schwerk P, Wieler LH. 2001. Genomic
Heterogeneity and O-antigenic Diversity of Campylobacter upsaliensis and Campylobacter
helveticus Strains Isolated from Dogs and Cats in Germany. J Clin Microbiol 39:2548-2557.
Sandstedt K, Wierup M. 1980. Concomitant occurrence ofCampylobacter and parvoviruses
in dogs with gastroenteritis. Veterinary Science Communications 4:271-273.

Prescott JF, Barker IK, Manninen KI, Miniats OP. 1981. Campylobacter jejuni colitis in
gnotobiotic dogs. Can J Comp Med 45:377-383.

Prescott JF, Karmali MA. 1978. Attempts to transmit campylobacter enteritis to dogs and
cats. Can Med Assoc J 119:1001-1002.

Macartney L, Al-Mashat RR, Taylor DJ, McCandlish IA. 1988. Experimental infection of
dogs with Campylobacter jejuni. Vet Rec 122:245-249,

Maunder CL, Reynolds ZF, Peacock L, Hall EJ, Day MJ, Cogan TA. 2016. Campylobacter
Species and Neutrophilic Inflammatory Bowel Disease in Cats. J Vet Intern Med 30:996-1001.

281



438.

439.
440.

441.

442.

443,

444,

445,

446.

447.

448.

449.

450.

451.

452.

Sokolow SH, Rand C, Marks SL, Drazenovich NL, Kather EJ, Foley JE. 2005.
Epidemiologic evaluation of diarrhea in dogs in an animal shelter. Am J Vet Res 66:1018-
1024,

Bruce D, Ferguson IR. 1980. Campylobacter jejuni in cats. Lancet 2:595-596.

Lépez CM, Giacoboni G, Agostini A, Cornero FJ, Tellechea DM, Trinidad JJ. 2002.
Thermotolerant Campylobacters in domestic animals in a defined population in Buenos Aires,
Argentina. Prev Vet Med 55:193-200.

Hill SL, Cheney JM, Taton-Allen GF, Reif JS, Bruns C, Lappin MR. 2000. Prevalence of
enteric zoonotic organisms in cats. J Am Vet Med Assoc 216:687-692.

Hackett T, Lappin MR. 2003. Prevalence of enteric pathogens in dogs of north-central
Colorado. J Am Anim Hosp Assoc 39:52-56.

McKenzie E, Riehl J, Banse H, Kass PH, Nelson JS, Marks SL. 2010. Prevalence of
Diarrhea and Enteropathogens in Racing Sled Dogs. J Vet Intern Med 24:97-103.

Rahimi E, Momtaz H, Ameri M, Ghasemian-Safaei H, Ali-Kasemi M. 2010. Prevalence and
antimicrobial resistance of Campylobacter species isolated from chicken carcasses during
processing in Iran. Poult Sci 89:1015-1020.

Queen EV, Marks SL, Farver TB. 2012. Prevalence of selected bacterial and parasitic agents
in feces from diarrheic and healthy control cats from northern California. J Vet Intern Med
26:54-60.

Hald B, Pedersen K, Waino M, Jorgensen JC, Madsen M. 2004. Longitudinal Study of the
Excretion Patterns of Thermophilic Campylobacter Spp. in Young Pet Dogs in Denmark. J Clin
Microbiol 42:2003-2012.

Ojo MO. 1994. Pathogenic aerobic bacteria and fungi isolated from stray dogs in Trinidad.
Rev Elev Med Vet Pays Trop 47:179-181.

Buogo C, Burnens AP, Perrin J, Nicolet J. 1995. [Presence of Campylobacter spp.,
Clostridium difficile, C. perfringens and salmonellae in litters of puppies and in adult dogs in a
shelter]. Schweiz Arch Tierheilkd 137:165-171.

Pintar KDM, Christidis T, Thomas MK, Anderson M, Nesbitt A, Keithlin J, Marshall B,
Pollari F. 2015. A systematic review and meta-analysis of the Campylobacter spp. prevalence
and concentration in household pets and petting zoo animals for use in exposure
assessments. PLoS One 10:e0144976.

French N, Marshall J, Mohan V. 2011. New and emerging data on typing of Campylobacter
spp. strains in animals, environmental matrices and humans. Ministry of Agriculture and
Forestry, Wellington, New Zealand.

Kavanagh K, Reeves EP. 2004. Exploiting the potential of insects for in vivo pathogenicity
testing of microbial pathogens. FEMS Microbiol Rev 28:101-112.

Senior NJ, Champion OL, Titball RW, Bagnall MC, la Ragione RM, Woodward MJ,
Salguero FJ, Reynolds SE. 2011. Galleria mellonella as an infection model for
campylobacter jejuni virulence. J Med Microbiol 60:661-669.

282



453.

454,

455,

456.

457.

458.

459,

460.

461.

462.

463.

464.

465.

466.

Eberhart-Phillips J, Walker N, Garrett N, Bell D, Sinclair D, Rainger W, Bates M. 1997.
Campylobacteriosis in New Zealand: results of a case-control study. J Epidemiol Community
Health 51:686-691.

Gilpin BJ, Scholes P, Robson B, Savill MG. 2008. The transmission of thermotolerant
Campylobacter spp. to people living or working on dairy farms in New Zealand. Zoonoses
Public Health 55:352-360.

Mackay J. 2011. Companion Animals in New Zealand. Final report for the New Zealand
Companion Animal Council Inc., Auckland, New Zealand, Brands PL,

Faul F, Erdfelder E, Lang A-G, Buchner A. 2007. G*Power 3: A flexible statistical power
analysis program for the social, behavioral, and biomedical sciences. Behav Res Methods
39:175-191.

Clopper CJ, Pearson ES. 1934. The Use of Confidence or Fiducial Limits lllustrated in the
Case of the Binomial. Biometrika 26:404-413.

Henne K, Fuchs F, Kruth S, Horz H-P, Conrads G. 2014. Shifts in Campylobacter species
abundance may reflect general microbial community shifts in periodontitis progression. J Oral
Microbiol 6.

Petersen RF, Harrington CS, Kortegaard HE, On SLW. 2007. A PCR-DGGE method for
detection and identification of Campylobacter, Helicobacter, Arcobacter and related
Epsilobacteria and its application to saliva samples from humans and domestic pets. J Appl
Microbiol 103:2601-2615.

Hubbard K, Skelly BJ, McKelvie J, Wood JLN. 2007. Risk of vomiting and diarrhoea in
dogs. Vet Rec 161:755-757.

Weese JS, Rousseau J, Arroyo L. 2005. Bacteriological evaluation of commercial canine
and feline raw diets. Can Vet J 46:513-516.

Lenz J, Joffe D, Kauffman M, Zhang Y, Lejeune J. 2009. Perceptions, practices, and
consequences associated with foodborne pathogens and the feeding of raw meat to dogs.
Can Vet J 50:637-643.

Strohmeyer RA, Morley PS, Hyatt DR, Dargatz DA, Scorza AV, Lappin MR. 2006.
Evaluation of bacterial and protozoal contamination of commercially available raw meat diets
for dogs. J Am Vet Med Assoc 228:537-542.

Rosenquist H, Sommer HM, Nielsen NL, Christensen BB. 2006. The effect of slaughter
operations on the contamination of chicken carcasses with thermotolerant Campylobacter. Int
J Food Microbiol 108:226-232.

Abley MJ, Wittum TE, Zerby HN, Funk JA. 2011. Quantification of Campylobacter and
Salmonella in cattle before, during, and after the slaughter process. Foodborne Pathog Dis
9:113-119.

Abley MJ, Wittum TE, Moeller SJ, Zerby HN, Funk JA. 2012. Quantification of
Campylobacter in swine before, during, and after the slaughter process. J Food Prot 75:139-
143.

283



467.

468.

469.

470.

471.

472.

473.

474.

475.

476.

477.

478.

479.

480.

Wong TL, Hollis L, Cornelius A, Nicol C, Cook R, Hudson JA. 2007. Prevalence, numbers,
and subtypes of Campylobacter jejuni and Campylobacter coli in uncooked retail meat
samples. J Food Prot 70:566-573.

Zhao S, Young SR, Tong E, Abbott JW, Womack N, Friedman SL, McDermott PF. 2010.
Antimicrobial resistance of Campylobacter isolates from retail meat in the United States
between 2002 and 2007. Appl Environ Microbiol 76:7949-7956.

Korsak D, Ma, kiw E, bieta, Ro, ynek E, bieta, owska M. 2015. Prevalence of
Campylobacter spp. in retail chicken, turkey, pork, and beef meat in Poland between 2009 and
2013. J Food Prot 78:1024-1028.

Hiroi M, Kawamori F, Harada T, Sano Y, Miwa N, Sugiyama K, Hara-Kudo Y, Masuda T.
2012. Antibiotic resistance in bacterial pathogens from retail raw meats and food-producing
animals in Japan. J Food Prot 75:1774-1782.

Hutchinson DN, Bolton FJ. 1984. Improved blood free selective medium for the isolation of
Campylobacter jejuni from faecal specimens. J Clin Pathol 37:956-957.

Corry JEL, Atabay HI. 1997. Comparison of the productivity of cefoperazone amphotericin
teicoplanin (CAT) agar and modified charcoal cefoperazone deoxycholate (mCCD) agar for
various strains of Campylobacter, Arcobacter and Helicobacter pullorum. Int J Food Microbiol
38:201-209.

Lentzsch P, Rieksneuwohner B, Wieler LH, Hotzel H, Moser |. 2004. High-resolution
genotyping of Campylobacter upsaliensis strains originating from three continents. J Clin
Microbiol 42:3441-3448.

Inglis GD, Kalischuk LD. 2003. Use of PCR for direct detection of Campylobacter species in
bovine feces. Appl Environ Microbiol 69:3435-3447.

Collado L, Figueras MJ. 2011. Taxonomy, epidemiology, and clinical relevance of the genus
Arcobacter. Clin Microbiol Rev 24:174-192.

Duffy LL, Fegan N. 2012. Prevalence and concentration of Arcobacter spp. on Australian
beef carcasses. J Food Prot 75:1479-1482.

Parsons BN, Cody AJ, Porter CJ, Stavisky JH, Smith JL, Williams NJ, Leatherbarrow
AJH, Hart CA, Gaskell RM, Dingle KE, Dawson S. 2009. Typing of Campylobacter jejuni
isolates from dogs by use of multilocus sequence typing and pulsed-field gel electrophoresis.
J Clin Microbiol 47:3466-3471.

Lindblom G-B, Sjogren E, Hansson-Westerberg J, Kaijser B. 1995. Campylobacter
upsaliensis, C. sputorum sputorum and C. concisus as common causes of diarrhoea in
Swedish children. Scand J Infect Dis 27:187-188.

Labarca JA, Sturgeon J, Borenstein L, Salem N, Harvey SM, Lehnkering E, Reporter R,
Mascola L. 2002. Campylobacter upsaliensis: another pathogen for consideration in the
United States. Clin Infect Dis 34:E59-60.

Westgarth C, Pinchbeck GL, Bradshaw JWS, Dawson S, Gaskell RM, Christley RM.
2008. Dog-human and dog-dog interactions of 260 dog-owning households in a community in
Cheshire. Vet Rec 162:436-442.

284



481.

482.

483.

484.

485.

486.

487.

488.

4809.

490.

491.

492.

493.

494,

de Boer RF, Ott A, Kesztyus B, Kooistra-Smid AMD. 2010. Improved detection of five
major gastrointestinal pathogens by use of a molecular screening approach. J Clin Microbiol
48:4140-4146.

Vanniasinkam T, Lanser JA, Barton MD. 1999. PCR for the detection of Campylobacter
spp. in clinical specimens. Lett Appl Microbiol 28:52-56.

Bullman S, Corcoran D, O'Leary J, O'Hare D, Lucey B, Sleator RD. 2011. Emerging
dynamics of human campylobacteriosis in Southern Ireland. FEMS Immunol Med Microbiol
63:248-253.

Maher M, Finnegan C, Collins E, Ward B, Carroll C, Cormican M. 2003. Evaluation of
culture methods and a DNA probe-based PCR assay for detection of Campylobacter species
in clinical specimens of feces. J Clin Microbiol 41:2980-2986.

Keller J, Wieland B, Wittwer M, Stephan R, Perreten V. 2007. Distribution and genetic
variability among Campylobacter spp. isolates from different animal species and humans in
Switzerland. Zoonoses Public Health 54:2-7.

Koene MGJ, Houwers DJ, Dijkstra JR, Duim B, Wagenaar JA. 2009. Strain variation within
Campylobacter species in fecal samples from dogs and cats. Vet Microbiol 133:199-205.

Kato Y, Shirai M, Murakami M, Mizusawa T, Hagimoto A, Wada K, Nomura R, Nakano K,
Ooshima T, Asai F. 2011. Molecular detection of human periodontal pathogens in oral swab
specimens from dogs in Japan. J Vet Dent 28:84-89.

Spencer SEF, Marshall J, Pirie R, Campbell D, Baker MG, French NP. 2012. The spatial
and temporal determinants of campylobacteriosis notifications in New Zealand, 2001-2007.
Epidemiol Infect 140:1663-1677.

Halebian S, Harris B, Finegold SM, Rolfe RD. 1981. Rapid method that aids in
distinguishing Gram-positive from Gram-negative anaerobic bacteria. J Clin Microbiol 13:444-
448.

Linton D, Owen RJ, Stanley J. 1996. Rapid identification by PCR of the genus
Campylobacter and of five Campylobacter species enteropathogenic for man and animals.
Res Microbiol 147:707-718.

Wang G, Clark CG, Taylor TM, Pucknell C, Barton C, Price L, Woodward DL, Rodgers
FG. 2002. Colony multiplex PCR assay for identification and differentiation of Campylobacter
jejuni, C. coli, C. lari, C. upsaliensis, and C. fetus subsp. fetus. J Clin Microbiol 40:4744-4747.

Denis M, Refrégier-Petton J, Laisney MJ, Ermel G, Salvat G. 2001. Campylobacter
contamination in French chicken production from farm to consumers. Use of a PCR assay for
detection and identification of Campylobacter jejuni and Camp. coli. J Appl Microbiol 91:255-
267.

Houf K, Tutenel A, De Zutter L, Van Hoof J, Vandamme P. 2000. Development of a
multiplex PCR assay for the simultaneous detection and identification of Arcobacter butzleri,
Arcobacter cryaerophilus and Arcobacter skirrowii. FEMS Microbiol Lett 193:89-94.

Suzuki MT, Giovannoni SJ. 1996. Bias caused by template annealing in the amplification of
mixtures of 16S rRNA genes by PCR. Appl Environ Microbiol 62:625-630.

285



495,

496.

497.

498.

499.

500.

501.

502.

503.

504.

505.

506.

507.

Debruyne L, Broman T, Bergstrom S, Olsen B, On SLW, Vandamme P. 2010.
Campylobacter volucris sp. nov., isolated from black-headed gulls (Larus ridibundus). Int J
Syst Evol Microbiol 60:1870-1875.

Kweon 0OJ, Lim YK, Yoo B, Kim HR, Kim T-H, Lee M-K. 2015. First case report of
Campylobacter volucris bacteremia in an immunocompromised patient. J Clin Microbiol
53:1976-1978.

Debruyne L, On SLW, De Brandt E, Vandamme P. 2009. Novel Campylobacter lari-like
bacteria from humans and molluscs: description of Campylobacter peloridis sp. nov.,
Campylobacter lari subsp. concheus subsp. nov. and Campylobacter lari subsp. lari subsp.
nov. Int J Syst Evol Microbiol 59:1126-1132.

Melito PL, Munro C, Chipman PR, Woodward DL, Booth TF, Rodgers FG. 2001.
Helicobacter winghamensis sp. nov., a novel Helicobacter sp. isolated from patients with
gastroenteritis. J Clin Microbiol 39:2412-2417.

Goto K, Jiang W, Zheng Q, Oku Y, Kamiya H, Itoh T, Ito M. 2004. Epidemiology of
Helicobacter infection in wild rodents in the Xinjiang-Uygur autonomous region of China. Curr
Microbiol 49:221-223.

On SL. 2001. Taxonomy of Campylobacter, Arcobacter, Helicobacter and related bacteria:
current status, future prospects and immediate concerns. J Appl Microbiol 90:1S-15S.

Samuel MC, Vugia DJ, Shallow S, Marcus R, Segler S, McGivern T, Kassenborg H, Reilly
K, Kennedy M, Angulo F, Tauxe RV, Group EIPFW. 2004. Epidemiology of sporadic
Campylobacter infection in the United States and declining trend in incidence, FoodNet 1996—
1999. Clin Infect Dis 38 Suppl 3:5165-174.

Lawson AJ, Logan JM, O'neill GL, Desai M, Stanley J. 1999. Large-scale survey of
Campylobacter species in human gastroenteritis by PCR and PCR-enzyme-linked
immunosorbent assay. J Clin Microbiol 37:3860-3864.

O'Leary J, Corcoran D, Lucey B. 2009. Comparison of the EntericBio multiplex PCR system
with routine culture for detection of bacterial enteric pathogens. J Clin Microbiol 47:3449-3453.
Lastovica AJ, Le Roux E. 2003. Optimal detection of Campylobacter spp in stools. J Clin
Pathol 56:480.

Operario DJ, Houpt E. 2011. Defining the causes of diarrhea: novel approaches. Curr Opin
Infect Dis 24:464-471.

Bullman S, O'Leary J, Corcoran D, Sleator RD, Lucey B. 2012. Molecular-based detection
of non-culturable and emerging campylobacteria in patients presenting with gastroenteritis.
Epidemiol Infect 140:684-688.

Iwamoto M, Huang JY, Cronquist AB, Medus C, Hurd S, Zansky S, Dunn J, Woron AM,
Oosmanally N, Griffin PM, Besser J, Henao OL. 2015. Bacterial enteric infections detected
by culture-independent diagnostic tests — FoodNet, United States, 2012-2014. MMWR
64:252-257.

286



508.

5009.

510.

511.

512.

513.

514.

515.

516.

517.

518.

5109.

520.
521.

522.

523.

Atkinson R, Maguire H, Gerner-Smidt P. 2013. A challenge and an opportunity to improve
patient management and public health surveillance for food-borne infections through culture-
independent diagnostics. J Clin Microbiol 51:2479-2482.

Timothy FJ, Gerner-Smidt P. 2012. Nonculture diagnostic tests for enteric diseases. Emerg
Infect Dis 18:513.

Endtz HP, Ang CW, van den Braak N, Luijendijk A, Jacobs BC, de Man P, van Duin JM,
van Belkum A, Verbrugh HA. 2000. Evaluation of a new commercial immunoassay for rapid
detection of Campylobacter jejuni in stool samples. Eur J Clin Microbiol Infect Dis 19:794-797.
Lastovica AJ, Allos BM. 2008. Clinical significance of Campylobacter and related species
other than Campylobacter jejuni and Campylobacter coli, p 123-149. In Nachamkin I,
Szymanski CM, Blaser MJ (ed), Campylobacter, 3rd ed. ASM Press, Washington, D.C.
McCaughey C, O'Neill HJ, Wyatt DE, Christie SN, Jackson PT, Coyle PV. 1998. Effect of
faecal consistency on virological diagnosis. J Infect 36:145-148.

Boga JA, Melén S, Nicieza |, de Diego I, Villar M, Parra F, de Ofia M. 2004. Etiology of
sporadic cases of pediatric acute gastroenteritis in Asturias, Spain, and genotyping and
characterization of norovirus strains involved. J Clin Microbiol 42:2668-2674.

Ho TW, Hsieh ST, Nachamkin I, Willison HJ, Sheikh K, Kiehlbauch J, Flanigan K,
McArthur JC, Cornblath DR, McKhann GM, Griffin JW. 1997. Motor nerve terminal
degeneration provides a potential mechanism for rapid recovery in acute motor axonal
neuropathy after Campylobacter infection. Neurology 48:717-724.

Spiller R, Garsed K. 2009. Postinfectious irritable bowel syndrome. Gastroenterology
136:1979-1988.

Stanley J, Burnens AP, Linton D, On SL, Costas M, Owen RJ. 1992. Campylobacter
helveticus sp. nov., a new thermophilic species from domestic animals: characterization, and
cloning of a species-specific DNA probe. J Gen Microbiol 138:2293-2303.

Nathan S. 2014. New to Galleria mellonella. Virulence 5:371-374.

Tsai CJ-Y, Loh JMS, Proft T. 2016. Galleria mellonella infection models for the study of
bacterial diseases and for antimicrobial drug testing. Virulence 7:214-229.

Champion OL, Karlyshev AV, Senior NJ, Woodward M, La Ragione R, Howard SL, Wren
BW, Titball RW. 2010. Insect infection model for Campylobacter jejuni reveals that O-methyl
phosphoramidate has insecticidal activity. J Infect Dis 201:776-782.

Lackie AM. 1980. Invertebrate immunity. Parasitology 80:393-412.

Perdoni F, Falleni M, Tosi D, Cirasola D, Romagnoli S, Braidotti P, Clementi E,
Bulfamante G, Borghi E. 2014. A Histological Procedure to Study Fungal Infection in the
Wax Moth Galleria Mellonella. European Journal of Histochemistry : EJH 58:2428.

Nappi AJ, Christensen BM. 2005. Melanogenesis and associated cytotoxic reactions:
Applications to insect innate immunity. Insect Biochem Mol Biol 35:443-459.

He Y, Chen C-Y. 2010. Quantitative analysis of viable, stressed and dead cells of
Campylobacter jejuni strain 81-176. Food Microbiol 27:439-446.

287



524,

525.

526.

527.

528.

529.

530.

531.

532.

533.

534.

535.

536.

537.

538.

Browne N, Heelan M, Kavanagh K. 2013. An analysis of the structural and functional
similarities of insect hemocytes and mammalian phagocytes. Virulence 4:597-603.

Gundogdu O, da Silva DT, Mohammad B, EImi A, Mills DC, Wren BW, Dorrell N. 2015.
The Campylobacter jejuni MarR-like transcriptional regulators RrpA and RrpB both influence
bacterial responses to oxidative and aerobic stresses. Front Microbiol 6:724.

Gundogdu O, Mills DC, EImi A, Martin MJ, Wren BW, Dorrell N. 2011. The Campylobacter
jejuni transcriptional regulator Cj1556 plays a role in the oxidative and aerobic stress response
and is important for bacterial survival in vivo. J Bacteriol 193:4238-4249.

Day WA, Jr., Sajecki JL, Pitts TM, Joens LA. 2000. Role of catalase in Campylobacter jejuni
intracellular survival. Infect Immun 68:6337-6345.

Hickey TE, Majam G, Guerry P. 2005. Intracellular Survival of Campylobacter jejuni in
Human Monocytic Cells and Induction of Apoptotic Death by Cytholethal Distending Toxin.
Infect Immun 73:5194-5197.

Kiehlbauch JA, Albach RA, Baum LL, Chang KP. 1985. Phagocytosis of Campylobacter
jejuni and its intracellular survival in mononuclear phagocytes. Infect Immun 48:446-451.
Kemp MW, Massey RC. 2007. The use of insect models to study human pathogens. Drug
Discov Today Dis Models 4:105-110.

Kaakoush NO, Miller WG, De Reuse H, Mendz GL. 2007. Oxygen requirement and
tolerance of Campylobacter jejuni. Res Microbiol 158:644-650.

Oh E, McMullen L, Jeon B. 2015. High prevalence of hyper-aerotolerant Campylobacter
jejuni in retail poultry with potential implication in human infection. Front Microbiol 6:1263.

Elmi A, Watson E, Sandu P, Gundogdu O, Mills DC, Inglis NF, Manson E, Imrie L, Bajaj-
Elliott M, Wren BW, Smith DGE, Dorrell N. 2012. Campylobacter jejuni outer membrane
vesicles play an important role in bacterial interactions with human intestinal epithelial cells.
Infect Immun 80:4089-4098.

Humphrey S, Lacharme-Lora L, Chaloner G, Gibbs K, Humphrey T, Williams N, Wigley
P. 2015. Heterogeneity in the infection biology of Campylobacter jejuni isolates in three
infection models reveals an invasive and virulent phenotype in a ST21 isolate from poultry.
PLoS One 10:e0141182.

Jowiya W, Brunner K, Abouelhadid S, Hussain HA, Nair SP, Sadiq S, Williams LK,
Trantham EK, Stephenson H, Wren BW, Bajaj-Elliott M, Cogan TA, Laws AP, Wade J,
Dorrell N, Allan E. 2015. Pancreatic Amylase Is an Environmental Signal for Regulation of
Biofilm Formation and Host Interaction in Campylobacter jejuni. Infect Immun 83:4884-4895.
Cotter G, Doyle S, Kavanagh K. 2000. Development of an insect model for the in vivo
pathogenicity testing of yeasts. FEMS Immunol Med Microbiol 27:163-169.

Cook SM, McArthur JD. 2013. Developing Galleria mellonella as a model host for human
pathogens. Virulence 4:350-353.

Champion OL, Wagley S, Titball RW. 2016. Galleria mellonella as a model host for
microbiological and toxin research. Virulence doi:10.1080/21505594.2016.1203486:00-00.

288



539.

540.

541.

542.

543.

544.

545.

546.

547.

548.

549,

550.

551.

Loh JMS, Adenwalla N, Wiles S, Proft T. 2013. Galleria mellonella larvae as an infection
model for group A streptococcus. Virulence 4:419-428.

Harding CR, Schroeder GN, Reynolds S, Kosta A, Collins JW, Mousnier A, Frankel G.
2012. Legionella pneumophila Pathogenesis in the Galleria mellonella Infection Model. Infect
Immun 80:2780-2790.

Bentley SD, Parkhill J. 2004. Comparative Genomic Structure of Prokaryotes. Annu Rev
Genet 38:771-791.

Cameron A, Huynh S, Scott NE, Frirdich E, Apel D, Foster LJ, Parker CT, Gaynor EC.
2015. High-frequency variation of purine biosynthesis genes is a mechanism of success in
Campylobacter jejuni. mBio 6:e00612-00615.

Jerome JP, Bell JA, Plovanich-Jones AE, Barrick JE, Brown CT, Mansfield LS. 2011.
Standing Genetic Variation in Contingency Loci Drives the Rapid Adaptation of Campylobacter
jejuni to a Novel Host. PL0S One 6:€16399.

Richards VP, Lefébure T, Pavinski Bitar PD, Stanhope MJ. 2013. Comparative
characterization of the virulence gene clusters (lipooligosacharide [LOS] and capsular
polysaccharide [CPS]) for Campylobacter coli, Campylobacter jejuni subsp. jejuni and related
Campylobacter species. Infect Genet Evol 14:200-213.

Habib I, Uyttendaele M, De Zutter L. 2010. Survival of poultry-derived Campylobacter jejuni
of multilocus sequence type clonal complexes 21 and 45 under freeze, chill, oxidative, acid
and heat stresses. Food Microbiol 27:829-834.

Vogel H, Altincicek B, Glockner G, Vilcinskas A. 2011. A comprehensive transcriptome and
immune-gene repertoire of the lepidopteran model host Galleria mellonella. BMC Genomics
12:308.

O Créinin T, Backert S. 2012. Host epithelial cell invasion by Campylobacter jejuni: trigger or
zipper mechanism? Frontiers in Cellular and Infection Microbiology 2:25.

Griekspoor P, Colles FM, McCarthy ND, Hansbro PM, Ashhurst-Smith C, Olsen B,
Hasselquist D, Maiden MCJ, Waldenstrém J. 2013. Marked host specificity and lack of
phylogeographic population structure of Campylobacter jejuni in wild birds. Mol Ecol 22:1463-
1472,

Kivistd RI, Kovanen S, Skarp-de Haan A, Schott T, Rahkio M, Rossi M, Hanninen M-L.
2014. Evolution and comparative genomics of Campylobacter jejuni ST-677 clonal complex.
Genome Biol Evol 6:2424-2438.

Snipen L, Wassenaar TM, Altermann E, Olson J, Kathariou S, Lagesen K, Takamiya M,
Knochel S, Ussery DW, Meinersmann RJ. 2012. Analysis of evolutionary patterns of genes
in Campylobacter jejuni and C. coli. Microb Inform Exp 2:8.

Skarp-de Haan CPA, Culebro A, Schott T, Revez J, Schweda EKH, Hanninen M-L, Rossi
M. 2014. Comparative genomics of unintrogressed Campylobacter coli clades 2 and 3. BMC
Genomics 15:129-129.

289



552.

553.

554.

555.

556.

557.

558.

559.

560.

561.

562.

563.

564.

565.

566.

Miller WG, Yee E, Chapman MH, Smith TPL, Bono JL, Huynh S, Parker CT, Vandamme
P, Luong K, Korlach J. 2014. Comparative genomics of the Campylobacter lari group.
Genome Biol Evol 6:3252-3266.

Bullman S, Lucid A, Corcoran D, Sleator RD, Lucey B. 2013. Genomic investigation into
strain heterogeneity and pathogenic potential of the emerging gastrointestinal pathogen
Campylobacter ureolyticus. PLoS One 8:e71515.

LaGier MJ, Threadgill DS. 2008. Identification of novel genes in the oral pathogen
Campylobacter rectus. Oral Microbiol Immunol 23:406-412.

Kienesberger S, Sprenger H, Wolfgruber S, Halwachs B, Thallinger GG, Perez-Perez Gl,
Blaser MJ, Zechner EL, Gorkiewicz G. 2014. Comparative genome analysis of
Campylobacter fetus subspecies revealed horizontally acquired genetic elements important for
virulence and niche specificity. PLoS One 9:e85491.

Kaakoush NO, Deshpande NP, Wilkins MR, Raftery MJ, Janitz K, Mitchell H. 2011.
Comparative analyses of Campylobacter concisus strains reveal the genome of the reference
strain BAA-1457 is not representative of the species. Gut Pathog 3:15-15.

Zerbino DR, Birney E. 2008. Velvet: Algorithms for de novo short read assembly using de
Bruijn graphs. Genome Res 18:821-829.

Gurevich A, Saveliev V, Vyahhi N, Tesler G. 2013. QUAST: quality assessment tool for
genome assemblies. Bioinformatics 29:1072-1075.

Seemann T. 2014. Prokka: rapid prokaryotic genome annotation. Bioinformatics
doi:10.1093/bioinformatics/btul53.

Tatusov RL, Koonin EV, Lipman DJ. 1997. A Genomic Perspective on Protein Families.
Science 278:631-637.

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, Edwards RA, Formsma K, Gerdes S,
Glass EM, Kubal M, Meyer F, Olsen GJ, Olson R, Osterman AL, Overbeek RA, McNeil
LK, Paarmann D, Paczian T, Parrello B, Pusch GD, Reich C, Stevens R, Vassieva O,
Vonstein V, Wilke A, Zagnitko O. 2008. The RAST Server: Rapid Annotations using
Subsystems Technology. BMC Genomics 9:75.

Cosentino S, Voldby Larsen M, Mgller Aarestrup F, Lund O. 2013. PathogenFinder -
distinguishing friend from foe using bacterial whole genome sequence data. PLoS One
8:e77302.

Gupta A, Kapil R, Dhakan DB, Sharma VK. 2014. MP3: a software tool for the prediction of
pathogenic proteins in genomic and metagenomic data. PLoS One 9:€93907.

Grissa |, Verghaud G, Pourcel C. 2007. CRISPRFinder: a web tool to identify clustered
regularly interspaced short palindromic repeats. Nucleic Acids Res 35:W52-57.

Zhou Y, Liang Y, Lynch KH, Dennis JJ, Wishart DS. 2011. PHAST: A Fast Phage Search
Tool. Nucleic Acids Res doi:10.1093/nar/gkr485.

Page AJ, Cummins CA, Hunt M, Wong VK, Reuter S, Holden MTG, Fookes M, Falush D,
Keane JA, Parkhill J. 2015. Roary: rapid large-scale prokaryote pan genome analysis.
Bioinformatics 31:3691-3693.

290



567.

568.

569.

570.

571.

572.

573.

574.

575.

576.

577.

578.

579.

580.

581.

582.

Snipen L, Liland KH. 2015. micropan: an R-package for microbial pan-genomics. BMC
Bioinformatics 16:1-8.

Huson DH. 1998. SplitsTree: analyzing and visualizing evolutionary data. Bioinformatics
14:68-73.

Huson DH, Bryant D. 2006. Application of Phylogenetic Networks in Evolutionary Studies.
Mol Biol Evol 23:254-267.

Li L, Stoeckert CJ, Jr., Roos DS. 2003. OrthoMCL: Identification of Ortholog Groups for
Eukaryotic Genomes. Genome Res 13:2178-2189.

Zhou Y, Bu L, Guo M, Zhou C, Wang Y, Chen L, Liu J. 2013. Comprehensive Genomic
Characterization of Campylobacter Genus Reveals Some Underlying Mechanisms for its
Genomic Diversification. PLoS One 8:€70241.

Mann S, Chen Y-PP. 2010. Bacterial genomic G + C composition-eliciting environmental
adaptation. Genomics 95:7-15.

de Cardenas |, Ferndndez-Garayzéabal JF, de la Cruz M-L, Dominguez L, Ugarte-Ruiz M,
GOmez-Barrero S. 2015. Efficacy of a typing scheme for Campylobacter based on the
combination of true and questionable CRISPR. J Microbiol Methods 119:147-153.

Pearson BM, Louwen R, van Baarlen P, van Vliet AHM. 2015. Differential distribution of
type 1l CRISPR-Cas systems in agricultural and nonagricultural Campylobacter coli and
Campylobacter jejuni isolates correlates with lack of shared environments. Genome Biol Evol
7:2663-2679.

Frost JA, Kramer JM, Gillanders SA. 1999. Phage Typing of Campylobacter jejuni and
Campylobacter coli and Its Use as an Adjunct to Serotyping. Epidemiol Infect 123:47-55.
Lefébure T, Stanhope MJ. 2009. Pervasive, genome-wide positive selection leading to
functional divergence in the bacterial genus Campylobacter. Genome Res 19:1224-1232.
Friis C, Wassenaar TM, Javed MA, Snipen L, Lagesen K, Hallin PF, Newell DG,
Toszeghy M, Ridley A, Manning G, Ussery DW. 2010. Genomic Characterization of
Campylobacter jejuni Strain M1. PLoS One 5:e12253.

Paul K, Nieto V, Carlquist WC, Blair DF, Harshey RM. 2010. The c-di-GMP Binding Protein
YcgR Controls Flagellar Motor Direction and Speed to Affect Chemotaxis by a “Backstop
Brake” Mechanism. Mol Cell 38:128-139.

Méric G, Yahara K, Mageiros L, Pascoe B, Maiden MCJ, Jolley KA, Sheppard SK. 2014.
A reference pan-genome approach to comparative bacterial genomics: Identification of novel
epidemiological markers in pathogenic Campylobacter. PLoS One 9:€92798.

Snipen L, Almgy T, Ussery DW. 2009. Microbial comparative pan-genomics using binomial
mixture models. BMC Genomics 10:385-385.

Tatusov RL, Galperin MY, Natale DA, Koonin EV. 2000. The COG database: a tool for
genome-scale analysis of protein functions and evolution. Nucleic Acids Res 28:33-36.

Merhej V, Royer-Carenzi M, Pontarotti P, Raoult D. 2009. Massive comparative genomic
analysis reveals convergent evolution of specialized bacteria. Biol Direct 4:13-13.

201



583.

584.

585.

586.

587.

588.

589.

590.

591.

592.

593.

594,

595.

596.

597.

Georgiades K, Raoult D. 2011. Genomes of the Most Dangerous Epidemic Bacteria Have a
Virulence Repertoire Characterized by Fewer Genes but More Toxin-Antitoxin Modules. PLoS
One 6:€17962.

Merhej V, Georgiades K, Raoult D. 2013. Postgenomic analysis of bacterial pathogens
repertoire reveals genome reduction rather than virulence factors. Brief Funct Genomics
12:291-304.

Wu H-J, Wang AHJ, Jennings MP. 2008. Discovery of virulence factors of pathogenic
bacteria. Curr Opin Chem Biol 12:93-101.

Georgiades K, Raoult D. 2011. Comparative genomics evidence that only protein toxins are
tagging bad bugs. Frontiers in Cellular and Infection Microbiology 1.

Pandey DP, Gerdes K. 2005. Toxin—antitoxin loci are highly abundant in free-living but lost
from host-associated prokaryotes. Nucleic Acids Res 33:966-976.

Gerdes K, Christensen SK, Lobner-Olesen A. 2005. Prokaryotic toxin-antitoxin stress
response loci. Nat Rev Microbiol 3:371-382.

Schuster CF, Bertram R. 2013. Toxin—antitoxin systems are ubiquitous and versatile
modulators of prokaryotic cell fate. FEMS Microbiol Lett 340:73-85.

Van Melderen L, Saavedra De Bast M. 2009. Bacterial Toxin—Antitoxin Systems: More Than
Selfish Entities? PLoS Genet 5:1000437.

Bourniquel Aude A, Bickle Thomas A. 2002. Complex restriction enzymes: NTP-driven
molecular motors. Biochimie 84:1047-1059.

Kinashi Y, Nagasawa H, Little JB. 1993. Mutagenic effects of restriction enzymes in Chinese
hamster cells: evidence for high mutagenicity of Sau3Al at the hprt locus. Mutat Res 285:251-
257.

Anjum A, Brathwaite KJ, Aidley J, Connerton PL, Cummings NJ, Parkhill J, Connerton I,
Bayliss CD. 2016. Phase variation of a Type |IG restriction-modification enzyme alters site-
specific methylation patterns and gene expression in Campylobacter jejuni strain NCTC11168.
Nucleic Acids Res doi:10.1093/nar/gkw019.

Morley L, McNally A, Paszkiewicz K, Corander J, Méric G, Sheppard SK, Blom J,
Manning G. 2015. Gene loss and lineage-specific restriction-modification systems associated
with niche differentiation in the Campylobacter jejuni sequence type 403 clonal complex. Appl
Environ Microbiol 81:3641-3647.

Bliven KA, Maurelli AT. 2012. Antivirulence Genes: Insights into Pathogen Evolution through
Gene Loss. Infect Immun 80:4061-4070.

Maurelli AT. 2007. Black holes, antivirulence genes, and gene inactivation in the evolution of
bacterial pathogens. FEMS Microbiol Lett 267:1-8.

Pajaniappan M, Hall JE, Cawthraw SA, Newell DG, Gaynor EC, Fields JA, Rathbun KM,
Agee WA, Burns CM, Hall SJ, Kelly DJ, Thompson SA. 2008. A temperature-regulated
Campylobacter jejuni gluconate dehydrogenase is involved in respiration-dependent energy
conservation and chicken colonization. Mol Microbiol 68:474-491.

292



598.

599.

600.

601.

602.

603.

604.

605.

606.

607.

608.

609.

610.

611.

612.

613.

Kelle K, Pagés JM, Bolla JM. 1998. A putative adhesin gene cloned from Campylobacter
jejuni. Res Microbiol 149:723-733.

Saier MH, Jr. 2006. Protein Secretion and Membrane Insertion Systems in Gram-Negative
Bacteria. J Membr Biol 214:75-90.

Wallden K, Rivera-Calzada A, Waksman G. 2010. Type IV secretion systems: versatility and
diversity in function. Cell Microbiol 12:1203-1212.

Bleumink-Pluym NMC, van Alphen LB, Bouwman LI, Wésten MMSM, van Putten JPM.
2013. ldentification of a Functional Type VI Secretion System in Campylobacter jejuni
Conferring Capsule Polysaccharide Sensitive Cytotoxicity. PLoS Pathog 9:e1003393.
Taveirne ME, Theriot CM, Livny J, DiRita VJ. 2013. The Complete Campylobacter jejuni
Transcriptome during Colonization of a Natural Host Determined by RNAseq. PLoS One
8:e73586.

Flint A, Sun Y-Q, Stintzi A. 2012. Cj1386 Is an Ankyrin-Containing Protein Involved in Heme
Trafficking to Catalase in Campylobacter jejuni. J Bacteriol 194:334-345.

Stintzi A, Marlow D, Palyada K, Naikare H, Panciera R, Whitworth L, Clarke C. 2005. Use
of Genome-Wide Expression Profiling and Mutagenesis To Study the Intestinal Lifestyle of
Campylobacter jejuni. Infect Immun 73:1797-1810.

Koonin EV. 2000. HOW MANY GENES CAN MAKE A CELL: The Minimal-Gene-Set
Concept. Annual Review of Genomics and Human Genetics 1:99-116.

Anonymous. 2002. Surveillance. Ministry of Agriculture and Forestry, Wellington, New
Zealand.

Trokhymchuk A, Waldner C, Chaban B, Gow S, Hill JE. 2014. Prevalence and Diversity of
Campylobacter Species in Saskatchewan Retail Ground Beef. J Food Prot 77:2106-2110.
Garin B, Gouali M, Wouafo M, Perchec A-M, Pham MT, Ravaonindrina N, Urbes F, Gay
M, Diawara A, Leclercq A, Rocourt J, Pouillot R. 2012. Prevalence, quantification and
antimicrobial resistance of Campylobacter spp. on chicken neck-skins at points of slaughter in
5 major cities located on 4 continents. Int J Food Microbiol 157:102-107.

Kilonzo-Nthenge A, Nahashon SN, Chen F, Adefope N. 2008. Prevalence and antimicrobial
resistance of pathogenic bacteria in chicken and guinea fowl. Poult Sci 87:1841-1848.

Engvall EO, Brandstrom B, Andersson L, Baverud V, Trowald-Wigh G, Englund L. 2003.
Isolation and identification of thermophilic Campylobacter species in faecal samples from
Swedish dogs. Scand J Infect Dis 35:713-718.

Kaakoush NO, Sodhi N, Chenu JW, Cox JM, Riordan SM, Mitchell HM. 2014. The
interplay between Campylobacter and Helicobacter species and other gastrointestinal
microbiota of commercial broiler chickens. Gut Pathog 6:18-18.

Suchodolski JS. 2011. Intestinal Microbiota of Dogs and Cats: a Bigger World than We
Thought. Vet Clin North Am Small Anim Pract 41:261-272.

Chaban B, Musil KM, Himsworth CG, Hill JE. 2009. Development of cpn60-based real-time
quantitative PCR assays for the detection of 14 Campylobacter species and application to

screening of canine fecal samples. Appl Environ Microbiol 75:3055-3061.

293



614.

615.

616.

617.

618.

619.

620.

621.

622.

623.

624.

625.

626.

627.

Platts-Mills JA, Liu J, Houpt ER. 2013. New concepts in diagnostics for infectious diarrhea.
Mucosal Immunol 6:876-885.

Schlesinger DP, Joffe DJ. 2011. Raw food diets in companion animals: A critical review. Can
Vet J 52:50-54.

Michel KE. 2006. Unconventional diets for dogs and cats. Veterinary Clinics of North America
- Small Animal Practice 36:1269-1281.

Dicksved J, Ellstrém P, Engstrand L, Rautelin H. 2014. Susceptibility to Campylobacter
Infection Is Associated with the Species Composition of the Human Fecal Microbiota. mBio 5.
Platts-Mills JA, Kosek M. 2014. Update on the burden of Campylobacter in developing
countries. Curr Opin Infect Dis 27:444-450.

McCarthy ND, Gillespie IA, Lawson AJ, Richardson J, Neal KR, Hawtin PR, Maiden MCJ,
O’Brien SJ. 2012. Molecular epidemiology of human Campylobacter jejuni shows association
between seasonal and international patterns of disease. Epidemiol Infect 140:2247-2255.
Bereswill S, Plickert R, Fischer A, Kuhl A, Loddenkemper C, Batra A, Siegmund B,
Gobel U, Heimesaat M. 2011. What you eat is what you get: novel Campylobacter models in
the quadrangle relationship between nutrition, obesity, microbiota and susceptibility to
infection. European Journal of Microbiology and Immunology 1:237-248.

Bereswill S, Fischer A, Plickert R, Haag L-M, Otto B, Kuhl AA, Dashti Jl, Zautner AE,
Mufioz M, Loddenkemper C, Gro3 U, Gobel UB, Heimesaat MM. 2011. Novel murine
infection models provide deep insights into the “Ménage a Trois” of Campylobacter jejuni,
microbiota and host innate immunity. PLoS One 6:€20953.

Laabei M, Recker M, Rudkin JK, Aldeljawi M, Gulay Z, Sloan TJ, Williams P, Endres JL,
Bayles KW, Fey PD, Yajjala VK, Widhelm T, Hawkins E, Lewis K, Parfett S, Scowen L,
Peacock SJ, Holden M, Wilson D, Read TD, van den Elsen J, Priest NK, Feil EJ, Hurst
LD, Josefsson E, Massey RC. 2014. Predicting the virulence of MRSA from its genome
sequence. Genome Res doi:10.1101/gr.165415.113.

Ehrlich GD, Hiller NL, Hu FZ. 2008. What makes pathogens pathogenic. Genome Biol 9:225.
Skarp CPA, Akinrinade O, Nilsson AJE, Ellstrom P, Myllykangas S, Rautelin H. 2015.
Comparative genomics and genome biology of invasive Campylobacter jejuni. Sci Rep
5:17300.

Parker CT, Miller WG, Horn ST, Lastovica AJ. 2007. Common genomic features of
Campylobacter jejuni subsp. doylei strains distinguish them from C. jejuni subsp. jejuni. BMC
Microbiol 7:50.

Patton CM, Shaffer N, Edmonds P, Barrett TJ, Lambert MA, Baker C, Periman DM,
Brenner DJ. 1989. Human disease associated with "Campylobacter upsaliensis” (catalase-
negative or weakly positive Campylobacter species) in the United States. J Clin Microbiol
27:66-73.

Nakamura I, Omori N, Umeda A, Ohkusu K, Matsumoto T. 2015. First Case Report of Fatal
Sepsis Due to Campylobacter upsaliensis. J Clin Microbiol 53:713-715.

294



628.

629.

630.

631.

632.

Carter JE, Cimolai N. 1996. Hemolytic-Uremic Syndrome Associated with Acute
Campylobacter upsaliensis Gastroenteritis. Nephron 74:489.

Goddard EA, Lastovica AJ, Argent AC. 1997. Campylobacter 0:41 isolation in Guillain-Barré
syndrome. Arch Dis Child 76:526-528.

Farhat MR, Shapiro BJ, Sheppard SK, Colijn C, Murray M. 2014. A phylogeny-based
sampling strategy and power calculator informs genome-wide associations study design for
microbial pathogens. Genome Med 6:101.

Stucki U, Frey J, Nicolet J, Burnens AP. 1995. Identification of Campylobacter jejuni on the
basis of a species-specific gene that encodes a membrane protein. J Clin Microbiol 33:855-
859.

Zautner AE, Ohk C, Tareen AM, Lugert R, Grof3 U. 2012. Epidemiological association of
Campylobacter jejuni groups with pathogenicity-associated genetic markers. BMC Microbiol
12:171-171.

295



CHAPTER 10

10. Appendix

296



16¢
"¥82ZTO peal pinoys y8geTO Jawnd :(966T)

‘e 18 uowi Aq Jaded ay ui Jous ealydeibodAr e panuodal (21) q ‘AlonAnoadsal D,z/ pue 0,96 1e alam sdals uoisuaixa pue uonebuols e pue ‘uoneinp

Ul SpU028s g aJam sdals 8942 uoneaydwe || "ydea seinuiw g 10} J,2/ Je UOoISualXa [eul & pue J,96 Je uoleinieusp [enul ue pey skesse yod IV,

0,5°86 Te Buleauue € L1DVOOVILIOLIDDVLILIOD .G "He6vT

(¥67)

(S9¥T) VNI SOT

VNI S9T

s8j040 0¢ €. OVILIDDINDLYDLLIDVOY .S 4.2
9,19 1e Buieauue €. DOVLIVIOVIODDIVILLIVIDD .G ‘HGEETAVY
1 119]Z21NQ 1910ed02.
(e6v) s81od Gg (TOV) VNHISIT o 5 oY L OV LYV LIOVOD 100 S deseay  oIANd 19198qooly
.56 Je Buleauue £ OVVODIIIVILIDIOVOVLLLIY .G ‘HGSTTID .
1 e
(06v) s919A2 G¢ (195) VNI SOT £ DVVODLVYVYVYOLOLIDIDLOVYD .G 4v65T10 Hel "o
(06) 2,66 e Buieauue (2821 /1 .166) ,£ D1091VILID99DD11IVOID § ‘HYPETHO sifeunsauloAy o
$8]0A0 g¢ VNI S9T ,£ 1OVVILIL1D1DIVIOVID .§ :d¥S0THD /snL) D
£ VLIVIOVODIVYDILOVYID .§ H4/GHDHD
5,56 12 Buleauue (5.€T 10 G2zt £ OVOLLYOLO991VYOVOLODD.§ "HTLETHO SnonaAPY '3
(061) /8.8) £ VOVOVLOLDLVYIODDD11DVD .S ¥¥20TND .
s9|2Ad g¢ } / sisualfesdn 'O
VN4 S9T £ OVOLVYVYVOVLLOVIVVYIVODD ,S H9¥TNIOHD
-85 1e Buljeauue , G .
(26) 0,851 ° 1| (z9b) gneo € D0OVOOVLOLLIVLIIVLILLIVOL.S o 109 '3
$8]0A0 8¢ ,£ OLVIOVVIILIDLIVVYVYVYOLLIVY .S A
2,09 1e Buiesuue d L VYVLIOLIVODID1IDD1109,5 Hvden .
ew iunlal
(1€9) $8]0A0 8¢ (e09) v £ 911091 11VYVVYOL1099110.,5 dvden el
0,96 Te buljeauue ,£ O191919IVIDVIOLIVD,S :H82ZTD ‘dds
1
«(067) $8]0A0 o1 (978) VNI S9T ,£ DOVOODILLLIDVIVOLYDD,S H4ZTHD 1810eqojAdwe)
suonipuod (sired aseq ul
aoualajey e= azIs 1onpo.d) s@ouanbas Jawud Aesse 4Od

uoneayljdwy

auab 19b1e |

"sjonpo.d pooj 1ad yeaw mel |re1al pue sjed ‘sbop Wolj S81e|osl Uo pasn sAesse YOd 'T'S a|gel [eiuswsa|ddns

¢ J81deyd



86¢

(056 = N) aseqerep geTid3,, 8yl Wolj SBIINOS |[e SS0IJe ‘pueesz

MBN ‘nremeue|\ wodl sbop wie) Bupnpiom ul parejost sadAl 1SN unfal 1a1oeqojAdwe) Jo 8oualnddQ Ty “Bi4 eluswa|ddng

Jlep\ sjueulwny Anod  Jeyi0  uewny
[ | | | | ]
929¢€-1S
Jolepy  slueulwny Annod  Jeyi0  uewnH
| —
19-1S

ok

00k 0S

05k

1B sjueulwny  Alynod  Jeyi0  uewny
(I

019¢-1S
J9lepy  sueulwny  Agnod  Jeyi0  uewnH

| IN—

0S-1S

ok

00k 0S

oSk

Jelep  Siueulwny Annod  JeyiQ  UBWNH

[ ]

cece-1s

Jolep  Slueulwny Aninod 48yl uewnH

_|__|_

Sv-1S

ok

00k 0S

oSk

J8)ep\  Sueuiwny  Ainod

BYO  uewny

(I

(I

LEL-1S

Jelep  sjueulwny  Aninod

o]

By uewny

—/]

| —

cr-18

0S

00}

05k

¥ J91deyd



66¢

Apmis siyL VN VN ZN Gop sisualfesdn ' asdov
Apnis siyL VN VN ZN 1e0 sisualesdn D 06/.1dDOV
Apnis siyL VN VN ZN 1ed sisualesdn 'O BOETdOV
Apnis sy VN VN ZN 1e0 sisualesdn D g0/.1d2V
Apnis sy VN VN N4 1ed SNJNBAIBY "D 8¢C¢ENY
Apnis siy1 VN VN ZN Gop SNJONBAIBY "D eTyTdOVv
Apnis sy VN VN ZN 1ed SNJONBAIBY "D qoTTdOVv
Apnis sy VN VN ZN 1ed SNJNBAIBY "D eE8TdOVv
Apnis sy VN VN ZN 1ed SNJONBAIBY "D aritdov
Apnis sy VN VN ZN 1ed SNJONBAIBY "D e80TdOV
Apnis sy VN VN ZN 1ed SNJONBAIBY "D qc0Tdov
Apnis sy VN VN ZN 1ed SNJONBAIBY "D qecTdov
Apnis siyL VN VN ZN 1ed SNAONBAIBY "D eG/.1doVv
(02) (1s)
cmﬁﬂwm me%Mo mocm%%mmm uonesn CNMM_MM_ sol0ads M_MMM

‘Apmis ay) ul pasn sawouab "dds Ja1oeqojAdwe) Jo eiepelaw paje|al pue sulens Jo 1S "T°/ 9|qel [eiuswa|ddnsg

uanas Jo1deyd



00€

d33s/1svy VN VN N3 Bop sisualjesdn 'O 0£°0808¢
d33s/Lsvy VN VN N3 Bop sisuaifesdn "D 82'0808¢
d33s/Lsvy VN VN N3 Bop sisualiesdn "D /2°0808¢
d33s/Lsvy VN VN N3 Bop sisuaifesdn "D 92'0808¢
a33s/Lsvy VN VN N3 Bop sisualfesdn D ¥2°0808¢
d33s/Lsvy VN VN N3 Bop sisualfesdn "D £2°0808¢
d33s/Lsvy VN VN N3 Bop sisualfesdn "D 22'0808¢
d33s/Lsvy VN VN N3 Bop sisualiesdn D 12°0808¢
d33s/1Svy VN VN N3 Bop sisualfesdn D 02'08082
d33s/1Svy VN VN N3 Bop sisualfesdn D 61°08082
d33s/1Svy VN VN N3 Bop sisualfesdn "D 91°'08082
Nueguan VN VN N3 Bop sisualfesdn D GOESINSA
yuegua VN VN VN uewny sisualjesdn "D TZAC
yuegua VN VN VN uewny sisualjesdn "D G6TENY
Apnis siy L. VN VN ZN Bop sisualiesdn D a6TdOVv
Apnis siy L. VN VN ZN Bop sisualiesdn D ey991Ad
wolj AOOV A._.mv 231N0S aweu
092IN0S xa|dwo?d adA) uoneosoT i~ salnadg urens
[euo|D aJjuanbasg




T0E

1s1nand ¥G€- 00 ¥GE-1S vsn uaxaIyd unfal o TZZTNY
1snand €0¥- 00 €0v-1S N3 ameo wnfel D 09Ge€ D01V
1SInand 12-00 eV-1S MN uewny wnfel D 89TTT O1ON
d33s/Lsvy VN VN N3 Bop sisualfesdn "D Gi7'0808¢
a33s/Lsvy VN VN N3 Bop sisualfesdn D 71°0808¢
d33s/Lsvy VN VN N3 Bop sisualfesdn D T1'0808¢
d33s/1svd VN VN N3 Bop sisualiesdn D 0%°'08082
d33s/Lsvy VN VN N3 Bop sisualfesdn "D 6£'0808¢
d33s/1Svy VN VN N3 Bop sisualfesdn D 8€'0808¢
d33s/1Svy VN VN N3 Bop sisualfesdn D /€'08082
d33s/1Svy VN VN N3 Bop sisualfesdn "D 9€'08082
d33s/1Svy VN VN N3 Bop sisualfesdn "D GE'08082
d33s/1Svy VN VN N3 Bop sisualfesdn D ¥€'0808¢
d33s/1Svy VN VN N3 Bop sisualfesdn "D £€'0808¢
d33s/1Svy VN VN N3 Bop sisualfesdn "D 2€'08082
a33s/1Svy VN VN N3 Bop sisualiesdn D 1€'08082
wolj AOOV A._.mv 231N0S aweu
092IN0S xa|dwo?d adA) uoneosoT i~ salnadg urens
[euo|D aJjuanbasg




c0€

1SInand 8- 00 81-1S N3 uewiny lunfal o 82€90X0
1STaand 19- 00 19-1S N3 uewny lunfal "o 89290X0O
1STnagnd 12- 00 T2-1S N3 uewny lunfal "o 0/290X0
1STNaNd Zi- 00 Zr-1S N3 uewny unfaf -0 88£90X0
1snand G- 00 G-1S N3 uewny lunfel "9 ¥TE9OXO
Apnis sy €0¥- 00 9202-1S ZN uewny lunfel "9 8tG8¢ZH
Apnis siyL ¥GE- 00 LTGT-1S ZN uewny lunfel "9 GO9TH
1STNaNd 25- 00 25-1S N uewny unfaf -0 89€90X0
Apnis siyL 8- 00 81-1S ZN uewny unfaf -0 Z68H
Apms sy 12- 00 12-1S ZN ameo unfaf -0 q1eES
Apnis siyL Zv- 00 Zr-1S ZN uewny unfaf -0 0SSH
Apnis siyL 8- 00 viv-1S ZN uewny unfaf -0 2802¢H
Apnis siyL 19- 00 19-1S ZN uewny unfaf -0 696TH
Apnis siyL G- 00 G-1S ZN uewny unfaf -0 v26TH
1SInand €82- 00 192-1S N uewny lunfaf -0 91118
1SInand Zv- 00 €16-1S vsSn uewny unfal o 9/T-T8
wolj AOOV A._.mv 231N0S aweu
092IN0S xa|dwo?d adA) uoneosoT i~ salnadg urens
[euo|D aJjuanbasg




€0¢

Apnis siy1L VN GG9g-1S ZN la1em lunfsl "o eGETM
1S7nagnd Sy- 00 €8G-1S N3 uewny wnfal o 0££9DX0
£ ] ] (of 2697
pnis siyL Y0ET- DD Y0ET-1S ZN PAIGP[IM wnlel*d - oe—e)71a99
Apnis siyL T19- 2D TvE2-1S ZN dasys unfal -0 088N
1SInand 22-0D 2z-1S N3 uewny unfal -0 £9290X0
a33S/1Svy St- 2D 92eT1-1S N3 Bop unfal -5 168°L6T
1S7nagnd £G€- 0D 9G¢-1S N3 uewny wnlal o 8TE9OX0
1S7nagnd 2EET- 0D 969-1S N3 |leas wnlal o 88 [eas
Apnis siyL T8£2- DO 18€2-1S ZN larem unfal -0 areTM
Apnis siyL - 20 Zv-1S ZN ajed unfal -0 ©ecozs
Apnis siyL 19- 2D 19-1S ZN ajed unfal -0 q9.2s
1Snand 8v- DD 62-1S N3 uewny wnlal o €TY9IX0
Apmis siy1 G- 00 Gv-1S ZN uaaIyd lunfal o er0Td
£ ) i (of - vel
pNIs SiyL Gv- 00 £85-1S ZN paIgpIM YO 157120809
1SInand 1G2- 00 1G2-1S N3 uewny nfal o 0S5290X0
wolj AOOV A._.mv 2JJN0S aweu
xa|dwo?d adA) uoneosoT salnadg
pa2inos uone|os| urens
[euo|D aJjuanbasg




v0€

Apnis siy1 VN ¥2ET-1S ZN pAIgpP|IM nlfal -0 es/y
Apnis siy1 8- 2D viv-1S ZN uaIyd nfal -0 qoTId
Apnis siyL Gy- 2D Gz-1S ZN uaIyd nfal -0 qzzld
Apnis siy1 ¥G€- 0D ¥969-1S ZN uaaIyo wnfel D 0TL04VST H
Apnis siy1 1G2- 2D TT.E-1S ZN uewny nfal -0 €//H
Apnis siyL L.T- 00 L1.T-1S ZN pAIgp|IM nfal -0 0TvTg
Apnis siy1L - 0D 16-1S ZN uewny unfal -2 909TH
Apnis siyL T2- 2D 0S-1S ZN uewny wnfal -0 86/H
wolj AOOV A._.mv 2JJN0S aweu
xa|dwo?d adA) uoneosoT salnadg
pa2inos uone|os| urens
[euo|D aJjuanbasg




S0€

uieyoud

urewop v buipuiq
-unoauoliqi4 ‘uioid
31|-ulloauolqi4

(091) TT'T 6 T ee T VA% uoisaypy N €62T90D vd|4

aueiquiawW Ja1no ay)

(09T1) € 6 v6'2 ee zZre VA% uoisaypy 0} 09,0900 01 suidloid Jo Modxa  yqad
Joj quenodwi uosadey)d

D40V Jo1oe}
(091) T 6 €0'T ee 12 A uoisaypy S 885900  uoneziuojod Aiossadoe  ggad
‘udjoid uodsues |
(097T) £ 6 £ € v gy uolssypy I YEBODOD uSiold ooy
. Buipuig oiwse|diiad
(0971) T 6 T €e T Zy uoisaypy N 6282902 v osedijoydsoyd  vpid
urewop
(091) T 6 T €e T Zy uoisaypy S TOPED0D 1l 2041 UNGBLOIOI cu-
uio.d
(091) € 6 /6 €  6TE ¢v uoisaypy W §882900 aueiqwiaw JaINO  4ped
Buipuig-unosuoiqi4
‘wnu sulells ‘wnu sulels ‘wnu sulens
auab 10 auab 10 auab 10
ueaN ‘wnN  uea\ ‘WNN  Uea "WNN
9oualajey wisiueyosN MM% 90D uonduosaq Qua9H
(6=U) (ee =u) (v =u)
snonaAldY ‘D sIsualesdn D iunlal o

‘lunlal "o Jjo Aviuaboyred yum paleldosse 1o

PAAJOAUI 8 0] pajuawnoop sauab Joj "dds JayoeqojAdwe) ul (ssuab Jo Jaquinu pue) sulens Jo JaqwinN "Z'/ d|gel [eiusawa|ddng



90¢€

aseun| sulpnsiy

(09T1) TTT 6 T A T A% sixejowayd  p/u €79090D suisl0.d SIXeI0WaYD vayd
(091) T 6 T ze T Zy a|nsded W 725900 suab 3Jsdy
sisayjuAsoiq Jejnsde)
Swia1sAs d £ q
09T) 88T 8 92T €2 €T 2T  UomaIwes N 0890900  INolo0woo AWMU rain
: A101a12as A adA L :
juolssypy
(12) . : uolIsa G uatoud
T¢ € 6 16°¢C €e 6T'€ A ISaypy N 88¢90D sueIqWBW Jano Jofepy dNOW
uio.d
(12) 0 0O 82T 8T GS8Z O UOSSUpY N 0TZEDOD SUBIQUISUL JSINO oy
1S9y Ajwrey ulunnibbewsay
snojuswe|i4
1019%) 92U3|NJIA
(12) T 6 T ze T Zy uoisaypy C 68TTO0D aneind ‘uisAjowsey  gggold
J0 anbBojowoH
(09T1) 0 0 0 0 0 0 uoissypyv S 00TTO0D HOReSI[BUISIU! [478%0)
ISeup 2oNnpul 1eYy) sasedl9 P
(09T) OISO uolnesijeulaul oo
091 0 0 0 0 0 0 S9UPY S 00TT90D  onouijew soseqls PR
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
ERIEIETEN| wisiueyos|N M_M% 90D uonduosaQ auao
(6=u) (ee=u) (v =)
snonaAlBY ‘D sisualesdn D iunlal o




L0€

suisaype Jo buip|oj

(0971) c 6 Z €e LTC A4 uoiseAu| 0] G920902D Ul paAjoAUl uoJadeyd VIH
(09T) 1 6 I  z¢ T gy uoiseny O /ZTTOOD uioud
. paleIoosse UoISeAU|
(091) SIXelowsa SwiAzud XN
09T T 6 T €e T A Ixe} ud 1 7981902 SISaUIUASOI] Z-IV SXn
(09T) SIXEI0WS suialoid walsAs sixe)l 5
09T 0 0 0 0 T Z Ixe} yo 1 2022902 (pi0us Je10eqojAdwe) d190
uolnelol
(097) T 6 GZT 2¢¢ 8€¢ vy sixejowdyd 1 80902 rejjabeyy Buljonuod  Asyod
lore|nbal asuodsay
urewop pPaAlasuod e 0T
(097T) L9°6 6 19°L €e €8'TT ey sSixelowsy) p/u 080902 ‘sutajoud sixejowayd d
) [v/TA|L
Bundasoe-|Aylsn
(0971) T 6 T €e T [A% SiIxelowsy) p/u eEVTEO0D suis104d sixelowsyd Z34D
(0971) T 6 T (4> T [A% sSiIxelowsy) p/u Ge80O0D suiejoud sixejowsyd  Mayd
(0971) T 6 Gc'1l (4> 8g'¢ [A% sSiIxelowsy) 1 78,0902 suijoud sixejowsyd  A3Yd
(0971) T 6 8L'1T ce 88T [A% SiIxelowsy) p/u ¢SETO0D suiejoud sixejowsyd  Yayd
(0971) T 6 T ce ev'l [A% SiIxelowsy) p/u 1022902 suisjo.d sixelowsyd a9yd
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN  UBSIN "WNN  UBSN  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (ee =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




80¢

(T2) T 6 T €e T TV uolseAu A 2891900 uedA|6 reinsded  NsAH
uolsaype pue uoISeAul
: : uoisaypy h
(12) T 6 60'T €e YT A JuoIseAu| N ,.80T902 Ul PBAJOAUL ‘SISBUIUAS e
. aplreyodosesAjododi
uoneziuojod  ynuz
uolsaypy h
(12) T 6 T €e T A d €080902 Ul PAAJOAUI ‘WIBISAS /2
JUOISeAU|
uodsuen ogv ouiz - eyT0b
uonezIuo|0o
: : pue uoISeAul
(T2) € 6 ¥6C € ZIEe v uoisenu O 090900 | hononus ‘asesowos) 9650
olwse|duad
USX2IYd Ul UoISeAUl 5
(12) 8L'E 6 GG'E €e 86'C A uolseAu| 3 66£0D0D  pue Aljnow Ul paAjoAul 1211
aselajsueliouly :
uoISeAul 5
(12) T 6 T TE T 1% UoIseAu| S 7€€€D0D pue uoneziuo|od ul
96¥TM
PaAJOAUI UIB)0Id02A|D
|opow asnow
(09T) . LOISEAU ul 1019%) 92US|NIIA pue i
09T T 6 0 0 TT A4 ! _ S 0662902 sfelqoloiwnue 1surebe MIA
uonoajold a|gissod
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (ee =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




60€

(12) uoisaypy loye|nbal IS
12 T 6 T 1€ T Zy JUOISEAU] L TSST902 uogeArls uogreny ViSO
uoISeAUl pue
uolsaypy uolsaype ul paAjoAUl
(12) T 6 T 0€ T 187 JUOISEAU T Zr.0902 aselajsURNAUOW T9vTh
VNd
uayoIyod ul
(12) oo uolsaypy UOIeZIUO|09 Ul PBAJOAUI STHOD
T¢ 0 0 0 0 T A4 JuoIseAu| 3 €0€Z¢902 aseuabolpAyap Tv0!
aleuoon|o
uonezIuo|09
. uoisaypy pue uonesajjoid
(T2) T 6 12T €€ T A% JLOISEAU| d  §58090D  oniaoenul Ul PAAIOAUI Ndd
‘oseuly areydsoydAjod
Ajwrey HiaA Jo ued
. . . uolsaypy ‘uoisaype pue uoIseAul  HX0S
(12) 8L'T 6 88'¢ €e 20'¢ A4 JuoIseAu| A 68,0902 Ul panjoAul ‘JoteinBas  /gdsH
reuonduosuel |
aseasIp
uolsaypy pue uolseAul ul
(T2) T 6 T €e T A4 JuoIseAu| 0O 0502902 poAjoAUl auab ejjabey L2600
-uou ‘1010e} gZ-ewbis
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN  UBSIN "WNN  UBSN  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (ee =u) (cv =u)
snonaAlgy ‘D sisualesdn "D unfal -9




0TE

SwalsAs walsAs uonaloes
(091) T 6 T ee T A% uonaIdes N 897902 111 8dAL rejjabeyy SI[E
JUoISeAU| ay1 Jo syusuodwo)d
swoisAs Wwa1SAS uonaloas
(097T) T 6 T 0¢ T v uonaIdas N 06TED0D 11l 8dAL rejjabeyy o]|E|
JUoISeAU| ay1 Jo syusuodwo)d
Swo1sAs Wwa1SAs uonaloas
(097T) T 6 T ee T v uonaI93s N 8E€TO0D 11l 8dAL rejjabey di4
JUoISeAU| ay1 Jo syusuodwo)d
SwoisAs Wwa1SAS uonaloas
(097T) T 6 T 0€ T v uonaI03s N 06TED0D 11l 8dAL rejjabey o]|E|
JUoISeAU| ay1 Jo syusuodwo)d
swoisAs wa1SAs uonaloas
(091) T 6 T ee T rA% uonalles N LLETD0D [l 8dAL rejebey  guyi4
JUOISEeAU| ay1 Jo suauodwo)
SwaIsAs Wwa1sAs uonaloas
(091) T 6 T ze T A% uonalioses N 8621902 [l 8dAL rejabey vyl
JUOISEeAU| ay} Jo suauodwo)
AMNOW uolseAul pue Aljnow
(12) 9T 6 T 4 T S uoisenyl O  0v.0900 ut panjonul esesjold  ddio
. Juspuadap-dL1v
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
ERIEIETEN| wisiueyos|N M_M% 90D uonduosaQ auao
(6 =u) (ee =u) (2r =u)
snonaAlBY ‘D sisualesdn D iunlal o




TTE

(09T) ] ] ) walsAs 7190 uonisinboe uoll o
09T 96T 6 lee €€ 20T T gyednuoy d 00905  ulpoapaul ugoidody 3190
loydaoal
. walsAs 8.10/
(0971) T v T ¢ 88T ¥  gyednuoy d 6297902 W34 unoeqosaus =
Jl118) aueIqwaW I8N0
loydaoal
) Wa1SAS
(0971) 0 0 T 2z 18T T Lyed d  TLL¥90D o4 undeqosus V40
yeidn uoJ)
Jl118) aueIqwaW J3INO
SwaIsAs layodxa o
(09T) I 6 1 ce 1 VA% uonaidas N 1622902 21e11Sgns WasAs au| u._
JUOISEeAU| uonaloas ||| adAL
swoisAs ui?o.d Aemyred
(091) Z 6 €0'¢ ee Z VA% uornal2as p/u  988TO0D Aio1a108s ||| adAL NI[E
JUOISeAU| JU2UMS J0jow Jejjabe|4
swoisAs uiao.d Aemyred
(091) 9G9'T 6 T 1€ 20T VA% uona129s p/u  LTETO0D Aio1a108s ||| adAL HIl4
JUOISeAU| /SIsayiuAsolq Jejjabe|4
Swa)sAs ased 1V Aemyred
(091) T 6 90'T z< 20T VA% uonalas p/u  /STTO0D Aio1a108s ||| adAL 14
JUOISeAU| /SIsayiuAsolq Jejjabe|4
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
ERIIETETEN| wisiueyosn M_M% 90D uonduosaq auan
(6 =u) (ee =u) (2r =u)
snonaAlBY ‘D sisualesdn D iunlal o




(AR

(097) 68'T 6 90T €€ Z A% Ao suonejouue  urjoid ulebey Jofey  weld
suewny
(z£9) . - ul Aioluaboyred on
€9 0 0 T 6T 9T'T 6T NeN ) 8€L0902 posealoap a|qissod dond
SaJedIpul 8dUsBSqY
suewny
(z£9) ) ) Jose ul Auoluaboyred 9]
€9 0 0 60'T €e 174} 6¢ Ne (@) Y0vTO0D posealoap a|qissod  G9ETI
SaJedIpul 8dUBSqY
suewny
ul Auoluaboyred
(2e9) 14 6 16°¢ €€ c0’'s A4 1)IeN 9) E€rc0902 pasealoul 10} Jaxew  yswd
Jnauab a|qissod
SaJedlIpul 9duasald
(12) . Wwa1sAs uonisinboe 05
TC c 6 T €e LTT A4 oserdn uol| d 0,£0902 LOJI U POAJOAUI g094
wosAs uigojbowaey pue
(091) T T T €T T T aeld d €LLYVO0D uiwaey Joj l0ydaoal  vNnyo
yeidn uoJ)
aueiqwiaw I8N0
(091) ' WiasAS Jore|nbai axelrdn oLud yad
09T c 6 ve'e €e c A4 osrerdn uol| d G€L0900 1e| Mel 11194 /N4
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN  UBSIN "WNN  UBSN  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (ee =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




€Te

(15 Jo10e) eWAIS)

(091) T 6 T 2e 20T Zy Ao M 80SGTO0D  Uoissaidxe auab gel4  Nody
Buienbal Jsjowolid
(8z 1010€] RWAIS)
(091) T 6 T €€ 20T Zy Annon N T6TTO0D  Uoissaldxs auab ve|d IE!
Buienbal Jsjowolid
) sjuauodwo9d
(091) Z 6 LT 1€ Z Zy Annow N  vPT€90D 100U JOUI NIE
) Sjuauodwo9d
(0971) 4 6 16T €€ ¢ v Auinow N 67,1900 sooy Jouy 301
auelquiaw
(097) T 6 T 43 T 44 Aunow N  €9029092 o aypui Buy 7 HOH
(091) T 6 T ze T 187 Aumnon N 90,1902 ueoAibopndad 1614
Il ayl ul Bur-d |
(091) Z 6 €0z €€ Z Zy Annow N 9887900 sutajoud Al
Il lojow Jejjabel4q !
(09T) U0 suiajoud |
09T T 6 T €€ T Zy NINOW N 8987900 1010w rejabel NIE!
(09T1) LT L 16T €€ 19T €2 Ao suonejouue  updjoid uyabeyy Jofey  geld
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
ueaN "WNN ueaN ‘WNN  Uean "WNN
9oual9)ay wisiueyosn M_M% 90D uonduosag EIIETD)
(6 =u) (e =u) (2 =u)
snonaAlBY ‘D sisualesdn D iunlal o




v1e

(c2) T 6 1 €e T A% Ao S  8TI0€902 Anow sejiebely 46|14
) ) sIsayjuAsolq uieyoid sid)
(z2) zZy 6  ITv €L S 4% Ainon L 2790903  niabey 10 JorenBoy  /SBiy
(oy0ads G ewbIs)
(091) 112 6 6T €€ Z A% Ao 1L ¥022900 sisayiuhsolq uejoid  Hb|4
wn|abeys jo Jo1eINbBay
Apnis si Ano 10108} ewbls od
pns siyL 0 0 0 T 9 H[NON 1 99€TO0D _nue 1o 1siuoBeluy wl10dS
Apnis si Ano u SisayluAs uijjabeyy mEom_m
pnis siyL T 6 T A T vT H[NOIN p/ L¥.290D 10 J01e|nBal aANeBaN e
uone|AsooA|b
(091) € 6 16 €€ 6'€ A% Ajnon da  LE00902 paxull-O ulebey  yzeTl
Ul PAAJOAUI UIS104d
uone|AsooA|b
. : payull-O uljabeyy
(097) 14 6 VXA 4 €e T2°€E A Anno S 820T90D Ul POAJOAUI 9SE1oNpaI zzeth
aseuaboipAyaq
uone|AsooA|b paxul
(091) L9°¢ 6 €ee €e S0'¢ A Ano S 0TT0D0D  -O uljabey ur panjoaul  TzetTh
aselajsuen|f1ooy
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (ee =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




qTE

KOS SI ) ) ) Swia1sAs 1uauodwos Aemyred i
pmssiyL 881 8 9C'T €c 0T vT UONBI09S N 87629020 Ki010199s Al 9dAL ONR=PIVAN
ADOMIS S| . aouejsisal S sdwnd xny3 m
pms sluL ¢ 6 0 0 L9°1 € BrupninA uoneilouue  Bnupnny pajdnod +eN VIWA
. . . souelSISal lossaidal
(0971) 9T 6 T6T g€ 20T I g, M 60ETD0D feuonduosuen  yawo
PRI
dwnd xniu3
. . aoue)s|sal dwnd xniya
(09T1) € 6 8T'e € 2Tt ¢v BRIPIINA W  8EST9D0D  Jolusuodwod ueloid  Dawd
: aueiquiaw 1aINO
dwnd xnjye Jo
. . . aoue)siIsal
(09T1) 2ze 6 €0c €€ ITZ Iv BRIPINA d  T¥80900 1usauodwoo lsuodsuelss  gawd
: XN|}J@ aueiquiaw Jauu|
Swa1sAs WB1SAS uoNaI2as |||
(€89) T 6 €0T € 20T v uonaloes p/u 991900  9dAlL jo wed ‘suisiold ==
JRMmoN Apoq [eseq-400H
walsAs
SwalsAs
(€89) [AA 4 6 90t ce 19V A4 uolaId8s N YrETO0D uoRaI0as i adAL oeld
\>.H__=o_>_ Jo ued ‘s||92 150y ay)
o 01Ul Pa]aI2as ulv104d
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (ee =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




9T¢€

SwalsAs aseajold Aemyred
Apnis siy L 0 0 0 0 T L UONBIDSS p/u  656¥9O0D Kio19109s A 9dAL dell
SswoisAs 1auodwos Aemyred
Apnis siy1 0 0 0 0 T L LUON2I9DS N 98€OD0D 10101995 Al 8dAL 1941
SwoisAs 1wauodwos Aemyred
Apmissiyr 0 0 0 0 T L UONI03S N 10900 fo1o100s A odky  JOL
) ) ) SwalsAs 1auodwod Aemyred
ApmissiylL  zz'e 6 €L'T 9¢ €TT qT UONBID8S N eV8EO0D Kio19109s A 9dAL CAIN
) ) ) SwalsAs 1auodwos Aemyred
ApnissiylL  68°¢ 6 G9'T 9¢ 90T oT UON2IDS N S0S€90D Ki010109s Al 8dAL vQIIN
SwoisAs 1auodwos Aemyred
Apnis siy1 0 0 0 0 T L UONBIDS N 8€8€O0D Ki010199s Al 9dAL rAS VA
) ) ) Swia1sAs 1auodwoo Aemyred
Apmis siyl 992 6 Q9T ec STAN oT UONBIOS N TS7€O0D Kioya100s A| adA ] vaIN
) ) ) SwalsAs 1suodwoo Aemyred
Apmissiyl  8e'T 8 2T ac €T €T UONBIDS n 70,.£902 Kioyei00s A| adA ] 9glIN
) ) ) SwalsAs wsuodwoo Aemyred
Apmissiyl  88'T 8 L2'T ac STAN 8 LUONBI99S N 9€.€900 Kioyei00s A| adA ] 84N
) ) ) Swa)sAs wsuodwoo Aemyred
Apmissiyl  88'T 8 L2'T ac L0T vT LUONBI99S N 705€90D Kioyei0as A| adA ] 6gIIN
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (ee =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




LTE

SswieisAs . Anurey dasslL
(T09) T 6 0 0 T 4 wogoreg S LSTED0D Ty 'U0ndys Em%m doy
. uona12as |A adAL
asepndad pale|al o
(£85) ) Swia1sAs y (Aemuyred A1018108s || n
€89 T 6 T A G0'T A4 uoNeI08S P/ 686T90D adA1) o|nd esepndad olnd
[eubis uijdaid
dild ased1v Aemyred
SwasAs Alqwiasse snid
(€89) T 6 T €€ L0'T 1% p/u - 082900 dvL 1o 3Ind/3dso dind
UORaI1I9s ased 1V Aemyred
A1018108s || adA L
(£85) . ) swoisAs y uljidopnasd Aemyred n
€89 € 6 ¥6'¢ €e AN A4 uoneI08S P/ G9TZ902 Kio10190s || adAL olnd
(£85) ) swolsAs y 1wauodwoo Aemyred n
€89 T 6 T A TT 1% uoneI08S p/ 6SYTO0D Kioyau00s || adAL dind
SwasAs (unaioss) @ind/qdso
(€89) €eT 6 T €e TT 1% N 0SYTO0D Jusuodwod Aemyred dind
Uonass A1012108s || adA L
KOS S| SwiolsAs wsuodwoo Aemyred ;
pnis siyL 0 0 0 0 T L UONBIaS N 8929902 Ki010199s Al 9dAL aqiL
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN  UBSIN "WNN  UBSN  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (e =u) (ev =u)
snonaAlBY ‘D sisualesdn D iunlal o




8T¢€

(109) SwalsAs uiajoid pajeloosse VSS1
109 T 6 0 0 T v uonaidas S S15€900 -uonaloas |A 9dAL  /rSen
(S
(109) SwoisAs -ewbiIs) uonaidas A -
T09 0 0 T T 0 0 UONBI08S A 709€900 adA] au 10 JorejnBau HSeA
reuonduosuel |
swiaIsAs Awrey  Hwoj
(T09) T 6 0 0 T 4 002108 S  GS¥ED0D n1o@ ‘ueroid weishks  ssL
: uonaloas |A /Al @dAL  /4sen
SwalsAs Anurey MSS1
(T09) T 6 0 0 T 14 UON2IDS S 2259900 ¥TTOV OA ‘uisloud /3seN
: uonaloss |A adAL
(109) Swia1sAs juauodwo?d CSS1
109 T 6 0 0 1 v uonaides S 1¢5e0090 uonaloss |A adAL  /asen
Swa1sAs Anurey 9SS |
(109) cc'T 6 0 0 T 14 LUONBI9S S 02S€90D TTTOV DA ‘uioud /gsen
: uonaloss |A adAL
(109) Swa1sAs juauodwod 4SS |
109 T 6 0 0 1 v uonaIdas S 615€000 uonalidas |A adAlL  /vSeA
(109) ) Swa)sAs juauodwod /ISS1
T09 T 6 0 0 88T 8 U0NBIaS S T0SED0D uona1oas |\ adAL  /IBA
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN  UBSIN "WNN  UBSN  "WNN
ERIVEIEIEN| wisiueyoaN M_M% 90D uonduasaq aua9
(6=u) (e =) (e =)
snonaAlBY ‘D sisualesdn D iunlal o




6T€

(097) ) asuodsal lojoe} Buipuiq <
091 T 6 T T€ V1T [4% ssans C VELTO0OD ~asesowAiod YNY vsSid
(vs3a pue
asuodsal
(0971) T 6 T T T 4 SSaNS p/u 1GEZD0OD  VISY yum psjeosse  jods
os|e) |01u09 abuins
woisAs
ADMIS S| ) ) Swia1sAs y uonaidas A adAL e
pnis siyL 0 0 €eT € €9'¢ ov UON8I0eS p/ 89€90D ay1 10 Jauiodsuenoine VOoen
aueiqwiaw I18INO
swaisAs ui2104d parejal gss1
(T09) 0 0 0 0 T 4 002108 S 8TSED0D -aWAZ0osA| ‘walsAs jo2db
: uonaloss |A adAL
swaisAs Anwey 80TOY DA o)
(T09) T 6 0 0 T 14 wonoles S LTS€90D gdn3 ‘uaioid 2 e
: uonaloss |A adAL :
SwalsAs — Anurey gss|
(1T09) T 6 0 0 T 1% LUONBI9DS S 9TSED0D LOTOY OA ‘uioid AN
: uonaloss |A adAL :
(109) . SswolsAs uio.d u%mo_
T09 ITT 6 0 0 T 14 UonaI08s S €29€900 uonaias |A adA | /INSS L
IMSen
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (ee =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




0ce

(09T) ) ) asuodsal uiao.d A1orelBiwod do
097 T 6 T€'T A 0T A ssons (@) STAARS]0}0) unIajoLBIoeg d
ADNIS S| asuodsal ui0.d %0
pnis siyL T 6 0 0 T €T ssang (@) eEVTZO0D pa1e|aJ-UIXOPaIOoIY | MX0S
) asuodsal
(0971) T 6 €0T €€ T zv ssans O  1.0290D esepixoiad jolyr  xdi
(55) asuodsal ui0.d s
G§ T 6 T €e T A ssons 1 9967900 UOITeAIEIS LOGIeD) V1sO
) asuodsal d
(g9) T 8 €0'T (A T A4 ssons I 1920900 9SENPaIopIXO  d4dINH
[HAs]
(55) . asuodsal ase)onpal IS
Gg 0 0 0 0 L0T A4 ssolS (@) G220902 SpIXOJ|NS BUILOIYISIN VISIN
) ) asuodsal
(g9) c 6 L6'T €e ev'e A4 ssons o] 260900  9sejonpal uixopaloly L axiL
(09T) asuodsal ase)onpal d
09T T 8 T o€ T A4 ssons A\ 0570902 apixosadoipAy 1A odauyy
) asuodsal
(091) 0 0 0 0 20T A ssons d €59.0902 aselele) viey
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (ee =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




Tce

] ) asuodsal
(0971) T 6 2T € 1T T SSaNS M 8950900 0, Jop0ej eWAIS  gody
(09T) £ 6 6cz g€ oF p o SSuwodsAL 6900 uod g
¢ ¢ ¢ SSETIS 3o0ys 1eay auotadey)d
5suodsa sal0ads uabAxo
(091) T 6 T €€ T v SSONIS W €582900 anoesl isurebe  T/€T
Bunoaloud ‘uisoidodi
soloads
(09T) asuodsal uabAxo annoeal 2
09T T 6 T A T A ssons 9] 26519020 1sureBe Bundsioid  ZT0oM
ui04d ‘uuyAiaigny
(09T) asuodsal asejonpal )
09T T 6 T (4 T 147 ssolS d 67229020 auluinb HAaVYN  SbST
5suodsa Ajlwre) asejAxoqieosap
Apnis sy 0 0 T T LO'T 0€ ssonS d 6650900 duoloe|oU0INWAX0gIeD ZINA
JasepixoladoipAy| vy
(09T) asuodsal sulajo.d juepixonue os
09T T 6 T A T A ssans d S090902 ‘sur01d OS Y
asuodsal one Ajiwej uisoid )
(0971) T 6 90T 2¢ S0Z 2 SSONS O  8S8TD0D  Ppamiesuod ‘ssepixosad  0zo0M
9 8WOIY20IAD /8500
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
ERIIETETEN| wisiueyossn M_M% 90D uonduosaq EIIETS)
(6 =u) (e =u) (ev =u)
snonaAlBY ‘D sisualesdn D iunlal o




cce

auolyreln|b
asuodsal pue sulren|b
(22) 0 0 0 0 STT €T ssans 3 SOYODOD 4O UOHESINN Ul PAAJOAU! 166
asepndadsuenjAweln|6
-eweo
SSal1S aAIepIXO
ssuodsas J0 uonenbal annebau  Yso)d
(€2) 8/, 6 S8L € 866 I SSONS L Sv.0900  ‘Buyreubisiuspuadsp  41dD
-ainjesadwa)  /Hoey
J0 JoreInbay
asuodsal
(€2) T 6 T €€ T 44 SSaNS O 6570900 uisloid yo0ys JesH 13019
. asuodsal
(22) T 6 €T €€ T 4% ssaNS O  ¥€209020 uieloid yo0ys JesH  S3019
apixolad 0}
(529) ) ) asuodsal asuodsal Jo siorejnbal  9GgGTMo
GZs 0 0 S0'¢ ac T€T 6€ ssans A €ELTO0D reuonduosuen /9pSTlo
MI-yre ‘gdiy/vdiy
("4Ax0 1
KOS S| . . . asuodsal snobojoyrio) Joreinbal ok
pmissiyL  LT'T 9 STANN 14 6C'T A4 ssons A €8350902 reuonduosuen dsAT
Buipuig-vNa
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
aoualajey wisiueyosN M_M% 902 uonduosaQ aua9
(6 =u) (e =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




€ce

uonanpo.ud
apueydaesAjododi NEIM
(091) QT 8 89T TE LT A uixoL N €900 Ul PBAJOAUL e
saselajsuel)jAsoloejeh
€71
(09T) 1 6 I 2€ SOT op uixoL . > Awrey O UKOY ) oo
: uoneouue Buipuaisip [ey1s|01h)
(sanbojowoy
(09T) . LIXO i S Buipnjour) )
09T T 6 T (A TT A IXO1 uomelouLe g 1UNgNS UIX0) a1p0
Buipuaisip reyiajoiho
(097) ) UIXO i S V¥ Hungns uixol )
09T T 6 T €e Q0T ov IXOL1 uomelouLe BuIpuSISIP [eY18[01AD VIO
(22) ) ) asuodsal uia104d yooys o
ac ITT 6 €0t ce T A4 ssons (@) 9970902 yeay ‘eses1old U0 1
aulberedse
(z2) . . asuodsal O uonesi|nn ul <U
ac [AAN) 6 8T'T €e T A4 ssons 3 25920902 poAjoAUl aseulBeredse gsuy
olwse|dolfD
‘wnu sulells ‘wnu sulels ‘wnu sulrens
auab 10 auab 10 auab 10
UeajN "WNN Ue3IN "WNN  UBSIA  "WNN
aoualajey wisiueyosN M_Mwm 902 uonduosaQ aua9

(6 =u) (ee =u) (cv =u)
snonaAlBY ‘D sisualesdn D iunlal o




vee

(95°v6) (81'16) (09°26) (22°6) swiouab-uey
099'8¢ 900°¢ vl L 206 8T
(00T) (ooT) (00T) (o0T) uoje|BuIS
0¢ 9 oT Zc .
8y vT €6 YA 80G'¢
(25'S6) (9v°'16) (16°c6) (T¥°56) 2107
OrT'vT L06'T vSe'y 2le'qT
alemyjos uonaipaid Japuiquaboyred (g
(ev91) (58'4T) (Tsv1) (¢z81) awouab-ueq
Z6T9¢T 060°¢ 0869 G99'TT
(LS'TY) (29'7¢) (8T°2€) (£5°09) suols|buIS
69 6 89 4%
(#6°ST) (16°92) (9v'vT) (0°52) 1055990y
Gev'0T ove 690'C Sy’
(68'97) (0vT) (erv1) (68°9T) 5109
T¥2'ot T¥8'T €88’ 9/T'6
alemyos uonaipaid edN (V
(¥8 = u) "dds (6 =u) (e =u) (ev =u) ainyesy
1a1oeqojAdwe) snonaAldY ‘D sisualfesdn "D iunlal o awouas

'saloads JayoeqojAdwe) Jo sjuswpedwod

awouab ul (suonoipaid [e101 wody uoiiodoid o pue) suieloud dlusaboyred pejoipald jJo JaqwinN "€, d|gel [eiuswsa|ddnsg



qce

‘saljquiasse awouab unlal *D zi 10} s101d Yibua| Brnuod aaneinwn) 172 "6i4 reluswa|ddng

"1Sa[ews 01 (T4 Biuod) 15abie| wWol) palapio aue sBiuod

aF6TM D
BGETM D
g8[Eas D
qTEES D
q9£2s D
BEQZS D

eg/i D

qzzLd D

- Ph:.u Ligat arT 01 0T o 09 oF 0z o]

epOTd D @ 0
£1¥92x0 D B
gge9x0 D B
gog93x0 D @
ogggxe D B
gzegxe D @
g1e9x0 D @
pIEgx0 D @
0£292x0 D B
g9z9xxe D B
.\.mmmuw”ol.u. .
0szgxe D @

Z68Y 1D
624 1D
€L D
0ssy
8F582ZU D
zsozzy o
G96TY D
YZETU D
a09Ty D
S09TY D

14+q26 D

SLZ1936D

0TL04E D
9,118 D
91118 D
095£€ D

£68 L6T [D
1221 D
89111 D

dow z




9ceE

‘saljgwiasse awouab sisualfesdn D €€ o) s10jd Yyibua| Bnuod aanenwn) "z, Bi4 eruswa|ddng

153 [ews 01 (T# Bnuod) 1sabue| wousy pauspio aue sBiuod

B Bnuwo yinoy 0sg 00E 05z 00z oSt 0ot as 0
SeTews nD @ 1]
TZAlnD @
sogswsp o @
epagIpg nD @
gsdae nd B SZ0
geTde nd B
qeLTdIE ND
qoi1die ng
BQETOIE N
9F 08082 nD
S+ 0B08Z ND

¥ 08082 N2

a0

540

OF 0808Z ND
BE 0B0BZ N2
g€ 0808Z N2
LE0BOREZ ND
9E 0808Z ND
SE QOR0BZ ND
¥E 08082 N2
£E 0B08Z N2
ZE 0808Z N3
1£ 08082 nD
OE 0808Z N

82708082 N2

SET

1

92 0808Z ND
+Z 080BZ nD
£Z0808Z N2
2Z 0808Z nD
12 08082 N2
0Z 0808Z nD
6T 0808BZ N2

dow




§ZZEWI YD

Bg/TdIE YD
BTHTAIE YD
qezIdIE YD
qFTTdIE YD
qoTIdIE YD
BROTAIE YD
qzoTdIEYD

/]

Bluos yigzt

0

L

1

YXAS
‘saljgwiasse awouab snonaAjdy "D aulu o} s1ojd yibua| Bnuod aanenwin) g2 Bi4 eruswa|ddng

"153|[BWS 01 (T# Bluod) 15abie| wWoJ) pasapio ale sBauoo

0ot a6 08 QL 08 as ar Qg az 0t a

L]

a5z
QoS
f H ||| doios,
. _.-_.. ____..
/) :
i
dezfor yofkey zet .
erpldeyd gt zet || 57T
7 edinase A 'oRe 261
e80T D /260 692
~ /) arigheug 18 602
. dpgfdednvosesz || s
\\ ‘S5L 9bE
e \\\\ qo1 pddE YD ‘pRS SLE
e BZZEWI YD 'THL6E5LT
e Bruo31stT
! | _ i | | 54T
E—— — “.I.hl“l.l'._l..ll...lplhl.l.[.||.lll-.lll
daw g




8c¢e
'sal10ads 9aiy) ay) usamiag paleys SOOI TTT'T JO urens Jad Jaqwnu ay) sjuasaidsal ‘dds Ja1oeqojAdwe)d
's9Je|0s! (SDOD anbiun 67) SnonaAjaY "D aulu pue (sHOD anbiun 69T) sisusliesdn D g€ (SD0D anbiun £Gz) unldl " g ul urens
1ad sdnoub reuonouny Aq (909D) sdnois snobojoyu 10 sia1sn|D anbiun Jo Jaguinu ay) Jo uonnguisiq ‘', ‘b4 eiwuswsa|ddng

e o%e 0 %% 10 %% 10 o%e
9897/@9%@»? oao, ,/ mo/a @o, ¢ mofa @9 ¢ mo/a @o, o mo/ao
I\ / / /
1= et L IT —= LI L D Ll o
~ . . ? -02
; m ﬂ o [0V
. i
—t L . o8
—_— ﬂ - g [—] ° r—— 1 = Pa—— -0
$ ° L4 ® ° m i D 0z
4 ® it
! . R _ -0V
- “ I -09 m
— W & ' 1 o8 w
T T —_— = -_— = —_—— — —_— =0 2
m . Fﬂ_ : T — 1 i =" S
TRRRRRAIE S|k S — et
°
- — — hd 2 ! | wm
-, — ——— T em— —— -0
| ____] l»l = == —m ! _I_I_ ° py —— j oz
° ° i ! it ! i %
° b ° -09
e -t -l i . . 4 08




62¢
'sdnoub jeuonouny (909D) sdnois snobojoyu Jo siaIsn|D AQq Sa1e|os] SnNolaAjBY
"D aulu pue sisualfesdn ) g¢ ‘wunlal 'O zi7 ul urens 1ad sauab uola|buls Jo Jaqwinu ayj Jo uonnqisig g/ "Bi4 reyuswa|ddng

) 0] ) ) )
%/7@,% a2 %/7%% a0 %%%VM an %/7%% % %/7%6 3 a0
° © ° © ©
ov 00 e w0 a0 N el 0 a0 e 0 ¥ ot? 0
40° ym%%m,,mc o\ o®, o%v oo% ,mc o e 90° Vmoo%m,m%,w% o o%v ao% @;% @ o%; oo% o,/ ®,
¢ ° H -9
-0l
p/u X A 1 S
-S
g
01§
8
o o d 0 N 3
=== - > —t— — Q
¢ >
-5 @
(2]
-0l
1 A r | H
| s — [ = = =
° -G
[ ]
-0l
(]
O 4 E d 0]




0€e

‘'sawouab snanaAjdy "D aulu pue sisualjesdn "D €€ ‘lunlal *) gz 1o suieioid oluaboyred
J0 suonaipaid Japuiquaboyred pue €4\ usamiag Juawaalby '9', B4 [eluawa|ddng

oruagoyred-uou oruagoyyed

cdIN oruagoyred-uou oruagoyjed ¢dIN
TOPULIUDS0Ie]  Jopurjuasoyied



T€E

‘lunlal - y
I8l "D ¢v -
e [euono
19|buIs N
IS Ul urel o
rens Jad s o
ui04d .
) HO
e jo si1a18n|D A
oo g Sae|osI S
o I SNONBA
gunu 8 o
o aulu pue
nnguIsl .
msia "L -
e o¢€e
14 [eluaw
a|ddn
S

3 y%@po/_&c.vwo )
. m ® -
.o moo%%m%%mw%.o &997@2,@0
L. ¥ : el e o /3,0 0
= | : 90?07 ®m@$ %@O
_ | | %7 o0 ot 2 -
- o ,%,.o,. V%@%/ 020
] .. 408 ﬁo?®_//® &m@ﬁ ) Cvﬁ.o
\ I\ mvmcg./ /0/.0 &O.O/TQ
o . . ,.c? L~ Oom v®zo ®7/®9.0 9).0
U\c . . o m,mco%m,o/ 0 9979%0
/= — _II_I_ L W Qs @o@ @9.0 5
. -0 o%_// @m@ﬁ
_ o 1 X == ; " mcoz./ o
| ] i
® > _ | O
] — -
| ]2 F | -N
— . -m
r_L : | _ =5 ] m 5
_|_|_ | == m
. -
| ! 17 ==& - :
-2o
__ _ . | — N ”m m
_ _ . LI .
o
. | = I
. J |
) _ _ -Nm
£ 5
. _._ :
L :
| =07
D -Z
-
5 -V




cee

‘AlaAnoadsal ‘snanaajay "D pue sisualjesdn D ‘lunfal -9 a1ousp yo pue ‘nH ‘[D "saus ajqeuen (%zy'12)
078‘6 yum yibua| ui spioe oulwe 6176'Gl Jo Jusawubije ue pey pue pasn alam Yyibua| awes Jo sauab AjuQ "saloads JaroeqojAdwe)

JO sawouab g ul seuab 8102 zgT Jo saduanbas pioe oulwe ay) 1o} 8ai] SHidS ul pasijensia 1aNJoqyblaN '8 2 "Bi4 eiuswa|ddnsg

ggokdoe™yo
gezLdoe Yo
eeggldoe yo
82zeWl 4o

L¥~ 08082 NO
S9egwsp no
_ 0v 08082 NO ‘6€ 08082 NO
¥ 08082 NO
_ 9v~08082 N0
8€ 08082 NO
_ SE7 08082 NO
61 08082 NO g 08082 ND
9€ 0808¢ NO
12708082 N0

0£708082 N0
_ £€708082 NO
¥929ox0 [0 L2A g
9/H8710 > e :wwwowowmwzo
omoooxom__o__w P mww%vn :oo
- - a A \DO
8299%0 1D 10 o E 08082
< agLdoe ng
ogsy 1o 02708082 D
ee9es 10 qpeimTlo qoz1doe g
88699X0 10 egg LM 1 G6LEW ND |2 08082 NO
pLegoxo o eggdoe Ny
6961U 10 v26LU 1D 9208082 N0
azeLd 1o qgdoe™no
/68761 1O
82e90x0 [0 epoLd
127906710
e0geW 1o €.
89LLL D 8
oLL0#AD
89€90X0
2684 10
q9/2s 1o
909U 10

8LE9OX0 1D eguiTy
280224 10 5221996710
qotid o
Leek 1o
qiees o
0£299x0” [
86U 10
S09kUTID

05299%0™ 19
L



€ee
‘Alonnoadsal ‘snonanjay

"D pue sisualjesdn "D ‘lunfel " ajousp Yo pue ‘nY ‘O saus s|qeuen (%ET0E) 98765 Yum yibus| ul spioe oulwe £50°'L6T
JO 1uswubie ue pey pue 1a1sSN|d ayl ul 950z Jo abuel Yyibua| e aaey leyl asoyl ale papnjoul sauab ay] 'salvads ia1oeqojAdwe)

JO sawouab g ul sauab 8109 6179 Jo Saduanbas pioe oulwe ay) 1o} 8ai] SHdS ul pasijensia 18NJoqybleN "6°2 "B14 eiusawa|ddng

gy} Ldoe Yo
822wl Y40
egoldoe Yo
qoiLdoe yo
eg/1doe Yo
gggLdoe yg
ecefldpeuo
qffidoeyo
elLyLddEuo
1£708082 ND B
02 08082 NO
LeAl ng
12708082 O
G9g5WSpND
96708082 N0
/08082 N0
08082 NQ B
2€_08082_NO
82_08082_NO
L¥~08082 NO
— 2208082 N0
wmwo%wm&o—\_o 6€°08082 NO
9290x0 T 0€708082 NO
agzes 1o ]ye94PA ND ££708082 NO
) 12708082 N0 wwwmmwﬂmmwo
qgeLd 1o - <
L2yq06710 areimTIO SE708082 N0
#1€90%x0 [0 gelgwiny  ZE7 08082 NO
y26Lu 10 - ¥ 08082 NO
oLrig Iy BIEHMT g6Ldoe nD
268U 1o 9+H8TD 86708082 D
epoLd o qozidoe™no
mmwwml_o. \ ggLdoe Ny
[ \ qgdoe™ny
€1y9ox0™ [0
012010
9091y 0
eoggw [0 88eas o
0sgy [0 09s€€ 10
6961U 10 oLrLa 1o
81£90x0 [0 G/219967 10
82£90%0 10 'GLI D
qiges 0
teek 1o
qoLid o
0£299%0" [0
89€90%0 1
S09LU 10
05299%0" [0 100
—

zgozey o



334



335



336





